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A clever person solves a problem. A wise person avoids it. 

A. Einstein 
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0. 

ABSTRACT 

 

 

 

The increasing demand for energy poses serious problems to the scientist of our era. 

Heterogeneous catalysis is a key area that can help solving this issue. Using the tools 

offered by nanotechnology, the tailored preparation of nanoarchitectures can lead to the 

obtainment of catalytic materials that show remarkably better performance than that 

currently achievable even with state-of-the-art materials. The main focus of this thesis is 

the preparation of such tailored structures and their characterization in order to obtain 

catalysts that are active and thermally stable for several energy-related applications and 

the study of size-activity relationships. The most interesting reactions for this thesis are the 

sustainable hydrogen production through photocatalysis, the purification of hydrogen 

streams from CO by using the Water-Gas Shift-Reaction (WGSR) and the Preferential 

Oxidation (PROX), the catalytic production of energy with Fuel Cells, and the catalytic 

combustion of methane. All these reactions are interesting to develop the concept of 

sustainability in energy generation and use. 

The embedding approach is the main tool developed in this work to achieve the above 

mentioned scopes. It consists in the encapsulation of preformed metal nanoparticles inside 

porous oxide layers. It is expected that this approach can lead to the stabilization of the 

metal phase against sintering and to the formation of an extended metal-support 

interface, which result in material properties rather different than those of conventional 

catalysts. For most of these studies, ceria is used as the support due to its peculiar 

characteristics in enhancing rates in catalysis. Nevertheless, the extension of the tools 

developed in this thesis to other supports and metal-oxide combinations is presented in 

order to highlight the versatility and generality of the approach. Additionally, the 

preparation of monodisperse particles is another important aspect treated in the present 

thesis to get useful information for the preparation of catalysts with improved activity and 

stability. 

The results clearly demonstrate the novelty and the advantage of the present 

approach for the obtainment of active and stable catalysts. All the findings greatly 

contributed to the development of catalytic materials for energy-related applications. 
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1. 

INTRODUCTION 

Heterogeneous catalysis is one of the pivotal areas of nowadays scientific 

scenario. About 90 % of every chemical manufacturing process presents at least 

one step where heterogeneous catalysts are involved in one form or another. 

Today’s role of heterogeneous catalysis is especially central in the control of 

atmospheric pollution, in the realization of sustainable processes for the 

generation of energy and for the selective chemical conversion of abundant 

building blocks in other valuable fine chemicals. It is a wide discipline that brings 

together expertise from several fields such as surface and solid-state chemistry 

and physics, biochemistry, materials science and engineering, chemical 

engineering, organometallic and theoretical chemistry.1 

There is one particular urgent problem that scientist have to face where 

heterogeneous catalysis can be the key: the problem of energy. With the 

increasing demand for energy due to the increasing population and the raising of 

developing countries, energy has become one of the most important problems of 

the recent years. Connected to these issues, the growing concerns related to the 

pollution produced by the burning of fossil fuels and the shortening of their 

reserves exacerbate the situation.2 These two main problems require a concerted 

effort by scientists of different fields to work together to design, project and 

realize materials and technologies able to supply to the current and future energy 

demand. The central and most important aspect is the sustainability of the 

processes. Indeed, the development of new energy strategies that are 

economically and environmentally sustainable and able to meet the demands for 

a broad range of services is an imperative challenge. There is not a unique 

solution in answer to all energy-related problems. However, it is clear that any 

successful strategy must include renewable resources. In addition, any type of 

energy vector of the future must be easily storable, manageable, partitionable 
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and continue. This cannot be separated from economical issues, as a primary 

energy source must be also abundant, free of monopolies and available at a low 

cost. All these requirements can be grouped under the concept of sustainability. 

Only a solution that meets all these requirements can be defined as truly 

sustainable. 

The tools useful to face these issues in heterogeneous catalysis are furnished 

by nanotechnology. Nanotechnology emerged as a field that encompasses every 

discipline of science and engineering. Defined primarily by a unity of length, the 

nanometer (1 nm = 10-9 m), it evokes the ultimate control over the form and 

function of matter being this order of magnitude comparable to that of atoms 

and molecules. The ultimate goal of this field is indeed to build materials and 

devices with control down to the level of individual atoms and molecules. These 

new materials and devices could then be used to exploit processes in a more 

sustainable way than the present ones, and one of the best applications of 

nanotechnology is heterogeneous catalysis. In fact, the possibility to prepare 

nanoarchitectures with a nanoscale level of precision can lead to the obtainment 

of tailored materials that show enhanced activity and selectivity in the desired 

catalytic process. This can lead to a revolution in the field, as up to now the 

discovery of active catalysts has been mainly accomplished through empirical 

methods.1 

In terms of fabrication of nanostructures, two paradigms have emerged with 

totally contrasting methods. The top-down procedures, that start with large and 

homogeneous objects and reduces the material in dimension to the extent 

needed. This approach is the base of every lithography technique, the 

cornerstone of microelectronics fabrication. The bottom-up approach is based on 

the construction of large structures from small components (such as atoms and 

molecules). Both procedures have pros and cons, but the bottom-up method 

allows a much better tuning of the structures at the smallest scales, which is the 

objective of the present work. Therefore, all the procedures described in the 

present thesis will follow this approach. 

It is also important to note that the advances in the field of fabrication and 

manipulation of nanostructures have been made possible by advances in 

imaging and characterization techniques of these nanoscale objects. The advent 

in the late 1980s of scanned-probe technologies such as Scanning Tunneling and 

Atomic Force Miscoscopy (STM and AFM, respectively) provided the atomic scale 

resolution needed for such developments. Furthermore, these novel techniques 

allowed to quantitatively identifying the elements that contributed most to the 

observed properties. In this sense, all the work that has been carried out and 

described in this work would not have been possible without the appropriate 

characterization techniques that were used. 

It is the aim of this introductory chapter to give to the reader the basis that 

guided the present project and the objectives that have been tried to fulfill 

through a path of continuous improvement in the preparation of the 

nanoarchitectures. 

 

 

1.1 The energy problem and the hydrogen issue 

 

Energy is one of the most important issues of the 21st century.2 Nowadays, our 

energy system is largely based on fossil fuels. They comprise oil, coal and natural 

gas and they are extremely attractive because they are highly concentrated 

(enabling large amounts of energy to be stored in relatively small volumes) and 
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relatively easy to distribute. For these reasons, they have offered outstanding 

opportunities during the 20th century: their extensive use permitted the growing 

of living conditions until actual standards. However, there are also negative 

aspects that should be considered. First of all, fossil energy sources are non-

renewable, being an irreplaceable endowment produced from millennia of 

biological and geological processes. This means that we will face their shortage 

soon or late. Moreover, a second but not less important issue is the pollution 

produced by the ever increased use of fossil fuels, which is considered one of the 

causes of the climate changes.3
,4 Indeed the use of fossil resources leads to the 

emission of large quantities of pollutants, such as CO, CH4, NOx, SOx, CO2, volatile 

organic compounds (VOCs), heavy metals and particulate matter (PM). 

The increase of the world population and the pressure dictated by developing 

countries in terms of energy requirements are now in contrast with the continue 

diminishing of fossil fuels resources, making them even more costly. In 2005 the 

world’s growing thirst for oil amounted to the impressive value of almost 1000 

barrels a second,5 which means about 2 liters a day per each person living on the 

Earth.6
,7 The current global energy consumption is equivalent to 13 terawatts 

(TW). Furthermore, predictions show that the demand will soon exceed the 

supply. As the energy is today produced for the 80 % from fossil fuels, it can be 

easily understand why the local/regional governments are more and more 

attracted by renewable energy sources. This direction can also contribute to solve 

the geopolitical problem of the localization of energy resources. In fact, since the 

fossil fuels were formed in specific circumstances where the geological conditions 

were favorable, the largest deposits of oil, gas and coal tend to be concentrated in 

particular regions of the globe.8 

The development of new energy strategies that could be economically and 

environmentally sustainable and able to meet the demands for a broad range of 

services is an imperative challenge. There is not a unique solution in answer to all 

energy-related problems. However, it is clear that any successful strategy must 

include renewable resources. As already underlined in the first paragraph, all 

these elements can convey in the concept of sustainability. A nice definition of 

sustainability and in particular of sustainable development was provided by the 

Brundtland Commission of the United Nations in 1987: “Sustainable development 

is development that meets the needs of the present without compromising the 

ability of future generations to meet their own needs”.9 

One of the solutions that has been suggested to contribute to solve the 

energy issue is the use of hydrogen as energy vector. While the combustion of 

molecular hydrogen with air produces heat, water and nitrogen oxides as 

byproducts, the combination of molecular hydrogen and oxygen in a fuel cell 

generates electricity, heat and water. Therefore, hydrogen can have an 

environmental impact close to zero if produced in a suitable, sustainable way. 

Furthermore it can be produced by a plurality of sources (even renewable). Beside 

these advantages there are still many problems that must be overcome before a 

hydrogen-fuelled future can become a reality. Unfortunately, although it is the 

most plentiful gas in the universe (stars are made primarily of hydrogen), there is 

no molecular hydrogen on the Earth. Therefore it has to be produced in a clean 

and efficient way.10,11 In addition, there are problems related to the storage 

technology12 and to the building of a safe transport and distribution network for 

this new energy carrier. Finally, even if hydrogen by itself is unequivocally a clean 

energy vector, it should be underlined the fact that there is a heated debate on 

the possible harmful effects that can originate from its unintended lacks into the 
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atmosphere, including an increase of water vapour in the stratosphere and its 

interaction with ozone.13 

One of the sectors where hydrogen is actually obtaining a great interest is that 

of transportation because of the environmental advantages that could derive 

from its utilization in combination with fuel cells. An interesting solution which 

was proposed to overcome the problem of lack of H2 distribution infrastructures 

is its on-board production. This needs the development of efficient and compact 

reforming catalysts for hydrocarbons or alcohols.14 

Nevertheless, there is a general consensus on the increase need of sustainable 

production of H2 for traditional processes (ammonia – fertilizer production, Hydro 

DeSulphurization (HDS) and Hydro DeNitrification (HDN) processes, 

hydrogenation reactions).  

Connected to both these uses, there is the need to produce and purify 

hydrogen in sustainable ways. 

 

 

1.2 Classical methods for hydrogen production 

 

Nowadays, nearly 95 % of the total hydrogen supply is produced from fossil 

fuels, mainly by reforming of methane.  

There are two main routes for methane conversion to useful products: direct 

and indirect. The indirect route consists in the transformation of methane into 

syngas (a mixture of CO and H2 at variable ratios), and the syngas represents the 

starting point for the production of many other valuable building blocks 

(methanol, formaldehyde, olefins, ammonia). The direct routes, on the contrary, 

are one-step processes in which the natural gas is directly converted to the 

desired products. It is easy to understand that direct routes are usually preferred 

over the indirect ones, but their industrial application is limited due to insufficient 

conversions and/or selectivity of the current processes. 

Different indirect processes are then used to produce syngas: methane steam 

reforming (MSR), methane dry regorming (MDR), autothermal reforming (MAR) 

and methane partial oxidation (MPO). These procedures furnish syngas with 

different CO/H2 ratios. The choice of the indirect procedure is therefore also 

strictly related to the subsequent process that makes use of the syngas. 

The most widely used technology for producing syngas from natural gas is the 

steam reforming (MSR). The process can be summarized by the following 

reactions: 

 

CH4 + H2O → CO + 3H2  

ΔH°298 = +206 kJ mol–1   

(methane steam reforming)  (1.1) 

 

CO + H2O ↔ CO2 + H2  

ΔH°298 = –41 kJ mol–1   

(water gas shift equilibrium) (1.2) 

 

CH4 → C + 2H2   

ΔH°298 = +76 kJ mol–1   

(methane cracking)  (1.3) 

 

The overall process is endothermic and catalytic. The endothermicity of the 

process requires the heating of the system at high temperatures by using a shell-
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and-tube reactor. Supported nickel catalysts are very active for MSR to syngas and 

have been used for many decades. However, Ni-based catalysts are also very 

active for decomposition of methane to carbon and hydrogen. At high reaction 

temperature, large amounts of fibrous carbon are formed, which influences 

activity and stability of catalyst, and can even damage the reactor. To prevent 

carbon deposition, a high S/C ratio (from 2 to 6) is required. Excess of water 

accelerates the water-gas shift equilibrium resulting in a high H2/CO ratio (> 3.0), 

which is not suitable for downstream processes, e.g., methanol synthesis or 

Fischer-Tropsch processes. Industrially, the MSR process is usually conducted at 

high temperature and pressure (typically 800 - 1000 °C and 30-40 bar), followed 

by an additional two-step shift section at lower temperatures (typically 200 - 400 

°C), in order to maximize the CO conversion. The reaction heat is provided by a 

furnace system including tubular reactors filled with Ni based catalysts. 

Dry, or carbon dioxide, reforming (MDR) is also highly endothermic requiring 

large heat input, even higher than for steam reforming. The process can be 

summarized with the following reaction: 

 

 

CH4 + CO2 ↔ 2CO + 2H2  

ΔH°298 = +247 kJ mol–1   

(methane dry reforming)  (1.4) 

 

Despite this drawback, a revival of interest in dry reforming occurred mainly 

due to the realization of a possible positive impact of large-scale application of 

the process on the global carbon dioxide emissions reduction. Another 

advantage of this process is its product, syngas with 1:1 ratio of hydrogen to 

carbon monoxide. It is low if compared with those obtained by other routes for 

syngas production, as the steam reforming (H2/CO = 3) or the partial oxidation of 

methane (H2/CO = 2). Also in this case, serious problems of carbon formation and 

coke deposition are however detrimental for the activity of currently employed 

catalysts. 

An advantage of the MPO route consists in coupling the endothermic steam 

reforming reactions with the exothermic partial oxidation (PO) reactions in the 

same reactor. By feeding methane and oxygen in the right molar ratio, the 

oxidative processes generating heat and steam in the first part of the tubular 

reactor, while in the second part of the reactor the reforming continue until the 

thermodynamic equilibrium is reached. In presence of methane and oxygen, the 

oxidative processes that are realized are the following: 

 

CH4 + ½ O2 → CO + 2H2  

ΔH°298 = –36 kJ mol–1  

(methane partial oxidation) (1.5) 

 

CH4 +2O2 → CO2 + 2H2O  

ΔH°298 = –803 kJ mol–1  

(methane total oxidation) (1.6) 

 

The fundamental parameter in MPO is the O2/CH4 ratio; a value of about 0.5 

promotes the formation of the products from the partial oxidation reaction, 

preventing the attainment of high temperatures in the reactor. Consequently, the 

unreacted methane in part pyrolizes to carbon coke and the other part remains 

unconverted with a low yield in synthesis gas.  
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In the autothermal mode, instead, to let the system reaching the required 

high temperatures for maximizing the yield in syngas production, it is necessary 

to work at O2/CH4 ratio slightly higher than 0.5. In this way, also the reaction of the 

total combustion of methane takes place, lowering the selectivity, but generating 

sufficient heat to achieve the necessary temperatures to maintain the process 

thermally self-sustained. 

Although all these technologies are commercially applied, they result in 

syngas where the content of CO can be rather high. For some applications in fuel 

cells, however, or for example if the hydrogen should be used as pure, the 

purification of syngas from CO should be done. 

 

 

1.3 Purification of hydrogen 

 

After hydrogen has been produced, it is used in fuel cells for the production of 

energy (see also next paragraph). However, the feed gaseous mixture must not 

contain CO because Pt-based anodes of some types of fuel cells are very sensitive 

to this poison.15 CO adsorbs stronger than H2 onto the electrode surface, leading 

to a decrease in the cell performance. Therefore it is necessary to reduce the CO 

content below 10 ppm. Notably new electrodes, such as those based on Pt/Ru or 

FeCoNi, has higher tolerance for CO, even if the problem still remain.16,17 

The decrease of the CO content can be achieved through different processes 

but the simplest consist in the oxidation to CO2. In a first stage, the Water-Gas 

Shift-Reaction (WGSR) can be used to reduce the CO content and at the same 

time to increase the H2 concentration in the feed. However, the resulting CO 

levels are still too high (1 - 2 %) for fuel cell applications. Therefore a second stage 

is needed to further abate the CO content, and the PReferential CO OXidation 

(PROX), which consist in a selective oxidation of CO with oxygen,18,19 is one of the 

most promising alternatives. 

The WGSR, shown in Equation X), represents a key step in a number of 

industrial applications: 

 

CO + H2O ↔ CO2 + H2  

ΔH°298 = –41 kJ mol–1 (1.2) 

 

The reaction is used to control the ratios of CO, CO2, and H2 in synthesis gas; 

and it is directly or indirectly relevant to several important industrial catalytic 

processes, including methanol synthesis,20,21 ammonia synthesis, Fisher-Tropsch 

synthesis, coal gasification, and catalytic combustion. Moreover, it is involved in 

all reforming processes starting from hydrocarbons22 and/or higher alcohols such 

as ethanol.23,24 The importance of the WGSR was also demonstrated in the 

aqueous phase reforming of oxygenates.25 The present, commercially available 

WGSR catalysts have important drawbacks, in that they can be toxic, pyrophoric, 

and prone to sintering if not handled very carefully.26 Alternative catalysts are 

therefore needed, especially for fuel processing in fuel cell applications, where 

the presence of a plant operator is impractical. Various materials have been 

proposed, ranging from catalysts based on coinage metals, such as Ni and Cu, to 

ones based on noble metals, including Au, Pd, and Pt.27,28 Since the 

demonstration that ceria-supported precious metals can exhibit rates 

approaching that of low-temperature, WGS catalysts,29 ceria-based catalysts have 

received a great deal of attention. 



7 

 

PROX is a simple, useful method to remove low levels of CO from H2-rich gas 

streams. The method consists in the addition of oxygen to the fuel processor 

effluent in order to preferentially oxidise CO rather than H2. 

Traditional catalysts for PROX reaction are based on noble metals (Pt, Pd, Ru) 

supported on alumina.19,30,31 Oxidation of CO on these catalysts is a multi-step 

process obeying single-site competitive Langmuir–Hinshelwood mechanism 

between CO and O2, which compete for noble metal surface sites. These catalysts 

are characterized by operating at high temperatures (about 170 °C) and needing 

a high oxygen to CO ratio (about 3) for complete conversion of CO, with the 

corresponding loss of selectivity (typically 34 %). However, they are resistant to 

poisoning by water, although slightly inhibited by CO2. 

The key for improving the CO oxidation rate is to favor a non-competitive 

dual-site mechanism for CO and O2. New catalyst formulations are under 

development adding a promoter / co-catalyst with an additional site for oxygen 

adsorption. An example is the addition of Fe as a promoter for Pt catalysts.32 In 

this case, Pt metal serves as the site for CO adsorption, whereas Fe oxide has been 

indicated to dissociate O2, resulting in a non-competitive, dual-site mechanism. 

Son et al. reported the promotional effect of CeO2 addition to Pt/Al2O3 catalyst, 

enhancing the CO conversion as well as the selectivity at low temperatures.33 Au 

supported on base-oxides has also been extensively studied. The results have 

shown that these catalysts are very active for the PROX reaction, especially in the 

case of Fe2O3, TiO2 or CeO2.34-38 Indeed, it has been observed that extremely fine 

gold particles are very active at low temperatures (as low as 80 °C) and have 

similar selectivity than platinum. However, they are very sensitive to the presence 

of CO2 and steam. Nevertheless, gold now represents one of the best active 

phases for the PROX reaction.  

Ceria-based supports have also being studied for PROX reaction. Ceria 

presents very high oxygen storage capacity (OSC).39,40 This property is very helpful 

for promoting oxidation reactions under reductive environments, with the cyclic 

incorporation/removal of structural oxygen. Notably, the addition of ZrO2 to ceria, 

with the consequent formation of CexZr1-xO2 solid solutions, favors the mobility of 

lattice oxygen, lowering the temperature at which it can be available for 

oxidation reactions.40 Consistently, Wootsch et al. studied a series of Pt/CexZr1−xO2 

catalysts and found they are very active in the 80 – 100 °C range.41 Roh et al. have 

also investigated the Pt/CexZr1−xO2 catalyst series and found they are very active 

even at 60 °C, the most active support being that with x = 0.80.42 

 

 

1.4 Sustainable production of hydrogen: photocatalysis 

 

In the paragraph 1.2 the classical technologies for the production of hydrogen 

have been presented. However, these processes are unsustainable on a long-term 

scale. As a consequence, great efforts are currently devoted to hydrogen 

production starting from renewable resources,43 for instance by biomass catalytic 

steam reforming/gasification and photoelectrochemical or enzymatic 

approaches.25,44-51 Nevertheless, these methods suffer from severe limitations 

associated with low efficiency or high energy demand, since they require the use 

of harsh operating conditions. On the other hand, photoactivated routes, though 

at present far from large-scale industrial application, are extremely promising as 

alternative hydrogen preparation strategies. In fact, they can ultimately enable 

the exploitation of sunlight, an infinite energy source, and to obtain hydrogen 

from natural products, such as water or biomass.52 
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Photocatalysis essentially consists in the catalysis exerted by materials 

(semiconductors) under the irradiation of light at an appropriate wavelength. The 

difference between valence and conduction bands (VB and CB, respectively) of 

the semiconductor, called energy gap (Eg) or band gap, determines which 

wavelength must be used since the incident photons must have an energy equal 

or higher than that of the band gap. If this condition is reached, a photon is 

absorbed by the material and an electron is excited from the VB to the CB, leaving 

a positive charge in the VB and giving rise to the formation of a hole-electron pair 

(h+ - e-). The destiny of the formed electron-hole pair is very often their 

recombination in either the bulk or surface; however, they can also act as 

reductive and oxidative agents, respectively, for compounds adsorbed on the 

surface of the photocatalysts (Figure 1.1). 

For many semiconductors, the band gap is in the order of about 3 eV and thus 

the incident radiation must have a wavelength in the UV or near visible region. 

Since semiconductors, unlike metals, lack a continuum of interband states, the 

electron-hole recombination is not immediate and the lifetime can be sufficiently 

long to ensure the diffusion of these species on the surface of the material, 

leading to the initiation of redox processes. 

Whereas holes in the VB are powerful oxidizing species that can produce 

hydroxyl radicals (OH·) from the reaction with H2O, photogenerated electrons in 

the CB are directly involved in H2 production. 

For this process to occur, the semiconductor CB edge must be more negative 

than the H+ to H2 reduction potential [E(H+/H2) = 0.00 V with respect to the normal 

hydrogen electrode (NHE) at pH = 0]. In addition, oxygen evolution from water 

requires a VB edge that is more positive than the oxidation potential of H2O 

[E(O2/H2O) = 1.23 V with respect to NHE at pH = 0]. 

Huge efforts are spent to realize the so called water splitting process, where a 

photocatalyst splits the water molecule into hydrogen and oxygen gases under 

the irradiation of visible light.53 However, the efficiency of this process even with 

state-of-the-art materials is still very poor due to many drawbacks among which 

the most important is the easy recombination between hydrogen and oxygen 

produced (backward reaction).54 A more feasible alternative in this sense is the 

photoreforming process, where organic molecules are used as sacrificial agents 

that are oxidized more easily than water to form CO2, while on the other side the 

reduction of protons to hydrogen is still realized (Figure 1.2).55 

  

 
Figure 1.1. Schematic representation of the processes involved after absorption by a 

semiconductor particle of a photon of wavelength of energy equal or higher than the Eg: a) 

electron-hole pair formation; b) oxidation of the adsorbed donor D; c) reduction of the 

adsorbed acceptor A; d) and e) charge recombination at the surface or in the bulk, 

respectively.  
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Figure 1.2. Schematic representation of water splitting, biomass (CxHyOz) oxidation and 

photoreforming reactions over an irradiated M-TiO2 photocatalyst. Production of hydrogen 

(i) and oxygen (ii) from water cleavage is triggered by photogenerated  electrons and 

holes, respectively. Oxidation of organic compounds takes place in the presence of oxygen 

(air) with the participation of photogenerated holes and ultimately leads to the production 

of CO2 and H2O (iv). This process is accompanied by consumption of photogenerated 

electrons by chemisorbed oxygen (iii). The overall photoreforming process combines 

photoinduced hydrogen production (i) and oxidation of organic derivatives (iv). 

 

This process has two main advantages: 

- several starting chemicals / sacrificial agents can be used, even pollutants; 

- if the conditions of this process are carefully controlled, the selective 

formation of other organic byproducts can be realized, with the possibility to 

prepare interesting building blocks in a controlled way, coupled with the 

obtainment of clean hydrogen gas. 

Among the several substrates that can be used, the most interesting class 

appears to be that of alcohols. Among alcohols and polyalcohols, glycerol is 

particularly appealing because it is a byproduct in the biodiesel synthesis, and its 

valorization would represent an important improvement for the economy of the 

entire process since the low utility of the low economicity of the procedure.56 

Most of the work that have been done in this field employed titanium dioxide 

(TiO2, titania) as photocatalyst, due to its good efficiency, thermal and chemical 

stability, and availability. However, one of the main problems is that its large band 

gap (about 3.0 eV) makes it active only under UV light, which accounts for a low 

amount of about 5 % of the incoming solar radiation. Therefore, many attempts 

have been done to extend its absorption in the visible range. 

 

 

1.5 Use of hydrogen to produce electricity: fuel cell devices 

 

Fuel cells are devices where chemical energy is converted into electrical 

energy. The chemical energy is contained in the bonds within a fuel, and many 

compounds can be used for this purpose. These devices are one of the cleanest 

and most efficient technologies for generating electricity: since there is no 

combustion, they do not produce the common pollutants created by internal 

combustion engines such as boilers and furnaces. Therefore, there is a huge 

interest in the recent years in the development of this technology due to the 

growing concerns about fossil fuel depletion and pollution remarked in the 

previous paragraphs. Furthermore, fuel cells are not limited by usual 

thermodynamic limitations of heat engines such as the Carnot efficiency. Of main 
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interest are nowadays the common fuels or hydrogen as reductants and air as 

oxidant.57 

The basic structure of a fuel cell comprises an electrolyte layer in contact with 

an anode and a cathode at either side. A fuel is continuously fed to the anode 

(negative electrode) and an oxidant (usually oxygen from air) is continuously fed 

at the cathode (positive electrode). An electric current is produced by the 

electrochemical reactions at the electrodes through the electrolyte, while a 

complimentary electric current can perform work on the load. Fuel cells are very 

similar to batteries, but the main difference is that a fuel cell is able to produce 

current continuously as long as fuel is supplied. 

There are several types of fuel cells and the main difference is the material 

used as the electrolyte.  

A first distinction is made between liquid electrolyte and solid electrolyte fuel 

cells, depending on the state of the electrolyte layer. Both configurations present 

technological challenges in ensuring that several conditions are fulfilled: in 

particular, for a site to be active, it must be in contact with the reactants, in 

electrical contact with the electrode, in ionic contact with the electrolyte and 

contain enough electro-catalyst to ensure a desired rate of the rection. 

A further distinction is based on the type of electrolyte used. Five types of fuel 

cells are so distinguished: polymer electrolyte (PEFC), alkaline (AFC), phosphoric 

acid (PAFC), molten carbonate (MCFC) and solid oxide (SOFC) fuel cells. The 

nature of the electrolyte forces the choice of the operating temperature ranges. 

Among the different types of fuel cells, proton-exchange membrane (PEM, 

which belongs to the PEFC family) and SOFC are the most studied, the first due to 

their attracting characteristics for powering vehicles, the latter for their flexibility 

and high power density.  

The PEM fuel cells require relatively high purity hydrogen. Therefore, 

technologies to clean the fuel stream are needed (see previous paragraph). In this 

case, the interest for this work is in the purification technologies. 

SOFC are formed by a dense layer of an oxygen ion conducting electrolyte 

that separates a cathode, on which oxygen molecules react with electrons to 

produce oxide ions, from an anode where the fuel is combusted. In the SOFC the 

fuel does not need to be extremely clean and they work with hydrocarbons in 

addition to hydrogen, but one of the main problems is to prepare materials that 

are active and stable under their operating conditions. Indeed, to ensure the 

transport of the charged species (O2
- ions) through the solid electrolyte, high 

temperatures are required for the mobility of these species (~600 - 700 °C). The 

typical electrolyte used in these devices is porous Yttrium-stabilized Zirconia 

(YSZ), with a typical Yttrium content of 8 mol %, although other oxygen-

conducting materials are known (doped cerias for examples). Common cathodes 

are typically porous composites of YSZ and an electrically conducting ceramic 

such as perovskites like La0.8Sr0.2MnO3 (LSM). The anodes should promote the 

oxidation of the fuel as well as act as current collectors and therefore are usually 

composed of metals. Ni is the most common metal employed, but problems of 

carbon deposit formation when using hydrocarbons as fuels is the dramatic 

drawback of this material. Furthermore, the sintering of the metallic phase under 

the harsh thermal conditions is a further drawback that is under study. The 

nanostructuration of the anode materials can be the key for the improvement of 

both performances and thermal stabilities. 
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1.6 Nanoparticles and nanotechnology 

 

In the recent years, considerable effort has been devoted to the design and 

controlled fabrication of nanostructured materials with functional properties. The 

interest in nanoscale materials stems from the fact that their properties (optical, 

electrical, mechanical, chemical, etc.) are a function of their size, composition, and 

structural order. Therefore, effective strategies to build tailored nanomaterials 

reliably and predictably are required in order to meet the ever increasing 

demands placed on materials synthesis and performance by nanotechnology. In 

this field, colloidal nanoparticles represent attractive building blocks for the 

preparation of ordered and complex materials. They are also of widespread 

interest in chemical engineering, pharmaceutical and biological applications. 

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 the valence band and in the conductivity band, 

respectively, decreases to such an extent that the electronic properties 

dramatically change.58 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. 

Metal catalysts are usually prepared as nanoparticles dispersed on the surfaces 

of stable high-surface area materials like Al2O3, SiO2 or activated carbon. In the 

beginning, this was mainly to increase the proportion of the active metal phase 

that was exposed to the reactants. However, it was soon realized that the 

supports could exert a profound influence on the reactivity of the metal by 

altering its electronic or geometric properties. Modern high-performance 

catalysts are now designed to take into account the significant contribution of the 

support and to carefully engineer the size of the metal particles. It is noteworthy 

for catalytic application that the smaller a metal particle is, the 

larger its fraction of surface atoms becomes. This is a very important point in 

catalysis as it is well known that the catalytic activity is exerted by surface atoms 

or, eventually, by atoms present on the circumferential area at the interface 

between metal and support.59 The surface atoms of a metal nanoparticle are not 

fully coordinated but they possess free sites in which molecules can adsorb and 

react. Furthermore, they are not all equivalent because edges, vertices, kinks, 

steps and surfaces leave atoms with different degrees of unsaturation. It is clear 

that these atoms can show different reactivity. As expensive noble metal often 

are used in heterogeneous catalysis, it is clear that increasing surface atoms can 

decrease the amount of metal needed to obtain good activity. Finely dispersed 

metals are therefore preferred to bulk materials. However, reducing the size of 

metal particles is not without consequences. This process not only changes their 

electronic properties but also their physico-chemical behaviour. The lower a 

particle is, the lower its thermal stability becomes. Primarily, this fact is due to the 

decrease in the melting point of the metal when it is reduced to such an extent.60 

The main purpose of using a support is to achieve an optimal dispersion of the 

catalytically active phase and to stabilize it against sintering, the process in which 

metal particles aggregate to produce bigger particles. When the support presents 

a high surface area, it is less probable for particles to meet and aggregate. 

An effective way for protecting metal nanoparticles against aggregation and 

sintering is represented by their encapsulation into different materials. This 

process leads to the formation of the so-called core-shell structures. The 

formation of these nanoarchitectures does not only provide an advantage against 
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sintering, but the special metal-support interface that is created can lead to novel 

properties, as we will see in the next paragraph and we will appreciate in this 

work. 

 

 

1.7 Core-shell structures in catalysis 

 

In recent years, there have been many advances in the synthetic methods for 

controlling the size and shape of materials at the nanometer scale for applications 

in a number of fields, including electronics, biology, materials science, catalysis, 

and medicinal chemistry.61 The ability to tailor the structure of these materials to 

obtain precise functionalities has been extensively highlighted in the literature. In 

many of these applications, the interaction between different components is a 

key factor for achieving the desired properties, so that the level of complexity in 

these materials is high. A nice demonstration of this was shown by Banin and co-

workers, who showed that photo-induced charge separation between CdS-PdO 

and CdS-Pd4S heterostructures, with applications for the photo-reduction of 

water, could be obtained by a tuning the morphology of the material.62 Another 

interesting example is the synthesis of binary nanocrystal superlattices using 

monodisperse nanoparticles of two different materials using self-assembly 

methods.63 In this case, the authors reported collective properties for the binary 

material that are not shared by the single components. 

Among the interesting nanostructures that can be prepared, core-shell 

materials are especially intriguing because the close physical and electronic 

contact between the core and shell phases could provide novel catalytic 

properties. This concept has been pursued heavily for bimetallic catalysts, 

especially applications in fuel-cell electrodes,64 where the metal core effectively 

modifies the electronic properties of the atoms in the metal shell. Cooperative 

interactions between the two components in a core-shell structure can also 

manifest themselves in more complex ways. Over the last decade there have 

been immense efforts to fabricate core-shell colloidal materials with tailored 

structural, optical, and surface properties.65,66 Investigations have largely been 

spurred by the applicability of such colloids in modern materials science and by 

their technological importance: composite colloids are used for coatings, 

electronics, catalysis, separations and diagnostics. The formation of core-shell 

colloidal particles is also of interest from a fundamental and academic viewpoint, 

especially in the areas of colloid and interface science. They can be used as model 

systems to investigate factors governing colloidal interactions and stabilization67 

and to gain valuable information on the properties of concentrated dispersions.68 

The term used to describe the synthesis of core-shell particles with defined 

morphologies and properties can be referred to as particle engineering.65 This 

typically involves tailoring the surface properties of particles, often accomplished 

by coating or encapsulating them within a shell of a preferred material. Particle 

coating is carried out for a wide number of reasons. For example, the shell can 

alter the charge, functionality and reactivity of the surface and can enhance the 

stability and dispersibility of the colloidal core. Magnetic, optical or catalytic 

functions may be readily imparted to the dispersed colloidal matter depending 

on the properties of the coating. Encasing colloids in a shell of different 

composition may also protect the core from extraneous chemical and physical 

changes. It is exactly this last property that is of relevance in this work. 

For example, the close connection between the phases in core-shell materials 

allows relatively easy modification following external stimuli. This concept was 
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demonstrated for Rh-Pd and Pt-Pd particles, which undergo changes in 

morphology in response to the external environment, leading to dynamic core-

shell materials that could be used under either reducing or oxidizing conditions 

as catalysts with totally different properties.69 In another example, large changes 

in Surface-Enhance Raman Scattering (SERS) signal intensity were observed for 

dye molecules entrapped in Au-Au, core-shell nanostructures, depending on the 

interior gap size. 70 

For catalytic applications, the oxide shell should probably be considered at 

least somewhat porous, so that reactant molecules can access sites on the metal 

core; however, there have been suggestions that the presence of a group VIII 

metal in core-shell particles71 or metal cations within the ceria72 can modify the 

properties of ceria. More generally, there are two primary reasons to consider 

core-shell nanoparticles in which the shell is an oxide: 

i) the oxide coating can prevent the coalescence of the metal particles, 

especially when the reactions are to be carried out at medium to high 

temperatures. At higher temperatures, metal sintering is one of the main causes 

for deactivation of heterogeneous catalysts73-75 and the oxide shell would be 

expected to prevent metal particles from coming together. 

ii) Reaction rates are enhanced by maximizing the number of sites at the 

metal-ceria interface. Compared to precious metals on other oxide supports, 

significantly enhanced rates have been observed with ceria-supported metals for 

the water-gas-shift,29 methane-steam-reforming,76,77 and CO2-reforming78,79 

reactions. The role of ceria in these reactions is at least partially associated with 

the ability of cerium to cycle between Ce3+ and Ce4+, with the transfer of oxygen 

to and from the supported metal playing an important role.39 For this kind of 

promotion, close contact between the metal and the ceria support is critical for 

enhanced rates. It has also been suggested that electron transfer between the 

oxide support and the metal could modify the properties of the metal for small 

metal particles.80 Although long-range electron transfer from an insulating or 

semiconducting oxide, like ceria, to a metal is unlikely to affect the properties of 

the larger metal particles,81 metal atoms that are in direct contact with the oxide 

could be affected, either by bonding interactions or by through-space electric 

fields at the metal-oxide boundary. In both cases, these interactions are relatively 

short range, so that the strongest interactions are expected to be within 

approximately 1 nm of the metal-support interface.  

Indeed, the ability to tune the structure and the interactions between oxide 

and metal phases is pivotal in a number of supported-metal catalysts, so that 

some supports are now recognized as promoters / cocatalytic phases, rather than 

simple support materials. The example of ceria-based Water-Gas Shift (WGS) 

catalysts has already been mentioned;29 also, recent reports suggest that the 

special reactivity of Au-TiO2 materials also occurs through a dual-site mechanism, 

implying the direct involvement of support sites in the activation of oxygen for 

CO and H2 oxidation reactions.82,83 Where more “inert” supports are used, the 

core-shell configuration is still important for limiting sintering of the metal.84-86 

Combination of core-shell encapsulation and the use of reactive supports in the 

shell has been demonstrated to both limit sintering and enhance reactivity.87  

The preparation of core-shell structures, where a metal oxide is used as the 

shell, generally relies on the synthesis of preformed metal particles (or their 

precursors) and the subsequent coating with the metal oxide. In the case of ceria, 

preparation of the core-shell catalysts has been accomplished using one of three 

procedures, or some combination of these. The general idea behind each of the 

procedures is shown diagrammatically in Figure 1.3.  
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Figure 1.3. Synthetic strategies to obtain metal@ceria core-shell structures. A) co-

precipitation of either preformed metal particles or metal particle precursors and the metal 

oxide precursor; B) microemulsion; C) direct functionalization of preformed metal particles. 

 

The strategies can be summarized as follows: 

i) The preformed metal particles (or their precursors) can be precipitated 

together with the metal oxide precursor. 

ii) A microemulsion can be used as a nanoreactor, with the metal particles first 

prepared by reduction and then coated with the metal-oxide precursor to form 

the encapsulated metal. 

iii) direct modification / functionalization of the metal particle surface to allow 

sequential reaction with the metal oxide precursor and then produce the coating 

of the particles. 

Detailed procedures required to produce other core-shell structures can be 

found in the literature.75,88 

In the present work, the preparation of core-shell structures based on ceria 

followed all the three routes shown. 

 

 

1.8 Tailored nanocrystals on demand 

 

Nanocrystals prepared with precise tunability in size and shape in the 1 - 100 

nm size regime are of fundamental interest.89 This new class of materials have 

found wide application in several areas such as optoelectronics,90 electronics,91,92 

magnetics93 and catalysis.94,95 These precisely tuned particles can, in fact, give 

valuable information on processes that occur at length scales in which the 

transition between atomic / molecular and bulk properties plays a key role in 

determining the response of the systems. Furthermore, the narrow size dispersion 

allows for investigation of the size dependence of processes and thus can 

contribute to understanding the features that lead to enhanced performances.  

Additionally, the possibility of self-assembling monodisperse building blocks into 

single component or binary nanocrystals superlattices (BNSLs) allows the 

collective properties of these novel systems to be studied.89,96 Various methods 

have been developed for the synthesis of monodisperse nanocrystals in the case 

of semiconductor quantum-dots,97 metal98 and metal oxide nanocrystals.99 

However, while most methodologies have been optimized on a case-by-case 
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basis for a specific metal,100,101 with few procedures being applicable to different 

precursors. 102,103 Furthermore, many of these procedures rely on post-synthesis 

treatments such as Ostwald digestive ripening104 and size-selection procedures97 

to reduce the polydispersity of the sample or on complex procedures which 

involve high temperature injections.105 Such approaches have the drawback of 

significantly lowering of the yield of monodisperse particles.  

The importance of particle size in catalysis is widely recognized.106 Au is a 

peculiar and key example, as it shows activity for several gas-phase reactions only 

in a very narrow size regime and generally below 5 nm.107,108 Many studies have 

discussed size-activity relationships for catalytic reactions, either using model 

catalysts composed of single crystals under controlled environments109 or using 

soft chemical methods to prepare supported particles of different sizes. 110-112 

Single crystals represent very clean and precise surfaces which results in 

invaluable information regarding the basic steps in catalyzed reactions, but the 

reaction conditions are usually far from those used in realistic, industrial catalytic 

processes.113 Soft chemical methods, on the contrary, lead to catalysts that can be 

tested under more realistic reaction conditions,114 but these procedures usually 

involve samples where the particle size distributions are still rather large and 

definitive correlation  between particle size and activity cannot be derived. 

Indeed, given the size distributions typically reported, some particles could be 

totally inactive, while others, larger or smaller, could contribute 

disproportionately to the overall observed activity. As a consequence, it is of 

paramount importance to quantitatively address the activity associated to 

specific particle size.112 Monodisperse particles can be advantageously used for 

the preparation of catalysts where the size of the active metal phase is tuned with 

high precision and the presence of ligands offers further protection against 

sintering.115 

 

 

1.9 Aim of the work and choice of the material 

 

The main aim of this thesis is the design, realization, functional testing and 

characterization of nanoarchitectures with tailored and well-defined structures 

and in particular their use for energy-related applications.  

Two main objectives are the focus of this work: the development of the 

“embedding approach” and the preparation of tailored metal nanocrystals for the 

careful study of size-activity relationships in ceria-based catalysts. 

A first goal is the obtainment of stable catalysts by building architectures 

where the metal particles are embedded inside porous metal oxide layers in the 

so-called embedding approach. It is expected that this procedure can physically 

limit the sintering of the metal phase, whereas the extended metal-support 

interface can result in new material properties that can be very different than in 

the usual, oxide-supported metal catalysts.  

Initially, relatively simple procedures based on Pd and Au embedded in ceria 

are investigated to then increase the level of organization of the building blocks 

in more advanced techniques for the embedding. Water Gas Shift  (WGSR) and 

PReferential Oxidation (PROX) were used  as reaction tests of the prepared 

architectures. The choice of these two reactions is related to their importance in 

the H2 purification processes and energy-related applications and to the fact that 

their operational temperature windows are different: medium-low for PROX (80 - 

200 °C) and medium-high for WGS (200 - 450 °C).  
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Pd@CeO2 dispersible structures are then used as anode catalysts for Solid-

Oxide Fuel Cell (SOFC). These devices work at very high temperatures (generally 

around 700 °C), and the materials of which they are composed must satisfy high 

criteria of activity and stability.  

Furthermore, embedded structures are also used in the catalytic combustion 

of methane, a reaction of particular interest in the development of advanced 

materials for fuell cell applications and for power generation for domestic uses. 

This reaction occurs at rather high temperatures (250 - 850 °C) and requires an 

effective metal-support interaction. It is therefore chosen as a good test for both 

the activity of embedded systems and their further stability under more harsh 

conditions.  

Finally, core-shell systems are also prepared in combination with Multi Wall 

Carbon Nanotubes (MWNTs) to understand the influence of an electrically active 

support on the activity and stability of the core-shell catalysts. The 

nanocomposites are tested for several reactions, such as photoreforming of 

methanol for hydrogen production, WGSR and Suzuki coupling of organic 

compounds. 

All these reactions allow to test and validate the embedding approach under 

different operational conditions. 

The second main objective is the preparation of well defined architectures 

based on tailored and monodisperse metal particles to prepare model catalysts 

that can be used under realistic reaction conditions. This study can allow the 

obtainment of useful information about the size dependence of several reactions 

and thus to set the basis for the preparation of more active catalysts. 

Furthermore, these studies can be used for the further exploitation of the 

embedding approach with tailored dimensions of the active metal phase to 

obtain the best reaction performances.  

Transition metals such as Ni, Pd, Pt, Au are selected as the active phases due to 

their well known catalytic properties for the reactions under interest in this work. 

In particular, Au is selected as catalytic active phase in the PROX reaction for its 

well known activity for CO oxidation and its selectivity with the main goal to 

stabilize the Au particles under working conditions. d8 metals (Ni, Pd, Pt) are 

selected for their high activities for the WGSR but, at the same time, their 

problems of deactivation with the idea to overcome this issue by adopting a 

novel preparation strategy. Furthermore, these metals are particularly interesting 

to study their catalytic properties at varying particle size due to their high activity 

at low temperatures which allow to maintain the tailored sizes under reaction 

conditions. 

CeO2 is selected as support for almost all the applications. This choice is 

motivated by the excellent ability of this oxide to participate in the oxidizing 

reactions involving its lattice oxygen and thus increasing catalyst performances 

for the reactions under interest. Titania (TiO2) and zirconia (ZrO2) are used for 

other selected applications (photoreforming reactions, Suzuki coupling). 
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2. 

CHARACTERIZATION TECHNIQUES 

In this chapter, an overview of the main characterization techniques used in 

this work to study the reactivity and the morphological and chemical properties 

of the samples is reported. The aim of the present chapter is not that of providing 

exhaustive information about all the techniques. Rather, it is expected to furnish 

to the reader the main elements to better appreciate the results obtained and 

described in the following chapters of this thesis. 

 

 

2.1 Catalytic activity measurements 

 

Figure 2.1 shows the schematic representation of the reactivity line used for 

testing the activity of the catalysts. 

The reagent mixing system was composed of a series of flowmeters controlled 

by a central control unit (Brooks Instruments). A system of valves before the 

flowmeters allowed the selection of up to four gases to be used at the same time: 

for example, Ar (as inert gas), H2 or O2/Ar (for pretreatment of the samples), CO, 

CH4, CO2, ethylene. Two septa were located in the reaction line for the 

introduction of liquid reagents using a GASTIGHT syringe moved by an infusion 

pump. All the lines were heated at 125 °C in order to instantaneously vaporize the 

liquid reagents before being introduced into the reactor. After the flowmeters, a 

10-way valve allowed gases deviation on two lines: one bypassed the reactor and 

ended to the detector while the other line passed through the reactor. In this 

configuration it was possible to conduce pre-treatments of the catalyst (cleaning 

or pre-reduction using the Preparation Gas) while it was possible at the same time 

to acquire the information on the composition of the reaction mixture bypassing 

the reactor (Reaction Gas). When the Reaction gas was fed to the reactor, it 
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passed through the catalyst and ended to the detector, thus allowing to collect 

the catalytic data. 

 

 

Figure 2.1. Schematic representation of the reactivity line used for testing the activity of 

the catalysts. 

 

The reactor was a U-shaped quartz microreactor with internal diameter of 4 

mm. The catalyst was located between two layers of granular quartz, an inert 

material used both for sustaining the catalyst powder and preheating the 

reagents. The reactor was heated by a Micromeritics Eurotherm 847 oven and the 

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

inside the reactor and touching the catalytic bed. For all the explored reactions, 

no appreciable conversions were found when only quartz and the thermocouple 

were placed in the reactor.  

Most of the experiments were carried out using a mass spectrometer Hyden 

Analytical HPR20 as detector. The ionization was made by electron impact and 

the ions were subsequently separated by a quadrupole. The instrument was 

equipped with a Faraday and a Secondary Electron Multiplier (SEM) detector. The 

former was robust, the latter was more sensitive. Conversions were calculated on 

the basis of the parental ions of the species of interest, after eventual correction 

for the cracking pattern of other signals (for example, CO signal at m/z = 28 was 

corrected for the cracking pattern of CO2).  

Selected experiments were performed using a gaschromatograph HP5890A. It 

was equipped with two columns and two detectors (Thermal Conductivity 

Detector, TCD and Flame Ionization Detector, FID). A Molsieve 5Å column (50 m x 

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

O2, N2, CH4 and CO. Ar was used as carrier in order to increase the sensibility 

toward H2. A Select Permanent Gases/CO2 Plot Column (parallel PoraPLOT 50 m x 

0.55 mm ID and Molsieve 5Å 10 m x 0.32 mm ID columns) was instead coupled to 

a methanator and a FID detector for precisely quantifying CO, CO2 (transformed 

to CH4 into the methanator) and CH4. Helium was used as carrier in this case. 
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2.2 Characterization of the textural properties: physisorption of N2 

 

The catalytic activity of a solid material is strictly related to the morphology 

and the extension of its surface. The dimension and the texture of pores also play 

a crucial role since they can have a strong influence on the reaction selectivity: in 

fact they influence the diffusion processes of both reagents and products, in 

some cases inducing the selective formation of only a one product (“shape 

selectivity”). Key examples are some cracking1-3 and isomerization catalysts.4,5 

Moreover, an adequate texture of the support is of fundamental importance to 

obtain catalysts resistant to the sinterization, especially when subjected to high 

temperature treatments. The ability to measure the surface area of a catalyst and 

the dimension and distribution of its pores is therefore essential in order to better 

understand the performance of a catalyst. 

The common method used to determine the textural characteristics of a solid 

material is based on the physisorption of a gas (reversible adsorption) because of 

the following advantages: 6 

- it is accompanied by low adsorption heat. In fact the adsorption process is 

determined by weak and reversible interactions (ion-dipole, ion-induct dipole, 

dipole-dipole, dipole-induct dipole, quadrupole interactions). This implies that 

the process does not modify the surface of the sample; 

- many molecular layers of adsorbate can be formed, leading to a completely 

filling of the pores allowing to measure the pore volume; 

- it occurs at low temperatures; 

- physisorption equilibrium is quickly reached since the process energy is zero 

(except in the case of adsorption into small pores, where there are diffusion 

limitations); 

- physical adsorption is a reversible process and this permits the study of both 

the adsorption and desorption processes; 

- it allows to estimate the total surface area of a solid since physisorbed 

molecules are not restricted to specific sites but they are free to completely cover 

the surface. 

Brunauer, Emmet and Teller have developed a method (commonly regarded 

as BET) which allows the experimental determination of the number of adsorbate 

molecules needed for the formation of the theoretical monolayer. If the area 

effectively occupied by a single adsorbed molecule is known, it is possible to 

determine the total surface area. BET model starts from the assumption that 

adsorption process is an equilibrium with the formation of a series of layers, 

where the most external one is formed by adsorbate molecule directly in contact 

with the vapour phase. 

The surface area can be determined by directly applying the BET equation: 
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where: 

p gas pressure; 

p0 gas saturation pressure; 

n adsorbed gas at the pressure p (grams); 

nm adsorbed gas corresponding to the monolayer formation (grams); 

C BET constant (dependent on the interaction type between adsorbent 

and adsorbate) 
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In the range 0.05 < p/p0 < 0.30, the plot of p/[n(p0-p)] versus p/p0 is generally a 

straight line.  

The slope s and the intercept i are: 
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Therefore it is possible to obtain the values of nm and C. Then, the surface area 

can be calculated as follow: 
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where: 

NA Avogadro’s constant; 

MW adsorbate molecular weight; 

am area occupied by an adsorbate molecule (at -196 °C, am = 0.162 nm2 for 

N2). 

 

Most of the materials having high surface areas, useful for catalysis, show a 

porous structure. It is thus usual to distinguish between external and internal 

area, indicating with the latter term the contribution to the surface area due to 

the pores of the system. It is worth noting that pores accessibility, and therefore 

the volume and the relative surface area, depends on the shape and the 

dimension of gas molecule used in the analysis. 

Pores can vary in shape and dimension in a wide range even in the same 

material. Based on dimensions, they can be divided into three groups: 

- micropores, with diameters less than 2 nm; 

- mesopores, with diameters in the range 2 - 50 nm, typical of non crystalline 

materials; 

- macropores, with diameters larger than 50 nm. 

The porous system of a material can be first classified from the shape of the 

physisorption isotherm. The International Union for Pure and Applied Chemistry 

(IUPAC) have stabilised rules to classify the most common isotherms into six types 

(Figure 2.2). 

Type I isotherm is typical of microporous systems, in which the external 

surface area is small while the internal contribute is relevant. 

Type II isotherm is generally observed in non-porous or macroporous systems 

and represents a multi-layer adsorption. The B point (at the inflection point) is 

generally considered as the point of monolayer formation. 

Type III and V isotherms are not common and indicate a very weak interaction 

between adsorbent and adsorbate. This problem can be solved using a different 

adsorbate in order to obtain a physisorption curve easier to analyze. 

Type IV isotherm is the most common one and it is typical of mesoporous 

systems. The initial part of the isotherm is similar to that of type II one while, at 

higher relative pressures, it shows the typical hysteresis associated to capillary 

condensation that takes place into the mesopores. The hysteresis shape can 

change to a great extent according to pores geometry. IUPAC has classified the 

hysteresis shapes into four main groups, denoted as H1, H2, H3 and H4 (Figure 



25 

 

2.2). Type H1 and H4 hysteresis represent two opposite and extreme situations: 

the first is often find in compact agglomerates of spherical particles with uniform 

dimensions. The latter one is obtained in the case of materials with pores formed 

by the aggregation of bidimensional particles. Type H2 and H3 hysteresis 

represents intermediate situations between those two extremes. However, 

hysteresis cannot be easily classified as most of the materials show 

heterogeneous distributions in shapes and dimensions of pores. 

Type VI isotherm represents a multilayer adsorption which occurs by 

subsequent passages onto a non-porous surface. 

 

 

Figure 2.2. Type of isotherms (left) and hysteresis (right). 

Many methods have been developed to estimate pores distribution. The 

difference along them arises from the pores dimension range in which they can 

be applied. According to the objectives of the present research work, it has been 

decided to focus the attention to the mesopores. In fact, while some micropores 

can be present in the fresh materials, they are not thermally stable as they can 

easily collapse even under mild conditions. 

The method commonly used to describe mesopores (and smaller macropores) 

distribution is that developed by Barret, Joyner and Halenda (BJH method). It 

describes adsorption and capillary condensation processes which take place 

inside the mesopores. In the capillary condensation range (0.40 < p/p0 < 0.98), an 

increase of the relative pressure corresponds to an increase of the thickness of the 

layer adsorbed on the pores walls. The capillary condensation in cylindrical pores 

is described by the Kelvin equation: 
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where: 

p pressure of the gas; 

p0 gas saturation pressure; 

γ  surface tension of the liquid; 

Vm liquid molar volume; 

R gas constant; 

T absolute temperature; 

rc pore radius where capillary condensation occurs; 
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θ  contact angle between adsorbed molecules and thin layer adsorbed 

onto the walls; for simplicity, in the normal applications it is equal to 0.  

 

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 emptiness of pores) it is possible to obtain the 

mesopore volume and pore distribution. 

 

 

2.3 Characterization of the accessibility of the metal phase: chemisorption 

 

Chemisorption is based on a specific interaction between a probe molecule 

and the active phase of a catalyst (generally a metal). The method consists in the 

adsorption of a probe molecule that is able to chemically react with the metal, 

generating a single layer of chemisorbed molecules. The measure of the volume 

of adsorbed gas could allow the calculation of the metal dispersion of the sample. 

The most common gases used for chemisorption studies are hydrogen and 

carbon monoxide, but also nitrogen oxides or oxygen are used as probe 

molecules.  

The number of surface metal atoms N(s)M and the active metal surface SM can 

be obtained from the following equations: 
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where:  

V adsorbed gas volume until single layer formed; 

Vm gas molar volume; 

am surface covered by a single metal atom; 

n number of metal atoms needed to adsorb a single hydrogen molecule 

(also commonly referred as “chemisorption reaction stoichiometry”); 

NA Avogadro’s constant. 

 

Generally, the chemisorption stoichiometry with hydrogen is assumed to be 2. 

In fact, H2 can be activated by the metal and subsequently each metal atom can 

form a bond with a hydrogen atom. However, this is not always true for noble 

metals which form hydride species or when the active phase is extremely 

dispersed, leading to particles lower than 1 nm.7 Moreover, reducible oxides or 

active carbon can show spillover effects which should be taken into account.7 

In the case of dissociative adsorption (as is the case of hydrogen) the 

Langmuir isotherm equation can be applied, assuming a constant chemisorption 

energy: 
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where: 

p gas pressure; 

ns quantity of gas adsorbed at pressure p; 

ns
m quantity of gas needed for the formation of the monolayer; 

b constant. 

 

In the high pressure region, isotherm should be horizontal, corresponding to 

the saturation limit. However, 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 H2. The hydrogen volume 

corresponding to the formation of the monolayer can be calculated by 

extrapolating the linear part of the isotherm to zero pressure. This procedure is 

used to well correct the values for the physisorption. Other more complex 

methods are based on the subtraction of the physisorption contribute. 

From the chemisorbed H2 volume it is possible to obtain the metal dispersion 

DM and the average metal particle diameter dM, assuming a geometrical shape of 

the particles: 
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where: 

N(s)M  surface metal atoms; 

N(tot)M total metal atoms; 

6  is the geometrical factor for spherical particles. 

 

VM is the volume of a bulk metal atom. It can be calculated from the equation 

2.11: 
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where: 

Mw atomic weight of the metal; 

 ρ density of the metal. 

 

In the present thesis, chemisorption experiments were performed on a 

Micromeritics ASAP 2020C. The samples, placed in an U-shaped quartz reactor 

with an internal diameter of 1 cm, were subjected to thermal and/or chemical 

treatments by using the automatic valve apparatus. Usually, samples are cleaned 

by a treatment under O2/Ar, the metallic phase is reduced under H2/Ar at the 

desired temperature and the sample is then evacuated at rather high 

temperatures. These treatments are essential to clean and reduce the sample and 

finally to fully eliminate the hydrogen gas from the surface of the catalyst. 
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For any Pd/CeO2 system there are some particular elements that should be 

underlined. First, the support has the ability to spill-over the hydrogen. Then, the 

palladium is known for its ability in absorb hydrogen leading to the formation of 

hydrides. Therefore, chemisorption studies of the Pd/CeO2 catalysts have been 

performed at low temperature (~-90 °C) and low H2 pressures (2 - 20 torr)7 or 

alternatively CO chemisorption experiments were conducted. In any case, 

chemisorption conditions are reported for each case in their respective chapters. 

 

 

2.4 Powder X-ray diffraction 

 

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

material. This technique is based on the diffraction principle of a x-ray beam by a 

family of planes of a crystalline lattice. The intensity of the diffracted beam is not 

zero only when all the diffracted rays give constructive interference. In these 

conditions, the Bragg’s equation is satisfied: 

 

λ  = 2dsenθ  (2.12) 

 

where: 

λ wavelength of the incident radiation; 

d interplanar spacing; 

θ incident angle of X-ray beam. 

 

In this work, powder XRD was used to identify the composition of the phases 

and to estimate the average dimension of the crystallites. 

Most of the powder XRD patterns were recorded with a computer-controlled 

Philips X’Pert diffractometer using Cu Kα radiation (λ = 0.154 nm). The data were 

collected at 0.02 ° in the 2θ range from 10 ° to 100 °. 

The experimental XRD peak amplitude (Bobs) is composed of two 

contributions: the first is due to the finite crystallites dimension (Bd) while the 

second is typical of the instrument (Binstr). These three parameters are related by 

the equation: 

 

Bobs
2 = Bd

2 + Binstr
2  (2.13) 

 

Taking into account the same instrumental contribution, the larger the XRD 

peaks (Full Width at Half Maximum, FWHM), the lower the crystallites dimension. 

In order to know the Bd value it is necessary to know the instrument contribution 

(Binstr) to peak broadening. This contribute is generally quantified using reference 

materials, with large crystals (100-1000 nm) and with good crystallinity. The 

assumption is that this type of material does not significantly contribute to peak 

broadening; therefore, it is possible to gain the diffractometer contribute. 

XRD peak broadening, even for the reference material, is dependent on the 

angle which characterise reflections in the spectrum. For the calculation of Bd it is 

necessary to consider the amplitude of a peak of the reference material which is 

near to that considered in the sample spectrum. 

The mean crystallite dimension d  (in nm) can be determined from the value 

of the peak broadening (Bd) according to Scherrer’s equation: 
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where: 

λ wavelength of the radiation used (in this work, Cu K α 0.1541 nm); 

K Scherrer’s constant (0.90 if the width is measured at half maximum; 1.05 

if the width is obtained dividing peak area by its height); 

θ Bragg’s angle. 

 

The peak broadening allows the crystallites dimension to be measured in the 

direction perpendicular to the considered reflection plane. In this way, d  values 

obtained from different diffraction peaks would be equal only if reflection planes 

are randomly orientated with respect of external shape of the crystallites. 

 

 

2.5 Temperature programmed experiments 

 

Temperature programmed experiments are conducted such that a process is 

followed at increasing of the temperature. Behind this general term there are 

some common techniques that are the most used: temperature programmed 

reduction (TPR), temperature programmed oxidation (TPO) and temperature 

programmed desorption (TPD). 

The Temperature Programmed Reduction (TPR) is a widely used technique for 

the characterization of reducible solids. It analyses the reduction of a solid by a 

gas while the temperature is varied in a predetermined way. The temperature at 

which the reduction of a sample occurs depends on the nature of the system 

under investigation (composition of the sample and of the atmosphere) and on 

every factor that influences the reduction kinetics. Some of these elements are 

related to the apparatus used for thermal analysis (reagents flow, heating rate, 

diffusional phenomena) while other are strictly related to the nature of the 

sample (particles dimension, pores structure, presence of impurities, crystallinity 

degree, eventual state of dispersity in an inert material). 

The gas most commonly used in reduction processes is hydrogen, the 

concentration of which can be analysed at the exit of the reactor by a TCD or MS 

detector. TPR profile reports the concentration of H2 or the H2 consumption / 

uptake as a function of the sample temperature. Each peak corresponds to at 

least one reduction process which is related to the components of the solid; the 

position of the peaks is related to the chemical nature of the component and to 

the environment where it is located.Another reducing gas is carbon monoxide, 

which is used in particular to study processes where the same gas molecule is 

implicated as reagent, as for example in CO oxidation, WGS or CO hydrogenation.  

TPR presents high sensitivity with respect to other thermoanalytic techniques 

and this allows to perform the analysis using small amounts of sample. Moreover, 

the instruments are generally simple and request low maintenance.  

The sample is positioned into an U-shaped quartz reactor between two quartz 

grain layers. These are used to sustain the sample and to pre-heat the gases. The 

reactor is placed into a furnace and its temperature is regulated by a power unit. 

During the TPR experiment, a flow of H2(5 %)/Ar (25 mL min-1) is passed over the 

sample. Ar is used as inert carrier because it presents a large difference in thermal 

conductivity with respect to hydrogen. The outlet gas passes through zeolites to 
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remove the water produced by the reduction of the sample and it is continuously 

analysed by a TCD. The signal arises from the displacement of Wheatstone bridge 

by H2 consumption, which generates an electric response recorded by a PC. 

In the case of CO-TPR experiments, the set-up is very similar except that the 

detector used in this case is the MS. The compounds of interest (CO, CO2, H2O…) 

are followed through their parental ions. 

The exact temperatures of the treatments depend on the nature of the sample 

as reported in each following chapter. 

 

 

2.6 Transmission Electron Microscopy techniques 

 

Catalyst characterization is the cornerstone of the science of catalysis. Not only 

we need to know the electronic and geometric structure of the active 

components in a heterogeneous catalyst but also we need to understand how 

the reactant molecules interact with or modify these components during a 

catalytic reaction.  

Among many characterization techniques, advanced electron microscopy is 

the only technique that can provide information on the individual components of 

heterogeneous catalysts. All the other techniques (e.g. X-ray diffraction, X-ray 

absorption spectroscopy, IR spectroscopy, nuclear magnetic resonance 

spectroscopy, X-ray photoelectron spectroscopy, etc.) provide information either 

averaged over millions to trillions of nanocomponents or they (e.g., scanning 

probe microscopy techniques) require stringent conditions on the samples to be 

examined. Moreover, some techniques are not useful when the dimension of 

crystallites are smaller than 3 nm. On the other hand, small particles, clusters or 

even single atoms can be directly observed in the modern electron microscopes. 

Therefore, advanced electron microscopy techniques are indispensable to 

understand the properties of heterogeneous catalysts and to provide useful 

information for the development of nanostructured catalysts. 

The transmission electron microscopy (TEM) technique was initially conceived 

as a response to the limitation of light microscopes for imaging very small objects 

shortly after de Broglie’s discovery that electrons could be treated theoretically as 

waves. The resolution of a microscope is the minimum distance at which two 

objects may be distinguished. The maximum theoretical resolution (δ) is 

proportional to the wavelength of the radiation used (λ). Basing on the classical 

Rayleigh criterion for light microscopy: 

 

δ = 0.61θ  (2.15) 

 

for green light in the middle of the visible spectrum λ is about 550 nm, hence 

the maximum theoretical resolution δ of a good light microscope is of the order 

of 300 nm. It is clear that this resolution is not low enough to characterize the 

nanocomponents typical of a heterogeneous catalyst. 

Instead, starting from the de Broglie’s equation we can calculate the 

maximum resolution for a microscope which uses electrons. Based on de Broglie’s 

ideas of the wave-particle duality, we can relate the particle momentum p (and 

thus, the electron mass m0 and its velocity v) to its wavelength λ through Planck’s 

constant (h): 
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In the TEM a momentum is imparted to the electrons accelerating them by a 

potential drop, V. This gives them a kinetic energy eV. This potential energy must 

equal the kinetic energy of the electrons at the end of the accelerating section of 

the instrument: 

 

( )
2

2V
0

m
eV

0
m =   (2.17) 

 

The momentum p can be written also as a function of the kinetic energy eV as 

follow: 

 

( ) V0m1/2eV
0

2mp ==   (2.18) 

 

Thus it is possible to obtain the relationship between the electron wavelength 

λ and the accelerating voltage of the electron microscope, V: 
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=   (2.19) 

 

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

increasing the accelerating voltage the wavelength of the electrons decrease. It is 

noteworthy that equations 2.15 - 2.19 do not take into account relativistic effects. 

These effects cannot be ignored at 100-keV energies and above because the 

velocity of the electrons becomes greater than half the speed of light. This is the 

first reason that not allow the potentiality of the electron microscope to attain 

such sub-atomic resolution to be fulfilled. In addition to this intrinsic limitation, 

considerable practical limitations involved in the microscope construction must 

be taken into account (especially for the homogeneity of the magnetic fields used 

as lenses). However, atomic scale resolution is attainable using modern 

instruments. 

The 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 2.3). 

The column is held under ultra high vacuum conditions by a system of high 

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

atoms. Electromagnetic coils, known as lenses, are positioned around the column 

along its length and are used to modify the trajectories of the electrons in the 

beam, either concentrating or spreading the beam as required (in an analogous 

way to the optical lenses 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.  
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Figure 2.3. Schematic representation of the TEM column. 

 

Two types of electron sources exist and they are characterized by the way in 

which the electron beam is generated. The most common source involves the 

thermionic emission of electrons from a filament of tungsten or LaB6 heated by an 

electric current to about 2500 °C and 1500 °C, respectively. At these temperatures, 

a significant number of electrons obtain energy equal or greater than the work 

function of the material and are able to leave the filament passing into the 

vacuum. The produced electrons 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. 2.17). In practice, an applied potential 

of at least 100 kV is advisable for High-Resolution TEM (HRTEM). The electron 

beam may also be generated in a Field Emission Gun (FEG). It works at much 

lower temperatures, about 300 °C, and contains two successive electrostatic 

fields. The tungsten filament in a FEG has an extremely fine tip. The first 

electrostatic potential extracts electrons from the filament through this tip. The 

second potential is used, as above, to accelerate the electrons and form the high 

energy beam. Because the filament area of the emission of electrons is very low, 

the beam produced by a FEG is much more intense and much more spatially 

coherent than the beam from a thermionic filament. Furthermore, the variation in 

energy within the beam is very small. This allows to obtain more resolved images 

which is particularly useful for HRTEM measures. 

After electrons are produced, they are selected by the Condenser Apertures 

and the electrons are formed in a parallel beam by the Condenser Lens system. 

Moreover, this system allows the set of the beam diameter to a desired value. 

Then, 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. It is clear that 

beams diffracted at the same angle are brought to a focus in a plane that lies after 

or “behind” the lens and so this is called the Back Focal Plane (BFP). In this plane, 

the diffraction pattern is formed. Considering the rules for diffraction, each spot is 

related to one family of crystal planes at one particular orientation in a similar way 

of the formation of the diffraction pattern in single crystal X-ray diffraction. The 
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Objective Lens performs a Fourier Tranform on the exit wave to form the 

diffraction pattern; the image is an inverse Fourier Transform of this diffraction 

pattern and is closely related to the internal structure of the sample. 

Images and diffraction patterns are visualised on a fluorescent screen and may 

be digitally recorded using a camera positioned below the fluorescent screen. To 

record a diffraction pattern, the strength of the Objective Lens is changed in order 

to throw the diffraction pattern onto the image plane. Further electromagnetic 

lenses are incorporated between the BFP and the image plane in commercial TEM 

instruments to allow the operator to focus and adjust the magnification of the 

final image. 

The diffraction pattern contains electrons from the whole area of the 

specimen illuminated by the beam. Such a pattern is not very useful because the 

specimen will often be buckled. Furthermore, 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: 

- make the beam smaller; 

- insert an aperture above the specimen which would only permit electrons 

that pass through it to hit the specimen. 

The standard way is the second solution. This operation is called Selected-Area 

Diffraction (SAD). It is clear that it is not possible to insert an aperture at the 

specimen plane. Therefore the aperture is inserted in one of the image planes, 

then it creates a virtual aperture at the plane of the specimen. Then any electron 

that hits the sample outside the area defined by the virtual aperture will be 

excluded from contributing to the diffraction pattern that is projected on the 

viewing screen. 

Independently from the sample, SAD pattern will show a bright central spot 

(the Transmitted Beam) which contains the direct electrons and some scattered 

electrons (Figure 2.4). 

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 or all of the scattered electrons. To do this 

last operation, an aperture is inserted into the Back Focal Plane of the Objective 

Lens, blocking most of the diffraction pattern except that which is visible through 

the aperture. If the direct beam is selected, the resultant image is called bright-

field (BF) image. On the contrary, if scattered electrons of any form are selected, 

the resultant image is called dark-field (DF) image. The BF detector is therefore 

put directly down to the direction of the beam in the TEM column. For the DF 

images, rather than using the BF detector, it is usually used an annular detector, 

which surround the BF detector. This is called Annular Dark-Field (ADF) imaging. 

There is another way to perform the analysis of the specimen. Instead of 

directing a parallel beam onto the sample it is possible, trough optics system, to 

deliberately create a focused convergent beam. Any useful image is not formed 

immediately. It is needed to scan the beam; this operation mode is standard for 

the Scanning Transmission Electron Microscopy (STEM) technique. To do this it is 

necessary to use more lenses than in the TEM mode. Nowadays, this auxiliary lens 

for operating in the STEM mode is standard on TEMs that also operate as STEMs. 

One of the best advantages of the use of the STEM technique is that the sample 

does not move. Moreover, the combination of the STEM mode with the ADF 

detector leads to the obtainment of images less noisy than TEM DF. However, 
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ADF detector collect also some Bragg electrons instead of only scattered particles. 

If, instead, the system is set up to avoid that Braggs’s electrons hit the detector, 

the image is formed only from the very high angle, incoherently scattered 

electrons. This type of detector is called a High-Angle ADF (HAADF). The images 

are sometimes called Z-contrast images because this technique is particularly 

indicated for samples in which atoms present high values of Z. The complete 

HAADF detector set-up for Z-contrast imaging in a STEM is depicted in the Figure 

2.5. 

 

 

Figure 2.4. A SAD pattern which illustrates the presence of the direct electrons (bright 

central spot) and scattered electrons (rings more or less intense). 

 

 

 

Figure 2.5. Schematic representation of the HAADF detector set-up for Z-contrast imaging 

in a STEM. The conventional ADF and BF detectors are also shown along with the range of 

electron scattering angles gathered by each detector. 

 

With this detector the species with high values of Z appear bright, on the 

contrary with light elements which appear dark. As in general the signal strength 

of the high-angle scattered electrons is proportional to approximately Z2, this 

technique is particularly advantageous for detecting supported heavy-metal 

particles such as Bi, Au, Pt, Ir, Re, W, Pd, Rh, Ru, Ag, etc.. Under optimum 

conditions, single atoms, dimers, trimers, and small nanoclusters can be 

observed.8,9 

The ability to quantify the size of individual nanostructures in the STEM is 

primarily determined by the size of the electron beam (probe) 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 
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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.10 

As well as the elastic interactions of electrons with the specimen which give 

rise to the image and the diffraction pattern, their inelastic interactions, in which 

energy is transferred, also provide useful complimentary information and several 

analytical techniques have grown up around the TEM to exploit this.11 An 

incoming high energy electron may transfer energy to one of the core electrons 

of an atom such that it is ejected from the atom. An electron at a higher energy 

level in the atom may then fall into the resulting electron 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. This technique provides information which is 

not available from HRTEM in itself.12 For this reason, XEDS spectrometer is 

commonly fitted to the modern TEM. 

HRTEM presents also several 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 minimise multiple diffraction of the electrons. 

Specimens below 100 nm should be used wherever possible and, in extreme 

cases, specimen thicknesses <50 nm are essential. The high energy electron beam 

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

materials such as some oxides. Moreover, for a correct interpretation of the 

images, 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. 

 

 

2.7 X-ray Absorption Spectroscopies (XANES and EXAFS) 

 

X-ray Absorption Spectroscopy (XAS) is based on the measurement of the x-

ray absorption coefficient of an atomic species in a sample. It is commonly 

divided into two parts: X-ray Absorption Near Edge Structure (XANES) and 

Extended X-ray Absorption Fine Structure (EXAFS). This technique is particularly 

sensitive to the chemical environment of the atomic species in terms of number 

and type of neighbouring atoms, interatomic distances and level of static and/or 

thermic disorder. Since X-rays are highly energetic and penetrating, the samples 

can be studied under all the aggregation states (solids, liquids or gases). The 

sensitivity is however limited to 4-8 Å in length from the atomic species under 

investigation. Nevertheless, its main advantage is that the sample does not need 

to possess long-range order, unlike X-ray diffraction-based techniques that 

require strictly crystalline samples. Furthermore, it is possible to obtain distinct 

information regarding all the species present in the sample. 

The X-ray absorption coefficient (indicated with µ) of an atomic species is a 

function that varies smoothly with the energy of the incident X-ray photons 

(indicated as X photons), but with some sharp discontinuities (absorption edges) 

that correspond to core electrons that are ejected as photoelectrons. This 

phenomenon occurs only when the energy of the incident photons is equal or 
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greater than the bonding energy for a certain electron with respect to the nucleus 

(indicated as E0). 

The ejection probability of a photoelectron decreases with increasing the 

energy of the X photons with respect to the E0 of a certain electron. Figure 2.6 

schematically reports the trend of   against the energy of the X photons with the 

edges due to K, LI, LII, LIII transitions. 

 

 

Figure 2.6. The absorption cross-section μ/  for several elements over the x-ray energy 

range of 1 to 100 keV. Notice that there are at least 5 orders of magnitude in variation in 

μ/ , and that in addition to the strong energy dependence, there are also sharp rises 

corresponding to the core-level binding energies of the atoms.   represents the density of 

the sample. Reproduced from Matthew Newville, Fundamentals of XAFS, Consortium for 

Advanced Radiation Sources University of Chicago, Chicago, IL. 

 

 

Every atom presents edges at different values of energy of the X photons thus 

implying that if a scan of the absorption coefficient   is done varying the energy, it 

is possible to collect the edges for every atomic species in the sample at the 

respective energy edges. 

If we suppose to invest a sample of thickness x (cm) with a beam of X photons 

with a certain energy EX and intensity I0, the intensity of the beam I transmitted by 

the sample can be derived using the Lambert-Beer equation: 

 

μx
I
0

I
ln =   (2.20) 

 

The absorption coefficient µ between two edges always monotonically 

decreases at increasing the energy of X photons only in the case of a monoatomic 

gas. In all other situations, µ decreases but not monotonically: it is observed the 

presence of oscillations in the signal that extend up to 1000 eV after the edge and 

these oscillations are called EXAFS signal. It is possible to clearly distinguish the 

different oscillation pattern in the spectra of gaseous and solid samples, for 

example. In this case, the ejected electrons come in both cases from the same, 

internal level. Its initial state is the same, and therefore it is not influenced by the 

aggregation state of the sample. The difference in the EXAFS signal therefore is 

not due to this reason. Instead, the final states of the ejected electrons are very 

different. The energy with which the electron leaves the atom is given by: 

 

E = Ex – E0  (2.21) 
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In the case of an isolated atom (as is the situation of a monoatomic gas) the 

excitation is followed by an ejected electronic wave that propagates isotropically 

in the space with no perturbation. On the contrary, if the absorbing atom is 

surrounded by other atoms (as is the situation of a solid sample), these atoms act 

as scattering centers giving interferences between the ejected electronic wave 

and those back-scattered by the neighbouring atoms (Figure 2.7). The 

interference can be either contructive, with an increase of the   compared to the 

isolated atom, or destructive, with the decrease of µ. 

The amplitude of the oscillation is a linear function of the number of 

neighbouring atoms. It is therefore possible to correlate the amplitude with the 

type and number of neighbouring atoms, thus reconstructing the chemical 

environment around the absorbing atom. 

For a given energy of the ejected photoelectron, the type of interefence 

between the exiting wave and those back-scattered depends on the path 

followed by the photoelectron and therefore by the interatomic distances. 

Furthermore, the type of generated wave is dependent upon the type of 

neighbouring atoms. 

XANES spectra instead are those extending very close to the absorption edge, 

generally in the first 50 eV after the edge (Figure 2.8). 

Their shape is strictly related with the geometry of the absorbing site and it is also 

very sensitive to the valence state of the atom, being the energy of the ejected 

photoelectron sensitive to the oxidation state of the atom (presence or absence 

of electrons in the investigated atom). It is therefore possible to extract useful 

data about the oxidation state of the atom under investigation. 

 

 

 

Figure 2.7. XAFS occurs because the photo-electron can scatter from a neighboring atom. 

The scattered photo-electron can return to the absorbing atom, modulating the amplitude 

of the photo-electron wave-function at the absorbing atom. This in turn modulates the 

absorption coefficient μ(E), causing the EXAFS. 

 

 

Figure 2.8. XAFS signal for FeO. The two regions in which XAFS is usually divided, XANES 

and EXAFS, are highlighted. Reproduced from Matthew Newville, Fundamentals of XAFS, 

Consortium for Advanced Radiation Sources University of Chicago, Chicago, IL. 
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3. 

EMBEDDING OF Pd AND Au IN CeO2 

The concept of obtaining novel catalysts by embedding metal particles into 

porous oxides will be developed in a hierarchic view, starting from a simple 

approach to end with more sophisticated and elegant self-assembly techniques.  

Initially, we prove the idea by means of co-precipitation of preformed metal 

particles with the metal oxide precursor (Pd@CeO2-CP). Subsequently, we modify 

the co-precipitation methodology by functionalizing the metal particles (Au) and 

the protecting surrounding oxide layer (ceria) obtaining core-shell-type structures 

of Au@CeO2. Later, microemulsion method is used to cover preformed Pd 

particles with ceria (Pd@CeO2-ME). These techniques are relatively easy and 

furnish materials that have different degrees of embedding of the metal particles 

inside the support, as we will appreciate along the chapter. The catalysts are 

applied for the WGS and the PROX reactions, with promising results both in terms 

of activity and thermal stability of the systems. 

More sophisticated techniques to obtain the embedding of the metal particles 

inside ceria will be presented in the following chapters. 

 

 

3.1 Experimental 

 

3.1.1 Materials 

 

Hydrogen tetrachloroaurate(III) (99.999 %), ammonium cerium(IV) nitrate 

((NH4)2Ce(NO3)6, CAN, (99.99 %), Ce(NO3)3·5H2O (99.999 %), 11-

mercaptoundecanoic acid (MUA, 95 %), 16-mercaptohexadecanoic acid, 16-MHA 

(90 %), PdCl2 (60 % as Pd), Pd(NO3)2·2H2O (40 % as Pd), PVP K30 (purum), NaOH 

(≥98 %), CTAB (99 %), n-butanol (≥99.5 %), N2H4 (≥99 %), sodium methoxide (ca. 
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25 wt. % in methanol) and NaBH4 (≥98 %) were purchased from Sigma-Aldrich. 

Hexamethylenetetramine, (CH2)6N3, (99.5 %) was purchased from Analyticals. 1-

Decanol (98+ %) was purchased from Alfa Aesar. All the solvents were of reagent 

grade and used as received. Deuterated solvents were purchased from Aldrich 

and used as received. Dry solvents were obtained from Fluka. Chlorinated 

solvents were stirred over K2CO3 for at least 24 h prior to use. All other solvents 

were reagent grade and used as received. 

 

3.1.2 Synthesis of Pd@CeO2-CP 

 

Water soluble, PVP-protected Pd nanoparticles were prepared as follows. 

H2PdCl4 was obtained by reacting 0.0887 g of PdCl2 with 0.1 mL of concentrated 

HCl. H2PdCl4 and 0.8325 g of PVP were then mixed to 150 mL of a 1/1 methanol-

H2O solution. Next, NaOH was added to the solution until the pH reached the 

desired value of 12 (final concentration of NaOH about 0.01 M). The resulting 

solution was heated under reflux for 3 h and then gently cooled to room 

temperature. Finally, the solvents were evaporated, yielding a black solid which 

was used without further purification. Then, PVP-Pd particles were first acidified 

until pH ~5 by means of concentrated HNO3. Following the addition of an 

aqueous solution (100 mL) of the acidified PVP-Pd nanoparticles and 

Ce(NO3)3·5H2O to 200 mL of a 10% NH4OH solution, with stirring, a pink gelatinous 

precipitate was immediately observed. After the precipitation was complete, 30 

mL of a 10 % H2O2 solution were added to the solution, dropwise, in order to 

enhance the catalyst texture (D. Segal, J. Mater. Chem., 1997, 7, 1297). The 

precipitate was aged under vigorous stirring for 1 h, then filtered and washed. 

The solid was then redispersed into 330 mL of isopropanol and left under reflux 

for 5 h to stabilize the porous structure of the material. The solid was filtered 

again, washed with isopropanol, and dried at 120 °C overnight. Finally, the solid 

was ground to achieve particle sizes smaller than 180  m and calcined in air at 600 

°C using a heating ramp of 3 °C min-1. 

 

3.1.3 Synthesis of Pd@CeO2-ME 

 

First, Pd nanoparticles were prepared in the microemulsion. 33.45 mg of 

Pd(NO3)2 (0.125 mmol) were dissolved into 10 mL of H2O, while 

cetyltrimethylammonium bromide (CTAB, 15.7079 g) and n-butanol (14.55 mL, 

11.79 g) were dissolved into 18 mL of isooctane. The aqueous solution containing 

Pd(II) was added to the organic solution of CTAB and n-butanol. The 

microemulsion composition (wt %) of CTAB-butanol/ isooctane/H2O was 

55/25/20, while the total mass of the microemulsion was 50 g. After a few 

minutes, a clear yellow microemulsion was formed. N2H4 (21 µL, 3 mol vs. Pd) was 

used as reducing agent and added directly into the microemulsion, causing it to 

turn light brown initially, then later a deep brown with a large production of 

foam. This indicated the successful reduction of Pd(II) to Pd(0) in the aqueous 

droplets of the microemulsion with the production of N2 by oxidation of 

hydrazine, with Pd(0) nanoparticles protected by the surfactant molecules. The 

particles were not isolated but directly used for the following steps when still 

dissolved in the microemulsion system. 

Ceric tetrakis(decyloxide) was synthesized using a procedure that was slightly 

modified from the literature.1
,2 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 mol vs 

Ce) was added. Next, a 25 wt % solution of MeONa in MeOH (12.51 mL, 6 mol vs 
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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 used without further 

purification.  

The Pd@CeO2-ME catalyst was then prepared by dropwise addition of the ceric 

alkoxide (1.92 g) dissolved in 2.5 mL of isooctane, to the microemulsion 

containing the preformed Pd particles, causing the formation of orange flakes. 

After stirring for 2 h, isopropanol was added to break the microemulsion. The 

mixture was filtered and washed with isopropanol and H2O in order to remove all 

the surfactants, and then dried at 120 °C overnight. Finally, the solid was ground 

to achieve particle sizes smaller than 180  m and calcined in air at 600 °C using a 

heating ramp of 3 °C min-1. The calcination temperature and time ensured the 

complete removal of the organic residues from the synthesis (as verified by TPO-

MS experiments and IR data). 

 

3.1.4 Synthesis of Au@CeO2 

 

Water soluble Au nanoparticles were prepared as follows. HAuCl4 (37 mg, 0.94 

mmol) was dissolved in water and a solution of HS-C8-TEG in methanol (60 mg, 

1.9 mmol, 2 eq) was added. The solution turned from bright yellow to dark 

orange, then colorless. After cooling the mixture to 0 °C, reduction of Au was 

performed by quickly adding a cold aqueous solution of NaBH4 (12 eq). The 

solution almost immediately turned dark brown. After three hours under stirring, 

solvents were evaporated and nanoparticles purified by repeated washes and 

centrifugations (4500 rpm) in ethyl ether. Finally, a further purification step was 

performed by size exclusion chromatography on Sephadex LH-20 using methanol 

as eluent. ~40 mg of a brown waxy solid were obtained and used for the 

following exchange step.  

The place-exchange reaction was performed by dissolving MPC-C8-TEG (40 

mg) in 40 mL of deoxygenated methanol, under an argon atmosphere. A solution 

of 3.2 mg (0.011 mmol, 0.25 equiv with respect to the thiolates forming 

themonolayer) of 16-MHA in 1 mL of deoxygenated methanol was added, and the 

mixture was kept at 28 °C for 24 h. The solvent was removed under reduced 

pressure, and the Au NPs were repeatedly washed with diethyl ether and 

centrifuged at 4500 rpm. A 41 mg portion of NPs was obtained as a brown solid.  

Finally, the catalysts was prepared by dissolving ammonium cerium(IV) nitrate 

(7.5 g, 13.7 mmol) and hexamethylenetetramine (19.1 g, 0.137 mol) into 176 mL of 

water and 58 mL of methanol. A solution of 40 mg of MMPC-C8-TEG / 16-MHA 

dissolved in 40 mL of a mixture water/methanol 3/1 was added to the reaction 

mixture. After stirring at room temperature (RT) for 1 h, the solution was heated 

under reflux for 18 h. After cooling to RT, the precipitate was filtered and washed 

with 500 mL of water. The solid material was dried at 120 °C overnight, ground to 

180 μm, and finally calcined in air for 5 h at 500 °C using a heating ramp of 3 °C 

min-1. 
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3.1.5 Preparation of conventional catalysts for comparison purposes 

 

Pd/CeO2-IMP 

The ceria used for this sample was produced using the same co-precipitation 

procedure described in the case of Pd@CeO2-CP, except that there was no 

H2PdCl4. After calcination at 600 °C for 5 h, the support was impregnated with the 

appropriate volume of an aqueous solution of Pd(NO3)2·2H2O in order to obtain a 

metal loading of 1 wt %. After drying at 120 °C overnight, the sample was calcined 

at 400 °C for 5 h. No preactivation / reduction step was applied before catalytic 

testing, as in-situ reduction occurs under WGS reaction conditions. 

 

Au/CeO2-DPU 

To a suspension of 1 g of CeO2 (prepared as for the embedded Au@CeO2 

catalyst) into 50 mL of water a solution of 20 mg of HAuCl4 (0.06 mmol) and 2.52 g 

of urea (42 mmol) in 50 mL of water was added. The mixture, slightly acidic (pH 

~5), was stirred 1 h at RT and at 80 °C for 4 h. After cooling to RT, the precipitate 

was collected by centrifugation and washed three times with water-isopropanol 

1:1, then with water until no chlorides were found in the mother liquors. The 

product was finally dried at 120 °C overnight, ground to 180 μm, and calcined in 

air for 5 h at 300 °C using a heating ramp of 3 °C min-1. 

 

3. 1.6 Catalytic and characterization techniques 

 

In the case of Pd@CeO2 for the WGSR, the fresh catalysts were pretreated in a 

flowing mixture of 5% O2 – 95% Ar at 40 mL min-1 for 30 minutes at 450 °C, after 

heating from room temperature at 10 °C min-1. No other activation procedures 

(e.g. reduction) were necessary since the catalyst was reduced in-situ under the 

WGS reaction conditions employed. Typically ~ 43 mg of fresh sample were 

positioned in the reactor. The total gas flow rate under reaction conditions was 

54.3 mL min-1 in order to ensure a Gas Hourly Space Velocity (GHSV) of ~75,000 

mL g-1 h-1. The feed gas for the WGS reaction was 3.0 vol% CO and 3.0 vol% H2O, 

diluted in Ar. This gaseous mixture was introduced into the reactor at 250 °C for 2 

h. Aging treatments were performed by heating the sample in the WGS 

environment at temperatures up to 400 °C and keeping it at this temperature for 

different time periods, as detailed. After that, the sample was cooled down to 250 

°C in the WGS environment and the activity measured again. All heating and 

cooling rates were 2 °C min-1. The mass spectrometer was used as the detector. 

In the case of Au@CeO2 for PROX, the fresh catalysts were pretreated in a 

flowing mixture of 5% O2 – 95% Ar at 40 mL min-1 for 30 minutes at 250 °C (DPU 

samples) or 450 °C (embedded samples), after heating from room temperature at 

10 °C min-1. No other activation procedures were applied. Typically ~48 mg of 

fresh sample were positioned in the reactor. The total gas flow rate under 

reaction conditions was 60 mL min-1 in order to ensure a Gas Hourly Space 

Velocity (GHSV) of ~75,000 mL g-1 h-1. The complete feed gas was 1.0 vol% CO, 1.0 

vol% O2, 47.5 vol% H2, 17.5 vol% CO2 and 5.0 vol% H2O in Ar (other compositions 

were used for selected initial experiments). This gaseous mixture was introduced 

in the reactor at 75 °C. All heating and cooling rates were 2 °C min-1 except 

otherwise noted. An aging/reactivation protocol was used in order to test the 

thermal stability of the materials prepared and is as follows: 

- a first aging treatment was performed by heating the sample in the PROX 

environment at 150 °C and holding it at this temperature for 16 h. These samples 

are denoted as Aged150; 
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- a second aging treatment was performed taking the sample at 250 °C for 20 

h. These samples are denoted as Aged250; 

- a reactivation step was done by heating the sample in flowing mixture of 5% 

O2 – 95% Ar at 40 mL min-1 for 30 minutes at 450 °C using heating and cooling 

rates of 10 °C min-1; then the catalytic activity was measured again in the PROX 

mixture from 75 °C to 250 °C. These samples are denoted as TPO. 

Reactants and products were analyzed using the mass spectrometer with 

acquisition time of the order of 1 point every 12 s. The reaction rates were 

calculated based on a differential reactor from the data corresponding to % 

conversion of CO below 15 %. The number of accessible Au atoms were 

calculated on the basis of the CO chemisorptions data (see below). 

The samples were first degassed in vacuum at 350 °C overnight (or 250 °C for 

Au DPU samples) prior to N2 adsorption at liquid nitrogen temperature. For H2 

chemisorption on Pd samples, the samples were placed in a U-shaped quartz 

reactor, heated in flowing 5% O2-95% Ar and reduced in flowing 5% H2-95% Ar at 

the desired temperatures, and then evacuated at 400 °C for 4 h. Hydrogen 

adsorption experiments were conducted at -90 °C by means of a solid-liquid 

acetone bath and in the pressure range from 1 to 20 torr. Adsorption values were 

obtained by linear extrapolation to zero pressure. For CO chemisorption on Au 

samples, the experiments were conducted at RT in the pressure range 1 to 400 

torr. Adsorption values were obtained by linear extrapolation to zero pressure of 

the second adsorption isotherm, as proposed by.3 Before CO chemisorption, the 

fresh samples were placed in the reactor, cleaned in flowing 5% O2 - 95% Ar at 

250 °C for 1 h and then evacuated at the same temperature for 1 h while the aged 

samples were subjected only to the evacuation pretreatment. 

Powder X-ray diffraction patterns were collected on a Philips PW 1710/01 

instrument with CuKα radiation (graphite monochromator). Diffraction patterns 

were taken with a 0.02 degree step size, using a counting time of 10 s per point. 

Before each temperature programmed reduction (TPR) experiment, the 

samples were pretreated in flowing 5% O2-95% Ar mixtures at 450 °C or at 250 °C 

(Au DPU samples). The measurements were performed under 5% H2-95% Ar 

mixtures, using a gas flow rate of 25 mL min-1 and a heating rate 10 °C min-1. 

Samples for transmission electron microscopy (TEM) were prepared by placing 

a single drop of a sample dispersed in isopropanol onto a 200-mesh copper grid 

coated with an amorphous holey carbon film. The grid was then dried in air for 24 

h. Images were obtained with a JEOL 3010 high-resolution electron microscope 

(1.7 nm point-to-point resolution), operating at 300 keV, using a Gatan slow-scan 

CCD camera (mod.794). In order to identify Pd crystallites within the catalysts, 

microanalysis was made by using an Oxford Instruments Energy Dispersive X–Ray 

(EDX) spectrometer (mod.6636) using a spot size of 25 nm. In the case of Au 

particles, depending on the Au core size, magnifications between 250000 and 

600000 were used for counting purposes. Diameters were measured manually 

using Gatan software Digital Micrograph (ver. 3.4.1) on at least 250 particles. For 

Au-CeO2 samples, images were acquired also by the HAADF method in STEM 

mode with a 200kV JEOL JEM-2100F aberration corrected TEM/STEM instrument, 

with a probe size of better than 0.104 nm at full-width half-maximum and a 

collection semi-angle in the range of 80-210 mrad. 

EXAFS and XANES spectra of Au-CeO2 samples have been recorded at the 

SAMBA beamline of SOLEIL synchrotron radiation center (France). Harmonic 

rejection was obtained by using two Pd-coated Si mirrors, whereas the sagittaly 

focusing Si (220) monochromator was operated fully tuned. Measurements were 
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performed in the fluorescence mode at liquid nitrogen temperature; beam 

intensity was measured before and after samples and reference foils by ionization 

chambers. EXAFS spectra were recorded at the LIII edge of Au (11019 eV). An Al 

filter was located at the entrance of the fluorescence detector to reduce L edge 

Ce fluorescence. Samples were prepared by dilution in BN after grinding the 

powders in an agate mortar, and pressed into pellets. Data analysis has been 

performed with the Ifeffit code4,5 using theoretical standards calculated with Feff 

8.6
,7 Data fitting in r-space was extended up to 0.4 nm. 

 

 

3.2 Pd@CeO2 for WGSR 

 

A summary of the physical properties of the Pd-ceria and the ceria samples 

examined in this study is given in Table 3.1. For each sample, the XRD patterns 

were those expected for a solid having a cubic fluorite structure. No reflections 

related to the Pd or PdO phases could be observed on the Pd-ceria samples due 

to the very low metal loadings. The average crystallite dimensions of the CeO2 

phase, calculated applying Scherrer’s equation to the (111) reflection, were 

slightly smaller for the Pd@CeO2-CP sample than for the other samples; however, 

it is not clear whether this difference is significant. 

Textural differences in the samples were readily apparent from the N2 

adsorption isotherms, shown in Figure 3.1 and summarized in Table 3.1. All the 

samples showed type IV isotherms typical of mesoporous materials, but the 

shape of the isotherms and the hysteresis depended strongly on the preparation 

method. 

The Pd@CeO2-CP sample had the largest specific surface area (80 m2 g-1) and 

exhibited a very narrow pore-size distribution. 

 

Table 3.1.  BET and XRD characterization of the samples prepared. 

Sample 
Surface area 

(m2 g-1) 

Total pore 

volume (mL g-1) 
DMAX (nm)a 

CeO2 crystallite 

size (nm)b 

Pd@CeO2-CP 80 0.13 5 10.0 

Pd/CeO2-IMP 56 0.17 12 13.5 

Pd@CeO2-ME 18 0.03 3.5 14.0 

CeO2 56 0.17 12 13.5 

a Maximum of the pore distribution obtained from the desorption branch. 

b Obtained from CeO2 (111) reflection in the XRD patterns. 

 

Interestingly, the pore size was peaked at ~5 nm, which is close to the expected 

size of the core-shell nanoparticles that make up this sample, assuming that the 

Pd nanoparticles were approximately 1.5 nm and that these were then coated 

with ceria to form spherical particles with 1-wt% Pd. A CeO2 sample, which was 

produced using the same procedure to that used with Pd@CeO2-CP but without 

adding Pd nanoparticles, had a lower BET surface area (56 m2 g-1) and exhibited a 

much broader range of pore sizes. This might suggest that, during the cerium 

hydroxide formation, the PVP protected Pd particles act as better templating 

agent than did bare PVP. On the other hand, the Pd/CeO2-IMP sample had 

morphological and textural properties almost identical to that of the CeO2 used to 

prepare it, showing that the Pd-impregnation and the subsequent calcination 

steps did not alter the textural properties. Only a slightly different pore size 

distribution was observed. 
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Figure 3.1. BET curves of the Pd-CeO2 samples prepared: filled symbols, adsorption 

branch; empty symbols, desorption branch. The insets show pore distributions. 

 

This is mainly due to the small amount of Pd precursor used to prepare the 

Pd/CeO2-IMP sample. In addition, the second lower temperature calcination step 

(400 °C) used to remove byproducts from the impregnation procedure (e.g. 

nitrates) is unlikely to alter the texture of the CeO2 support, which had been 

previously calcined at significantly higher temperature (600 °C). Although 

materials prepared by hydrolysis of SiO2 in microemulsions usually have very high 

surface areas,8
-10 the Pd@CeO2-ME catalyst had a very low surface area and pore 

volume. It is possible that fast hydrolysis of the ceric alkoxide leads to a compact 

distribution of the Ce(OH)x species around the micelle that then lead to a dense, 

non porous layer of ceria crystallites around the Pd particles. 

TPR profiles of Pd catalysts are reported in Figure 3.2. There was no H2 uptake 

observed on the Pd@CeO2-CP and Pd@CeO2-ME catalysts at RT; rather, reduction 

occurred in peaks beginning at ~80 °C on these two samples. While the slight 

increase in the reduction temperature over that observed on the impregnated 

sample could be due to the inability of H2 to access the Pd in the core-shell 

catalysts,11,12 the reduction temperatures on these two samples were typical of 

that observed on other supported Pd catalysts.13 The amounts of H2 consumed by 

these samples, 380 µmol H2 g-1 on Pd@CeO2-CP and 400 µmol H2 g-1 on Pd@CeO2-

ME, were slightly less than that consumed by the impregnated sample, but were 

still more than the amounts required to reduce the Pd. Interestingly, the 

Pd@CeO2-ME sample shows a broader H2 uptake peak than the Pd@CeO2-CP 

sample. This may be an indication that Pd in that sample experiences a broader 

range of environments (e.g. a range of Pd particle sizes). In order to characterize 

the Pd dispersion in these catalysts, H2 chemisorption experiments were 

performed at -90 °C, a temperature that has been reported to be sufficiently low 

so as to avoid spill-over of hydrogen atoms onto the oxide support.14 These 

experiments were carried out after the samples had been reduced in H2 at 200 °C 

and the results are shown in Table 3.2. 
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Figure 3.2. Temperature Programmed Reduction experiments on Pd-CeO2 samples. 

 

All of the samples exhibited significant H2 uptakes, showing that some Pd was 

present at the surface on each of the catalysts. This contrasts with previous 

reports for Pt@ceria, core-shell catalysts, where the authors claimed that Pt was 

buried by ceria.11,12 However, the large H2 uptake on the Pd/CeO2-IMP sample, 

corresponding to 2.5 H/Pd, suggests that hydrogen spill-over did occur on this 

sample at -90 °C. The fact that the hydrogen uptakes were much lower on the 

Pd@CeO2-CP sample implies that the Pd is either partially covered or that spill-

over is suppressed. The very much lower uptake observed on the Pd@CeO2-ME 

sample is likely related to the low specific surface area of that sample, with some 

Pd buried under ceria layers. 

 

Table 3.2: Chemisorption of H2 at -90 °C for the Pd/CeO2 catalysts. 

Sample 
Pretreatment 

(°C)a 

Reduction 

(°C)b 
H/Pd 

Pd surface 

(m2 g-1) 
dM (nm)c 

Pd@CeO2-CP 500 200 0.416 1.85 2.7 

Pd/CeO2-IMP 400 200 2.490 - - 

Pd@CeO2-ME 500 200 0.106 0.47 10.6 

a After calcination and standard in-situ cleaning under O2/Ar, 40 mL min-1, from RT to the 

indicated temperature, 30 minutes. 

b Samples pre-reduced under H2/Ar, 40 mL min-1, from rt to 200 °C, heating ramp 10 °C  

min-1, 30 minutes. 

c Mean diameter of the metal particles assuming spherical shape. 

 

TEM were performed on each of the samples in order to better understand 

their physical characteristics, with the results shown in Figure 3.3. The images 

clearly show the nanocrystalline structure of CeO2 in each of the samples but Pd 

particles could not be identified in any of the micrographs, even though Pd was 

detected by means of EDX. The Pd@CeO2-CP and Pd/CeO2-IMP samples were 

similar in appearance, which is not surprising given that they were made using 

the same procedure. In agreement with XRD, the crystallites making up the 

sample had a characteristic size of approximately 10 nm. While the crystallites 

that make up the Pd@CeO2-ME sample were also similar in size, these crystallites 

appear to be packed more densely, in agreement with conclusions reached from 

the BET surface areas. 
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Figure 3.3. Representative TEM images of Pd@CeO2-CP (A), Pd@CeO2-ME (B) and Pd/CeO2-

IMP (C) catalysts showing nanocrystalline CeO2. 

 

The catalytic activity of the samples was initially collected as run-up curves 

under WGS conditions (Figure 3.4). Besides Pd@CeO2-ME, which shows very poor 

activity, the other two samples, Pd@CeO2-CP and Pd/CeO2-IMP, reach a maximum 

above 360 °C with a conversion close to the thermodynamic value (the slight 

discrepancy can be related to a small difference between calculated 

thermodynamic conditions and real experimental ones, such as the concentration 

of water). 

Besides Pd@CeO2-ME, which shows very poor activity, the other two samples, 

Pd@CeO2-CP and Pd/CeO2-IMP, reach a maximum above 360 °C with a conversion 

close to the thermodynamic value (the slight discrepancy can be related to a 

small difference between calculated thermodynamic conditions and real 

experimental ones, such as the concentration of water). The two best samples 

show an almost identical acitivity, as we will see later in the case of steady-state 

experiments (see below). The very low activity of the ME catalyst, which reaches 

only 45 % CO maximum conversion around 400 °C, can be associated with the 

very low surface area and total pore volume of this material. It is therefore highly 

reasonable that most of the Pd is buried into the support without having the 

possibility to interact with the reagents and therefore not contributing to the 

catalytic activity.  
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Figure 3.4. Run-up experiments of the Pd/CeO2 catalysts. Conditions: CO (3.0 %) + H2O (3.0 

%), Balance Ar. Black line shows the thermodynamic conversion. 

 

To get better insight into the stability of the systems, steady-state experiments 

were conducted. The results from catalytic testing of the three Pd-ceria catalysts 

are shown in Figure 3.5.  
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Figure 3.5. CO conversions at 250 °C (a,b) and 300 °C (c) under WGSR conditions of 

Pd/CeO2-IMP (a), Pd@CeO2-CP (b) and Pd@CeO2-ME (c) catalyst after different subsequent 

treatments. 

Figure 3.5a shows CO conversion at 250 °C as a function of time for the 

Pd/CeO2-IMP sample. The initial conversion was 12 % over the first 100 min, 

implying that this catalyst exhibited a similar activity as observed in a previous 

study over a 1-wt% Pd/ceria catalyst prepared by impregnation.15 As observed in 

the earlier study, exposure of the sample to the WGS environment at 400 °C for 3 

h caused the conversion at 250 °C to drop significantly, by 25 % in this case. The 

conversion also continued to fall with time. Based on previous studies,15,16 this 

deactivation is likely due to a loss of metal dispersion. Oxidation of the sample in 

a 5 % O2/Ar mixture at 400 °C for 3 h had no effect on the activity, demonstrating 

that deactivation was likely not due to carbon or carbonate formation. The initial 

activity was restored following calcination to 600 °C in a 5% O2/Ar mixture. Since 

high-temperature oxidation is known to cause redispersion of Pd catalysts,17 this 

result is again consistent with the loss of activity being due to a loss ofmetal 

dispersion. It is important to point out that, even though PdO is almost certainly 

formed by the oxidative treatments, Pd(II) will also certainly be reduced to Pd(0) 

in the WGS environment. Therefore, we can exclude the possibility that the 

increase in the activity following high-temperature calcination is related to a 

change in the oxidation state of the metal under reaction conditions. 

Figure 3.5b shows results from the analogous measurements on Pd@CeO2-CP. 

The initial activity is almost the same as that observed over Pd/CeO2-IMP, 

implying that the metal dispersion must be similar, even though this was not 

reflected in the H2 chemisorption results. While exposing the catalyst to the WGS 

environment at 400 °C resulted in a loss of initial activity, there were no further 

losses in the catalyst performance at either 250 °C or 400 °C following this 

treatment. The initial activity was again restored by oxidation at 600 °C. For this 

sample, we suggest that ceria shell provided some minor enhancement in 
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stability for the Pd particles but that the ceria shell was not sufficiently well 

formed to completely protect the Pd. 

Figure 3.5c shows rate data for the Pd@CeO2-ME sample. The initial activity of 

this sample was significantly lower, so that rates were measured at 300 °C in order 

to achieve a similar conversion as that obtained on the other two catalysts. In all 

likelihood, the lower rate is due to the fact that much of the Pd is not accessible to 

the surface, as also shown by the adsorption measurements. What is intriguing 

about the rate data on this sample is that rates were very stable, even after 

exposure to the WGS environment at 400 °C for 12 h. Calcination at 600 °C also 

did not increase the activity of this sample. We suggest that the stability of this 

sample is due to the trapping of the Pd particles in thicker ceria shells, which then 

prevented the Pd from sintering. Unfortunately, these same thicker shells also 

caused the lower initial rates. 

Finally, we should point out that the very low concentration of metal in all of 

the samples and the nature of the samples preclude an accurate investigation of 

the oxidation state of Pd through spectroscopic means. Although XPS is often 

used to infer the oxidation state of supported-metal catalysts, charging effects in 

the presence of non-conductive supports and large peak shifts due to final-state 

effects associated with small metal particles18 make determination of this 

property difficult. Furthermore, the large atomic number for Ce makes the 

contrast between Pd and ceria poor. However, the highly reducing environment 

associated with the WGS reaction implies that PdO formed by oxidative 

treatments (cleaning or TPO) will be readily reduced. Therefore, the differences in 

catalytic behaviour observed in our studies are almost certainly due to differences 

in the morphologies of the catalysts and not to differences in the oxidation state 

of Pd. 

3.3 Au@CeO2 for PROX 

 

Initially, the sample Au(1%)@CeO2 was tested under several conditions to 

understand the effect of the components on the final activity. The results are 

reported in Figures 3.6-3.8. 
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Figure 3.6. Catalytic activity of fresh Au(1%)@CeO2. Conditions: CO oxidation (CO(1.0%) + 

O2(1.0%), balance Ar). Catalyst treatments: Fresh (after calcination); Aged150 (after aging 

under reaction conditions at 150 °C for 16 hours); Aged250 (after aging under reaction 

conditions at 250 °C for 20 hours); TPO (after treatment in O2/Ar at 450 °C for 30 minutes). 

 

In the case of simple CO oxidation conditions, CO is completely oxidized at 

~120 °C (Figure 3.6). The catalyst is active even at sub-ambient temperature. The 

activity is rather remarkable considering the low metal loading. In fact, in many of 
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the investigations reported in the literature the Au loading range from 4 to 8 %.19 

The temperature at which 50 % of CO conversion is reached (T50) is ~60 °C. Only a 

slight deactivation is observed after the prolonged aging treatments under 

reaction conditions. Since the activity is completely recovered after the TPO 

treatment, it is reasonable to think that the small deactivation is mainly due to the 

build up of carbonate species, which are well known products of oxidation of CO 

onto the CeO2 surface.20,21 Carbonates not only cover the metal surface but they 

can even change the electronic properties of the supported phase with the 

consequent loss of activity.22 

The addition of CO2 and H2 into the reaction mixture (Figure 3.7) drastically 

reduces the maximum CO conversion and shifts the light-off temperature to 

higher values. Notably, the low-temperature activity is almost completely lost. 

This effect can be interpreted as a strong competitive adsorption of mainly H2, 

and partly CO2, on the surface of the catalyst. Generally, Au catalysts show a 

decrease in the CO oxidation only at relatively high temperatures because the 

oxidation of H2 become competitive with the increase of the temperature.23,24 

Therefore, we suggest that CO2 addition is the major cause for the deactivation of 

our catalyst at low temperatures due to formation of carbonates. This is also in 

accordance with the observed catalyst deactivation (see below). The effect of H2 

addition can be better highlighted by the fact that, at 180 °C, a plateau in the CO 

conversion is observed (Figure 3.7). This fact indicates a competitive consumption 

of oxygen by hydrogen with increasing temperature.24 CH4 was not identified in 

the reaction products, indicating that methanation does not occur under the 

investigated experimental conditions.  
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Figure 3.7. Catalytic activity of fresh Au(1%)@CeO2. Conditions: dry PROX (CO(1.0%) + 

02(1.0%) + H2(47.5%) + CO2(17.5%), balance Ar). Catalyst treatments: Fresh (after 

calcination); Aged150 (after aging under reaction conditions at 150 °C for 16 hours); 

Aged250 (after aging under reaction conditions at 250 °C for 20 hours); TPO (after 

treatment in O2/Ar at 450 °C for 30 minutes). 

 

Under dry PROX conditions, the deactivation of the catalyst after the first aging 

treatment was more pronounced with respect to the previous case. In this respect 

it must be noticed that, during CO oxidation, the carbonate formation is limited 

by the CO conversion, which is high only at relatively high temperatures. Vice 

versa, under Dry PROX, CO2 is immediately available already at room temperature 

and build up of carbonates on the catalyst surface is much more significant. 

Consistently, the second aging treatment did not further affect the catalytic 

activity. 
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Figure 3.8. Catalytic activity of fresh Au(1%)@CeO2. Conditions: full PROX (CO(1.0%) + 

02(1.0%) + H2(47.5%) + CO2(17.5%) + H2O (5.0%), balance Ar). Catalyst treatments: Fresh 

(after calcination); Aged150 (after aging under reaction conditions at 150 °C for 16 hours); 

Aged250 (after aging under reaction conditions at 250 °C for 20 hours); TPO (after 

treatment in O2/Ar at 450 °C for 30 minutes). 

 

The addition of water (Figure 3.8) results in a double effect: although the light-

off curves shift slightly towards higher temperatures, the maximum CO 

conversion reaches higher values with respect to the Dry PROX conditions (70 % 

vs. 55 %). The poor activity at temperatures lower than 100 °C can be attributed to 

the strong adsorption of water onto the active sites.25 The effect of moisture on 

the enhanced activity of gold catalysts has already been reported and related to a 

possible activation of the O2 molecule by OH species deriving from water 

adsorption onto the support surface.26 Other research works discuss the positive 

role of water in terms of the mechanism of CO oxidation/conversion.24 In fact 

Au/CeO2 systems are good WGSR catalysts27,28 and this reaction can account for 

the additional CO removal. Finally, an additional explanation lies with the ability 

of water to desorb surface carbonates, which are known poisoning byproducts of 

the CeO2 surface.20 The fact that our sample, in the presence of water, shows a 

deactivation profile that is less prominent corroborates the idea that the build-up 

of surface carbonates is inhibited in this latter case. Furthermore, it should be 

noted that the presence of water reduces the temperature at which the oxidation 

of H2 becomes competitive with that of CO from ~180 °C (Figure 3.7) to ~160 °C 

(Figure 3.8). This weak effect can be explained with the enhanced dissociation of 

the oxygen molecule.26 

In all the three cases studied, the activity of the catalyst is completely 

recovered after a mild treatment in oxygen. Although this process is less likely to 

be done in a realistic fuel cell processor, it represents an improvement as it 

suggests that the slight deactivation might be related to transient phenomena 

rather than to definitive changes, as particle growth or sintering. 

All the samples were then tested under full PROX conditions and the results 

are reported in Figure 3.9. The Au(1%)/CeO2-DPU catalyst shows a modest activity 

as it reaches 40 % CO conversion only at ~160 °C (Figure 3.9A). Moderate but 

appreciable and progressive deactivation occurs upon steady state activity at 

relatively low temperatures (150 and 250 °C), with light-off curves spread onto a 

large range of temperatures. A mild regenerative oxidative treatment is able to 

only partially recover the initial activity. The activity of the Au(3%)/CeO2-DPU 

sample (Figure 3.9B) shows better CO conversion at lower temperature, 

consistently with the higher Au loading in association with a good initial metal 

dispersion (see below). 
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Figure 3.9. Catalytic activity of: Au(1%)/CeO2-DPU (A); Au(3%)/CeO2-DPU (B); Au(1%)@CeO2 

(C); Au(3%)@CeO2 (D). PROX conditions: CO(1.0%) + O2(1.0%) + H2(47.5%) + CO2(17.5%) + 

H2O (5.0%), balance Ar; GHSV = 75000 mL g-1 h-1. Consecutive catalyst treatments: Fresh 

(after calcination); Aged150 (after aging under reaction conditions at 150 °C for 16 h); 

Aged250 (after aging under reaction conditions at 250 °C for 20 h); TPO (after treatment in 

O2/Ar at 450 °C for 30 min). 

 

However, also in this case a progressive deactivation is observed and the initial 

activity is not completely retrieved after a mild oxidative treatment. The 

performance of the embedded Au(1%)@CeO2 catalyst is reported again for 

comparison purposes in Figure 3.9C. This material is much more active than the 

reference Au(1%)/CeO2-DPU catalyst, reaching the maximum CO conversion (~70 

%) at ~130 °C. For comparison, the activity of the 3 wt % embedded catalyst is 

reported in Figure 3.9D. In contrast to what is observed for the DPU samples, the 

activity is not significantly affected by the Au loading. This might suggest that, in 

the presence of a relatively high Au loading, the fraction of completely buried Au 

particles inside the support could be significant and thus inaccessible to the 

reactants or that larger Au particles are present. Both embedded catalysts 

moderately deactivate after the aging treatments at 150 and 250 °C, as in the case 

of the DPU samples. However, while the activity of the DPU samples can be 

restored only partially by the mild oxidative treatment, the embedded catalysts 

fully recover their initial activity following the same treatment. Experiments 

carried out in the absence of water (not shown) show a more prominent 

deactivation, confirming that water has a positive effect in removing carbonate 

species that block the active sites. Notably, the light-off curves of the embedded 

catalyst are quite sharp while those of the DPU sample are rather flat. This can be 

interpreted as an indirect indication that the embedded catalyst possesses a 

more homogeneous distribution of the active phase. This is in agreement with 

the goal of our preparation strategy which is based on the use of preformed gold 

NPs with a narrow size distribution. The nature of the PROX active sites has been 

largely debated in the literature and many reports indicate a key role of the 

metal-support interface perimeter.24,29-31 In particular, it has been suggested that 

oxygen vacancies on the ceria surface and close to gold clusters promote CO 

oxidation.32,33 Consistently, the reactivity and the electronic and structural 

features of oxidized Au-Ceria based sample differ from that of the corresponding 

pre-reduced materials.34,35 However, under operative steady state PROX 

conditions, the simultaneous presence of large quantity of hydrogen, water, and 
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CO2 leads to the establishment of an equilibrium between Ce(III) and Ce(IV). 

Temperature Programmed Reduction experiments (see below) confirm that 

surface cerium can be partially reduced above 70 °C in both the embedded and 

the DPU samples, suggesting a role of the oxygen vacancies in the PROX 

mechanism. 

Finally, selectivity is an important catalyst feature. O2 selectivities for all the 

investigated catalysts are almost constant during the experiments with a value of 

about 40 % (i.e., full oxygen consumption is observed at the maximum CO 

conversion). This is a value in line with PROX behavior of most of Au-based 

catalysts.27,36 

The activities of the fresh catalysts were also expressed in terms of turnover 

frequencies calculated on the basis of the accessible Au atoms, measured 

through CO chemisorption (see below), and the kinetic parameters of CO 

oxidation under real PROX conditions were calculated and listed in Table 3.3. 

Selected steady state experiments on Au(1%)@CeO2 showed that small but 

progressive deactivation was observed even at 80 °C. A loss of 2 % conversion 

was estimated within 5 h of reaction. This is due to the unavoidable formation of 

carbonates. Consistently the same deactivation effect was marginal when CO2 

was not present in the gas feed (data not shown). In fact, in this latter case the low 

CO conversion and the diluted conditions prevent significant formation of 

carbonate. In the case of Au(1%)/CeO2-DPU sample, a very similar deactivation 

phenomenon was observed indicating that at low temperature (80 °C) the Au 

sintering, if present, proceeds rather slowly. This latter effect, being temperature 

dependent, becomes certainly significant at higher temperature, where CO 

conversion becomes more important. Conversions (Figure 3.9) and TOFs (Table 

3.3) data are an indication that our Au embedded catalysts possess a promising 

activity, that could be further improved, and prove the absence of significant 

drawbacks of dramatic metal encapsulation effects. 

 

Table 3.3. Kinetic Parameters for CO Conversion under Real PROX Conditions. 

Sample Dmetal
a (nm) T1/2b (°C) 

TOF at 80 °C 

(s-1) 

TOF at 95 °C  

(s-1) 

CeO2 - 250c 0 0 

Au(1%)@CeO2 <1.0 110 3.2·10-2 4.3·10-2 

Au(1%)/CeO2-DPU 2.0±0.6 159d 2.5·10-2 4.0·10-2 

Au(3%)@CeO2 1.3±0.2 113 3.6·10-2 8.0·10-2 

Au(3%)/CeO2-DPU 2.4±0.4 97 2.6·10-2 - 

a Average diameter, as determined by EXAFS. 

b Temperature for 50 % CO conversion of fresh catalysts under real PROX conditions. 

c CO conversion of bare CeO2 was negligible up to 250 °C. 

d CO conversion at 159 °C was 42 %. 

 

N2 adsorption isotherms and pore size distributions of the samples are 

reported in Figure 3.10. All materials show type IV isotherms, which are typical of 

mesoporous systems. The isotherms are very similar in shape, but minor 

differences in total pore volume and surface area can be appreciated by looking 

at the values of surface area and total pore volume (Table 3.4). The form of the 

hysteresis loop of the adsorption isotherms suggests that the pores of all the 

investigated materials have an “ink-bottle” shape, with a narrower opening and a 

larger bottom.  
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Figure 3.10. N2 adsorption isotherms and pores distributions (insets) of fresh CeO2, fresh 

Au(1%) samples and both fresh and Aged250 Au(3%) samples. Aged250 catalysts: after full 

PROX reaction conditions (CO(1.0%) + O2(1.0%) + H2(47.5%) + CO2(17.5%) + H2O (5.0%)) at 

150 °C for 16 h and at 250 °C for 20 h. 

The pore size distribution shows a very narrow dispersion, with dimensions of the 

openings less than 5 nm and a maximum centered at 4 nm. About 90 % of the 

total volume is originated by pores of openings less than 5 nm. 

Physisorption data on samples that have been tested under reaction 

conditions at 150 and 250 °C (Aged250) evidence that only a slight decrease in 

the Brunauer-Emmett-Teller (BET) surface area is observed after the aging 

treatments (Table 3.4). 

 

Table 3.4: N2 adsorption isotherms and pores distributions (insets) of fresh CeO2, fresh 

Au(1%) samples and both fresh and Aged250 Au(3%) samples. Aged250 catalysts: after full 

PROX reaction conditions (CO(1.0%) + O2(1.0%) + H2(47.5%) + CO2(17.5%) + H2O (5.0%)) at 

150 °C for 16 h and at 250 °C for 20 h. 

Sample Treatment 
Surface area 

(m2 g-1) 

Total pore 

volume (mL g-1) 

DMAX 

(nm)a 

CeO2 Fresh 115 0.13 4 

Au(1%)@CeO2 
Fresh 106 0.12 4 

Aged 98 0.12 4 

Au(1%)/CeO2-DPU 
Fresh 110 0.14 4 

Aged 102 0.14 4 

Au(3%)@CeO2 
Fresh 96 0.08 4 

Aged 84 0.08 4 

Au(3%)/CeO2-DPU 
Fresh 106 0.13 4 

Aged 96 0.12 4 

a Maximum of the pore size distribution taken from the desorption branch. 

 



56 

 

This result is an indication of the good thermal stability of the support. The only 

minor loss of surface area and pore volume after the aging treatment can be 

explained by the formation of carbonate species that occlude part of the pores, in 

accordance with the reversible deactivation observed under PROX conditions 

(see below). 

 

 

Figure 3.11. XRD patterns of fresh and aged samples. The insets show the magnification of 

the 2θ = 35-45° range. Aged250 catalysts: after full PROX reaction conditions (CO(1.0%) + 

O2(1.0%) + H2(47.5%) + CO2(17.5%) + H2O (5.0%)) at 150 °C for 16 h and at 250 °C for 20 h. 

Powder XRD patterns of the catalysts are dominated by the reflections 

originated by fluoritic CeO2 (Figure 3.11). The mean crystallite size, calculated 

applying Scherrer’s equation to the (111) reflection of CeO2, is 8 nm for all 

samples, even after aging at 250 °C. These data are in good agreement with the 

HAADF-STEM observations of the catalysts (see below). XRD reflections 

attributable to Au phases were not observed in the 1% Au samples because of the 

very low metal loading and the small Au particle size. In fact, the XRD pattern of 

fresh Au(1%)@CeO2 sample is essentially equivalent to that of the bare support, 

with slight differences in the width of the reflections because of the lower surface 

area of the catalyst. In the case of 3wt% Au loaded samples, both fresh samples 

show only a small and broad reflection corresponding to Au (111) at 38.4 ° (insets 

of Figure 3.11). This indicates that the Au crystallites are very small. The aging 

treatments do not significantly influence the XRD patterns of the catalysts. 

TPR experiments were used to study the influence of gold on CeO2 

reducibility. Both high-temperature and low-temperature TPR profiles (Figure 

3.12) were recorded for CeO2 support and fresh Au(1%)@CeO2 and Au(1%)/CeO2-

DPU catalysts. 

The bare support shows two reduction peaks: one at lower temperature (~520 

°C) assigned to surface capping oxygen and a second at higher temperature 

(~800 °C), because of lattice oxygen removal, in accordance with the literature.37 

With the limitations due to the correct baseline subtraction and the contribution 

of a negative-desorption peak, a total uptake of ~1340 μmol H2 g-1 was calculated 

using CuO as standard,38 suggesting that ~46 % of the cerium is reduced to Ce(III) 

during TPR. 
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Figure 3.12. High (top) and low (bottom) temperature TPR profiles of fresh CeO2, 

Au(1%)/CeO2-DPU and Au(1%)@CeO2. 

Embedded and DPU catalysts show the high-temperature reduction peak in 

the same range of the bare support (~800 °C) even if its intensity is reduced (~35 

% of the H2 consumption of the bare support). Exact quantification of the total 

hydrogen consumption is complicated by the fact that some reduction occurs at 

RT, especially in the case of DPU sample. As a general comment, the total amount 

of hydrogen uptake during TPR appears to be only marginally increased with 

respect to the bare support. The low temperature Ce(IV) to Ce(III) reduction peak 

shifts at lower temperatures because of the presence of Au, which weakens the 

surface oxygen of CeO2.39 The shift of the surface reduction peak of CeO2 to lower 

temperature is a common issue observed when noble metals are deposited onto 

this support.40,41 This is an indirect indication that the DPU method leads to a 

homogeneously dispersed Au phase. Vice versa, in the TPR of the embedded 

catalyst, in addition to the above-mentioned reduction processes, there is an 

hydrogen uptake at intermediate temperature (485 °C). This suggests the 

presence of some CeO2 grains which are not in contact with the metal. These can 

be reduced by activated atomic hydrogen which, by spill-over, comes from an 

adjacent CeO2 grain in which Au is present (Figure 3.13).  

 

 

Figure 3.13. Pictorial representation of the mechanism of support reduction by spillover of 

activated hydrogen to CeO2 grains which do not have Au on the surface. 
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Even in this case, the hydrogen uptake due to the high temperature bulk 

reduction of ceria is significantly reduced (~45 % of the H2 consumption of the 

bare support). The hydrogen uptake below RT (Figure 3.12) for the metal loaded 

catalysts could be associated with the titration of oxygen adsorbed onto the 

surface of small Au clusters.42 

CO chemisorption was further employed to characterize the accessibility of Au 

atoms in the samples. Despite that there is a debate about the ability of Au to 

dissociate and chemisorb H2, Au chemisorbs CO, even if weakly. However, in the 

case of Au-CeO2 systems, the support chemisorbs CO stronger than Au, forming 

surface carbonates. This problem has been recently addressed by Collins et al., 

who defined a procedure to estimate Au dispersion in Au/CexZr1-xO2 samples.3 The 

accessible Au sites of our catalysts were obtained following their approach, and 

the results are reported in Table 3.5. 

DPU samples show very good Au accessibilities, 51 and 41 % for 1 and 3 wt % 

samples, respectively. This indicates that about half of the Au atoms are able to 

interact with CO and coordinate it. The good capability of CO chemisorption is in 

line with the expectation for the reference samples prepared by the DPU method. 

In fact, their preparation was optimized to obtain highly dispersed Au NPs onto 

the surface of the support. The higher metal accessibility of the 1 wt % DPU 

sample suggests that the increase of metal loading has a negative effect. During 

both the synthesis and the calcination step, there is a higher probability of metal 

merging to form larger particles. In the case of Aged250 samples, the Au 

accessibilities drop by a significant extent (from 51 to 16% and from 41 to 11% for 

1 and 3 wt % Au, respectively). This can be due to the concomitant blockage of Au 

sites by carbonate-like deposits, as observed using IR spectroscopy on Aged250 

samples (bands at 1300-1400 cm-1, not shown), and to the occurrence of 

sintering. 

 

Table 3.5: CO Chemisorption Results on Au/CeO2 Catalysts after Different Treatments. 

Sample Treatment 
Accessible Au 

sites (%) 

Accessible Au surface 

(m2 g-1) 

Au(1%)@CeO2 

Fresh 31 0.96 

Aged250 29 0.89 

TPO 34 1.06 

Au(1%)/CeO2-DPU 

Fresh 51 1.57 

Aged250 16 0.49 

TPO 93 2.85 

Au(3%)@CeO2 

Fresh 10 0.96 

Aged250 7 0.66 

TPO 25 2.30 

Au(3%)/CeO2-DPU 

Fresh 41 3.80 

Aged250 11 1.03 

TPO 34 3.19 

a Fresh (after calcination); Aged250 (after aging under reaction conditions at 150 °C for 16 h 

and at 250 °C for 20 h); TPO (after treatment in O2/Ar at 450 °C for 30 minutes).  

b Assuming a CO/Au stoichiometric ratio of 0.33.3 

 

Following the reactivation  by TPO, the Au accessibility of the 1% DPU catalyst 

significantly increases leading to an apparent metal dispersion of 93 % (Table 3.5). 

The reason of this remarkable change is related to the nature of the present 

materials. In particular, this catalyst was initially calcined only at 300 °C, 
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temperature reported as sufficient to remove organic residues from the 

synthesis43 and low enough to preserve the desired high metal dispersion. The 

reactivation of the aged sample was performed at 450 °C. During this treatment, 

an appreciable oxygen uptake at 450 °C and a very small concomitant CO2 and 

NOx evolution was observed. This suggests the presence of only few traces of 

residues from the synthesis. Therefore, the activity and metal accessibility of the 

fresh 1% DPU sample could have in part been reduced by the presence of traces 

of synthesis residues, which partially cover the metal surface or contribute to 

occlude some pores of the catalyst. In addition, the oxygen uptake during the 

mild regenerative treatment could suggest the presence of some Ce(III) as 

previously observed for small CeO2 NPs).44 Electronic deactivation of the 

chemisorption capability of various metals was previously observed in reduced 

ceria based systems.45 The relatively more severe oxidation treatment during the 

TPO (450 °C) with respect to the initial calcination process (300 °C) can annihilate 

any eventual presence of traces of Ce(III) and therefore the negative electronic 

influence. Finally, the increase in the Au accessibility can be related mainly to a 

redispersion of the metal phase after the treatment in oxygen, as already 

reported for Pd.17 Nevertheless, the activity of this catalyst aged under PROX 

conditions is not recovered after TPO treatment. This reveals that not only a metal 

redispersion occurs but also a reorganization of the catalytic active sites is 

induced by the mild oxidation treatment. Furthermore, the degree of this 

reconstruction strongly depends on the history of the materials. In fact, the 

sintering extent is related to the thermo-chemical conditions applied, reducing 

conditions being more effective than those oxidizing, such as the calcination 

step.14,46 Consistently, by applying the regenerative mild oxidation treatment on 

the fresh 1 wt % Au/CeO2-DPU catalyst, a promotion of the initial catalytic activity 

(not shown) with respect to the fresh sample and higher metal accessibility (74 vs 

51 %) were observed. Therefore, after a severe sintering leading to an average 

overtake of a critical Au particle diameter, the metal redispersion results 

unfavorable. In the case of the 3 wt % DPU catalyst, the reactivation does not lead 

to a complete recovery of the Au accessibility, which reaches a final value of 34 %. 

This is in accordance with the partial reactivation of the catalyst after mild 

oxidation treatment, suggesting that sintering of Au occurred in this sample. 

On the other hand, the fresh embedded catalysts show lower Au 

accessibilities (31 and 10 % for 1 and 3 % catalysts, respectively). Taking into 

account that XAS highlighted the presence of very small particles in the catalysts 

(see below), the lower Au accessibility in these samples can be interpreted 

assuming that a significant portion of the metal is fully buried into the CeO2 

support and thus not available to CO. Despite this fact, the good catalytic activity 

indicates that the fraction of accessible Au is very active. This could be related to 

the fact that nanocrystalline CeO2 can enhance the formation of reactive O2 

species,47,48 and the larger contact area between Au and CeO2 in the embedded 

sample with respect to the DPU sample can account for its higher activity. After 

the aging treatments, the Au accessibility slightly decreases for both samples 

(from 31 to 29 % for the 1 % and from 10 to 7 % for the 3 % embedded catalysts). 

Finally, after the regenerative TPO treatment, the Au accessibility is completely 

recovered. This is an indication that the formation of carbonates could be the 

main reason of deactivation on the embedded catalysts. Furthermore, since the 

PROX activity of the catalysts is completely retrieved, the active sites do not 

change during aging and TPO treatments. This evidences the robustness of the 

embedding approach. 
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TEM characterization was also applied to investigate the present systems. 

Preliminary conventional TEM and HRTEM characterization of the embedded 

samples failed in finding discrete Au NPs. This is due to the high electron density 

of ceria49 and to the fact that Au NPs are hidden by the protective ceria layer. 

Therefore we tried to overcome this problem using the HAADF-STEM technique. 

The contrast in the images of this method is very sensitive to the atomic number 

Z of the element, and therefore it has more sensitivity than conventional TEM in 

distinguishing elements with a small Z difference (see Chapter 2 Experimental 

Techniques). Although this difference between gold and cerium is not large, the 

oxide support provides enough contrast to distinguish gold NPs even when they 

are under a thin layer of support. The distribution and identification of the Au NPs 

in the ceria matrix was confirmed by EDX analysis. 

Representative HAADF-STEM images of fresh and Aged250 Au(1%)@CeO2 

samples showed faceted Au NPs in the range 1-3 nm (Figure 3.14 A and B) in 

accordance with the starting dimension of protected Au NPs. We could not rule 

out the presence of subnanometer particles/clusters in our samples because of 

the intrinsic difficulty in imaging the samples and to the effect of sample 

thickness (the contrast of gold clusters degrades even more in the smaller clusters 

sizes because the thickness decreases), as already observed in the Au/FeOx 

system.50 The presence of Au NPs in the range 1-3 nm can be appreciated even 

after aging; the particles are surrounded by CeO2 crystallites. Despite the fact that 

completely buried Au NPs are not visible with this technique, this is a 

demonstration that the embedding approach successfully leads to the formation 

of a protective CeO2 layer around the preformed metal particles. Remarkably, 

ceria appears nanostructured, with faceted crystallites of about 8-10 nm, in 

accordance with XRD. Ceria can be seen as bigger faceted particles with lower 

contrast in the STEM images. 

 

 

Figure 3.14. HAADF-STEM images of Au(1%)@CeO2 (Fresh, A and Aged250, B) and 

Au(1%)/CeO2-DPU (Fresh, C and Aged250, D) samples with faceted Au NPs evidenced by 

arrows. 

 

On the other hand, representative images of fresh and Aged250 Au(1%)/CeO2-

DPU catalyst (Figure 3.14 C and D) showed (i) the presence of larger particles even 
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in the fresh catalyst; (ii) the presence of a broader size distribution of the particles; 

(iii) that Au NPs in this case are preferentially located at the edges of the CeO2 

crystallites, an event that was not observed in the embedded catalyst sample. We 

cannot rule out the presence of subnanometer Au particles in this sample either. 

However, after aging, the presence of large Au NPs (10-20 nm) in the DPU sample 

is a clear indication that sintering occurred in this catalyst.  

Representative HAADF-STEM images of fresh and Aged250 Au(3%)@CeO2 are 

reported in Figure 3.15.  In the fresh embedded sample, some large Au particles 

(~10 nm) are visible. This could be the result of an imperfect encapsulation of 

some particles, which remain on the surface of ceria. Thus, after the calcination 

step, they suffer of sintering. However, a more accurate analysis using aberration-

corrected STEM allowed us to find also small particles (1-3 nm in dimension), 

which are clearly embedded inside the ceria support. Images of the Aged250 

sample, once more, evidenced the presence of large agglomerates, which are 

however present even in the fresh sample. Nevertheless, it is worth noting that 

most of the particles should be in the range 1-3 nm, given the results from XAS 

experiments (see next section). The overall indication is that, by increasing the 

amount of Au during the preparation step, an incomplete encapsulation of some 

particles leads to metal agglomeration. 

Finally, XANES/EXAFS were employed to reveal the oxidation state of Au and 

to estimate average particle dimensions as complementary information to TEM 

and chemisorption experiments. Au LIII-edge XANES spectra of the samples are 

reported in Figure 3.16 as well as Au(0) and Au(III) standards. The a, b, and c letters 

on the Au foil profile indicate the first Au fcc characteristic EXAFS oscillations and 

keep the notation used by Casaletto et al.51 for a similar case.  

 

 

Figure 3.15. HAADF-STEM images of Au(3%)@CeO2 (Fresh, A and Aged250, B) and 

Au(3%)/CeO2-DPU (Fresh, C and Aged250, D) samples with faceted Au NPs evidenced by 

arrows. 

 

Comparison with the Au foil and Au(OH)3 references is straightforward, since 

all samples keep the peaks typical of fcc gold as in the standard gold foil. Fresh 

samples show an enhanced first peak well corresponding to that of Au(III), 4 eV 

above the threshold.51 This peak is more pronounced for lower Au loadings and 

for embedded particles versus the DPU prepared ones. 
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Figure 3.16. Au LIII-edge XANES spectra of the samples subjected to different treatments: 

Fresh (after calcination); Aged250 (after aging under reaction conditions at 150 °C for 16 h 

and at 250 °C for 20 h). 

 

An estimate of the relative amount of Au(III) is obtained by a linear 

combination of Au(0) and Au(III) standards in the XANES region, as reported in 

Table 3.6. The presence of Au(III) can be related to dispersed atoms and/or most 

likely to atoms at the surface of the clusters, eventually in contact with the matrix. 

In Table 3.6, coordination numbers and distances are reported for Au-O and Au-

Au pairs, while Fourier transforms of EXAFS data and fits are shown in Figure 3.17. 

 

Figure 3.17. Au LIII-edge Fourier transforms of EXAFS data and fits of the samples 

subjected to different treatments: Fresh (after calcination); Aged250 (after aging under 

reaction conditions at 150 °C for 16 h and at 250 °C for 20 h). 

 

The fitting has included the Au-O pair (the position is indicated by the vertical 

line in Figure 3.17) only in one case, since in all other refinements its contribution 

was statistically irrelevant. Thus, XANES appears much more sensitive to the 

presence of Au(III) than EXAFS. The Au-Au distance is constant within the 

experimental error, and the most relevant trend in the series is the Au-Au 

coordination number. The use of this number as a precise estimate of particles 

size is not trivial. In addition, a good approximation is obtained for spherical 

metal NPs with diameter smaller than 4 nm.52 Finally, if the oxidized fraction is 

neglected, the particle size is underestimated since Au(III) is not seen from Au(0) 

or not at the same distance as Au(0)-Au(0). Correction of the coordination number 
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for the presence of the Au(III) fraction gives the diameter values reported in 

squared brackets in the last column of Table 3.6. 

 

Table 3.6: XANES and EXAFS data of Au/CeO2 catalysts: Fresh (after calcination); Aged250 

(after aging under reaction conditions at 150 °C for 16 hours and at 250 °C for 20 hours). 

Sample Treatment % Au(III)a Nb R (nm) D (nm)e 

Au foil  - Au x 12 0.286(1) c - 

Au(1%)@CeO2 

Fresh 55 
O x 1.9 (4) 

Au x 5.0(1.0) 

0.197(1) d 

0.286(1) c 
<1.0 [5.8] 

Aged250 7 Au x 6.2(9) 0.287(1) c 1.0(1) [1.0] 

Au(1%)/CeO2-DPU 

Fresh 21 Au x 9.0(1.0) 0.286(1) c 2.0(6) [8.5] 

Aged250 1 Au x 9.5(5) 0.286(1) c 2.3(5) [2.1] 

Au(3%)@CeO2 

Fresh 18 Au x 7.8(7) 0.286(1) c 1.3(2) [2.0] 

Aged250 6 Au x 8.6(7) 0.286(1) c 1.6(3) [1.8] 

Au(3%)/CeO2-DPU 

Fresh 5 Au x 9.7(4) 0.287(1) c 2.4(4) [2.9] 

Aged250 2 Au x 10.1(4) 0.286(1) c 3.0(6) [3.0] 

a Percentage of Au(III) content obtained by fitting  XANES ± 5%. 

b Au-Au coordination number. 

c Au-Au bond distance. 

d Au-O bond distance. 

e Average Au particle dimension, values corrected for the Au(III) fraction are in square 

brackets. 

 

The apparent large average diameter calculated for fresh Au(1%)@CeO2 and 

Au(1%)/CeO2-DPU suggests the presence of a broad distribution of particle size. 

The presence of some large Au NPs cannot be excluded, while most of them are 

smaller than 3 nm. In fact, these two fresh samples are mostly oxidized; whereas 

after aging Au(III) becomes a smaller fraction and the EXAFS analysis better 

estimates the actual average diameter. 

The low coordination number in the Aged250 Au(1%)@CeO2 is remarkable. It 

strongly suggests that the major part of the Au NPs are very small. In contrast, the 

PROX aging induces a significant increase of the coordination number of 

Aged250 Au(1%)/CeO2-DPU. Both aged samples show negligible fraction of 

Au(III). The samples with 3 wt % Au loading show an increase in the coordination 

number with respect to the corresponding 1 wt % samples. A further very small 

rise is observed after aging. The presence of an appreciable Au(III) fraction in the 

fresh Au(3%)@CeO2 can be considered as a strong indication of the presence of 

very small Au particles in this sample. 

Reports on the discrepancy between Au particles dimensions estimated using 

STEM and EXAFS have already been reported.53 However, consistent trends are 

observed using both techniques and further supported by CO adsorption analysis 

on the NPs size changes. Summarizing, the embedded approach leads to a large 

Au(III) fraction on the fresh samples, indicating the presence of smaller particles 

with respect to the corresponding DPU samples. Furthermore, the XAS data here 

reported suggest that the embedded strategy is able to limit metal sintering. 
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3.4 Conclusions 

 

In conclusion of this chapter, we reported relatively simple, novel 

methodologies for the preparation of embedded catalysts based on Pd and Au 

embedded in ceria. In both cases, the formation of preformed metal particles is 

followed by the formation of the ceria layer using co-precipitation or 

microemulsion techniques. While additional work is clearly required, we believe 

the present results are encouraging in that they appear to demonstrate that the 

use of core-shell catalysts may allow ceria-supported Pd and Au to be stabilized 

against sintering for the PROX and the WGS reactions.  

In the case of Pd catalysts, improvements in stability for the water-gas-shift 

reaction of Pd@CeO2 over a Pd/CeO2 catalyst formed by impregnation suggested 

that the formation of Pd-ceria, core-shell catalysts have great promise for this 

application. Work is still required to develop core-shell structures that effectively 

prevent Pd sintering but leave the Pd accessible to gas-phase reactants. Indeed, 

investigation of textural properties of ME catalysts evidenced a very poor metal 

accessibility due to the formation of non-porous ceria layers around the particles. 

Clearly, the “shells” in the present study were not sufficient to achieve the goal: 

the ceria layer obtained by co-precipitation was not sufficient to prevent sintering 

of the metal and the ceria layer obtained using microemulsions resulted in 

materials having a low surface area and with too little of the metal at the surface. 

In the case of Au catalysts, Au NPs were embedded into CeO2 by using 

monolayer protected gold NPs presenting carboxylic groups on the surface to 

direct the ceria formation by a co-precipitation method. Very good catalytic 

activity under real PROX conditions was obtained with low metal loading (1 wt 

%). Fresh embedded catalysts showed higher TOF values with respect to the 

corresponding materials prepared with optimized DPU method. Moreover, the 

small deactivation observed for the embedded Au(1%)@CeO2 catalysts after 

aging at 250 °C is fully reversible upon mild oxidation treatment. This latter 

process is in fact able to remove unavoidable carbonate from the active sites. Vice 

versa, in the case of DPU samples, only a partial recovery of the activity is 

observed corroborating the hypothesis of appreciable metal sintering for 

unprotected surface Au NPs. Despite the lower accessibility of the metal phase, as 

highlighted by CO chemisorption, the good activity of the embedded catalysts 

can be ascribed to the larger extent of metal-support interaction. TPR 

experiments on the embedded samples suggest that a fraction of Au NPs are 

completely buried inside the CeO2 layer. This suggests that further improvements 

can be achieved by better tuning the porosity of the support and therefore the 

metal accessibility. XAS analysis, and in particular XANES data on the presence of 

Au(III), indicates that the fresh embedded samples present a larger fraction of NPs 

smaller than 2 nm. STEM analysis is consistent with this picture. In addition HR-

TEM indicates that the synthetic methodology here reported for the preparation 

of our ceria leads to a highly nanostructured oxide. 

Still, as a concept, we believe these materials exhibited sufficient promise for 

continued developments in this approach. Indeed, we will see later in this thesis 

that similar approaches used here for Pd and Au have been merged to obtain a 

better control in the formation of core-shell catalysts based on ceria. 
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4. 

SYNTHESIS OF FUNCTIONALIZED Pd AND 

Pt NANOPARTICLES 

The previous chapter described the preparation of Au@CeO2 catalysts starting 

from functionalized, preformed Au nanoparticles. The approach consisted in the 

preparation of Au particles containing COOH groups exposed on the surface of 

the protecting monolayer that would react with Ce precursors for the 

embedding. In order to extend this same approach to other interesting metals 

such as Pd and Pt, the preparation of similarly functionalized particles was 

necessary. Furthermore, an high density of COOH groups on the surface of the 

particles would have been found to be important to obtain a better embedding 

of the metal inside ceria. In order to do that, specific methods to prepare COOH-

functionalized Pd and Pt nanoparticles have been studied. Furthermore, the 

extension of the method to prepared Pd particles functionalized with other 

groups (such as OH groups) or with tailored densities of functional groups is 

reported. In particular, while the synthesis of mostly monodisperse nanoparticles 

(NPs) is nowadays well-established (particularly in the case of Au),1 severe 

limitations to bring different functionalities on the nanoparticle board 

(particularly those sensitive to reducing agents) are still present.2,3 One of the 

most common methods to bring functional groups on Au nanoparticles involves 

an exchange reaction between the pre-existing thiols in the Self-Assembled 

Monolayer (SAM) surrounding the pre-formed nanoparticles and other added 

thiols.4 Although this method has some advantages, the achievement of a high 

functional group density at the edge of the monolayer is rather difficult, due to 

the equilibrium character of the “place-exchange” reaction.5 Other methods have 

been successfully developed under milder reducing conditions, in all cases 

leading to average particle sizes larger than 3 nm,6,7 with limited applicability in 

catalysis.8  



69 

 

In this chapter we therefore report on a convenient approach for the 

preparation of thiol-protected Pd nanoparticles capped by either 11-

mercaptoundecanoic acid (MUA) or 9-mercapto-1-nonanol (MN) or 1-

dodecanethiol (DT) or mixtures thereof. Although one-phase9 and two-phase10 

procedures for the synthesis of thiol-protected Pd nanoparticles have already 

been reported, the use of either strong reducing agents (such as LiBEt3H) or costly 

and time-consuming thiol exchange protocols still represent a major drawback in 

the preparation of highly functionalized Pd-NP SAMs.    

The procedure described here allows for the simple preparation of 

nanoparticles having high densities of either COOH or OH functionalities at their 

surface. Furthermore, the functional group density can be easily tuned by using 

mixtures of thiols in combination with 1-dodecanethiol, resulting in tailor-made 

protected clusters whose SAM composition is dictated by the initial thiol mixture 

molar ratio. Accordingly, small metal-core Pd nanoparticles have been prepared 

using a method that combines the positive features of the Brust-Schiffrin 

protocol2 with those of a single-phase synthesis.11 Moreover, the use of MUA as 

protecting thiol has led to the obtainment of amphiphilic Pd nanoparticles. The 

latters show increased solubility within different media, thus avoiding the use of 

phase transfer agents. Indeed, the long MUA alkyl chains ensure solubility of the 

NPs in polar and apolar organic solvents, while solubility in water is simply 

achieved once the carboxylic groups are converted into their carboxylate forms 

(11-mercaptoundecanoate, MUAte). High water solubility of the Pd-NPs (like our 

MUAte-Pd NPs) makes them potentially attractive for biological applications. 

Most importantly, this wide solubility range strictly correlates to both the small 

metal-cores particle size and the high density of the functional groups at the 

edge of the SAM. 

Simple post-functionalization procedures on the carboxylic acid at the edge of 

the SAM in the MUA-Pd nanoparticles have been also successfully addressed. 

Such results set the way for the design and synthesis of more complex, core-shell 

systems of potential interest in electrochemical, photochemical, and 

photophysical fields.  

Although water-soluble thiol-protected Au and Pd nanoparticles have already 

been reported by other groups using a number of different compounds 

(tiopronin,12 mercaptoammonium thiols,13 poly(ethyleneglycol)-alkyl thiols,14 

mercaptosuccinic acid15), there are few examples of amphiphilic thiol-protected 

Pd particles and their convenient use in catalysis.16 

In addition to Pd nanoparticles, we also present a convenient synthesis of 

MUA-Pt nanoparticles. 

Both materials are the precursors for the preparation of embedded catalysts 

with core-shell configurations by self-assembly, as described in the following 

chapter. However, the preparation of Pd nanoparticles was also employed for the 

use of these same structures in heterogeneous catalysis for the Suzuki coupling. 

 

 

4.1 Experimental 

 

4.1.1 Materials and methods 

 

Potassium tetrachloropalladate(II) (32.04 % as Pd) was purchased from 

ChemPur. Potassium tetrachloroplatinate(II) (98 %), 11-mercaptoundecanoic acid 

(MUA, 95 %), 9-mercapto-1-nonanol (MN, 96 %), 1-dodecanethiol (DT, ≥98 %), 

(Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 
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(BOP, 97 %), 1-Hydroxybenzotriazole hydrate (HOBt, ≥97 %) were purchased  from 

Sigma-Aldrich and used as received. Lithium triethylborohydride (LiBEt3H 1 M in 

THF) and dodecylamine (98 %) were purchased from Acros Organics. Solvents 

(reagent grade), including deuterated solvents, were purchased from Sigma-

Aldrich and used as received. 

1H-NMR spectra were recorded on a JEOL GX-400 MHz (operating at 400 MHz 

for 1H) using methanol-d4, CDCl3 or acetone-d6 as solvents. Chemical shifts are 

reported in ppm (δ) relative to TMS, referenced to the chemical shifts of residual 

solvent resonances (1H). FT-IR spectra were recorded on a Perkin-Elmer FT-

IR/Raman 2000 instrument in the transmission mode; samples were prepared as 

KBr disks (by mixing samples with spectroscopic grade KBr) and analyzed in the 

400-4000 cm-1 range. Thermogravimetric Analysis (TGA) data were recorded on a 

EXSTAR Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200 under flowing air (50 

mL/min) in the 40 - 500 °C temperature range using a heating ramp of 2 °C min-1; 

TGA measurements have been conducted in order to estimate the average 

organic content of the synthesized Pd-nanoparticles. Transmission Electron 

Microscopy (TEM) analysis were carried out with JEM 3010 (JEOL) electron 

microscope operating at 300 kV, point to point resolution at Scherzer defocus of 

0.17 nm. Samples for TEM analysis were transferred as a solution (in THF or MeOH) 

to a copper grid covered with a holey carbon film. Inductively Coupled Plasma-

Atomic Emission Spectroscopy (ICP-AES) analyses were conducted on a 

Spectroflame Modula E Optical Plasma Interface (OPI) instrument by SpectroTM. 

Gas Chromatography – Mass Spectrometry (GC-MS) analyses were carried out on 

an Agilent 7890 GC mounting a J&W DB-225ms column (60m, ID 0.25mm, 250μm) 

and coupled with a Agilent 5975 MS. 

 

4.1.2 Synthesis of MUA-Pd nanoparticles 

 

A first version of the synthesis was developed using a modification of the 

approach reported by Zamborini et al.10 based on the Brust-Schiffrin method. In a 

second time, an optimization of the procedure using a single-phase process was 

successfully implemented.17 

The first methodology consisted in the transfer of K2PdCl4 to dichloromethane 

(15 mL) by dissolving K2PdCl4 (25.8 mg, 0.079 mmol) in water (5 mL) and using 

tetraoctylammonium bromide (TOABr, 64.9 mg, 0.119 mmol, 1.5 mol vs Pd) as the 

transferring agent. The aqueous phase was discarded, and acetone (15 mL) was 

added. 11-Mercaptoundecanoic acid (MUA, 9.1 mg, 0.040 mmol, 0.5 mol vs Pd) 

was added first, followed by the addition of 10 mL of a solution in methanol (10 

mL) of NaBH4 (30.0 mg, 0.793 mmol, 10 mol vs Pd). The solution immediately 

turned from orange to black, suggesting the reduction of Pd(II) to Pd(0), and then 

formed a black, waxy precipitate. This precipitate was filtered on a glass frit and 

washed with excess acetone and methanol, after which the particles were 

recovered by dissolution in acidified THF (using 0.5 M methanolic H2SO4 solution). 

The black precipitate was completely soluble in acidified THF, indicating that the 

Pd nanoparticles were isolated within precipitate. 

In the optimized single-phase approach, MUA nanoparticles were prepared by 

varying three synthetic parameters systematically, namely: (a) the temperature of 

the reduction step; (b) the thiol/Pd molar ratio; and (c) the addition rate of the 

reducing agent (NaBH4). The preparation for each of the conditions is reported. 

(a) Synthesis of MUA-Pd Nanoparticles at Different Temperatures of the Reduction 

Step (Thiol/Pd Molar Ratio = 0.5, Fast Addition of the Reducing Agent) K2PdCl4 (20.0 

mg) is first dissolved in 2 mL of water, and then 10mL of acetone are added. To 
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the red solution,H3PO4 (250 μL, 60 mol vs Pd) is added, followed by 11-

mercaptoundecanoic acid (MUA, 7.0 mg). MUA addition caused the color of the 

solution to change from red to red-yellowish. The solution is stirred for 5 min, and 

the reaction temperature is adjusted to one of the following values: 0, -50, or -78 

°C (by means of ice, acetone/liquid N2, or acetone/dry ice baths, respectively). 

Afterward, a freshly prepared aqueous solution (1 mL) of NaBH4 (23.2 mg, 10 mol 

vs Pd) is rapidly added in one portion, causing the solution to turn immediately 

black. Stirring is continued at the reduction temperature for 5 min and at RT for 

other 5 min, and then solvents are evaporated under vacuum and the particles 

washed three times with dichloromethane (10 mL portions) and three times with 

water (10 mL portions), with sonication and centrifugation (4500 rpm, 10 min) 

after each washing cycle. Particles are then recovered by dissolution in THF.  

(b) Synthesis of MUA-Pd Nanoparticles at Different Thiol/Pd Molar Ratios (0 °C as 

Temperature of the Reduction Step, Fast Addition of the Reducing Agent) K2PdCl4 

(20.0 mg) is first dissolved in 2 mL of water, and then 10 mL of acetone are added. 

To the red solution, H3PO4 (250 μL, 60 mol vs Pd) is added, followed by 11-

mercaptoundecanoic acid in different amounts (MUA, 3.5 mg for 0.25 molar ratio 

or 10.5 mg for 0.75 molar ratio). MUA addition caused the solution color to 

change from red to red-yellowish. Temperature is adjusted to 0 °C by means of an 

ice bath, and then a freshly prepared aqueous solution (1 mL) of NaBH4 (23.2 mg, 

10 mol vs Pd) is added within 5 s, causing the solution to turn immediately black. 

Stirring is continued at 0 °C for 5 min and at RT for other 5 min, and then solvents 

are evaporated under vacuum and the particles washed three times with 

dichloromethane (10 mL portions) and three times with water (10 mL portions), 

with sonication and centrifugation (4500 rpm, 10 min) after each washing cycle. 

Particles are then recovered by dissolution in THF. 

(c) Synthesis of MUA-Pd Nanoparticles at Slow Rate Addition of the Reducing 

Agent (0 °C as Temperature of the Reduction Step, Thiol/Pd Molar Ratio = 0.5) K2PdCl4 

(20.0 mg) is first dissolved in 2 mL of water, and then 10 mL of acetone are added. 

To the red solution, H3PO4 (250 μL, 60 mol vs Pd) is added, followed by 11-

mercaptoundecanoic acid (MUA, 7.0 mg). MUA addition caused the solution color 

to change from red to red-yellowish. Temperature is adjusted to 0 °C by means of 

an ice bath, and then a freshly prepared aqueous solution (1 mL) of NaBH4 (23.2 

mg, 10 mol vs Pd) is added dropwise within 15 min, causing the solution to turn 

black after just 1 min. Stirring is continued at 0 °C for 5 min and at RT for other 5 

min, and then solvents are evaporated under vacuum and the particles washed 

three times with dichloromethane (10 mL portions) and three times with water 

(10 mL portions), with sonication and centrifugation (4500 rpm, 10 min) after 

each washing cycle. Particles are then recovered by dissolution in THF. 

 

4.1.3 Extension of the optimized method to prepared MUA-Pd nanoparticles to other 

thiols and mixtures of thiols and post-functionalization of the particles 

 

(a) Synthesis of MUAte-Pd nanoparticles. The procedure for the synthesis of 11-

mercaptoundecanoate-functionalized Pd nanoparticles (MUAte-Pd) is identical to 

one of those described above for MUA-Pd nanoparticles (room temperature of 

the reduction step, thiol/Pd molar ratio = 0.5, fast addition of the reducing agent), 

except for the use of H3PO4. Pd-nanoparticles precipitated out from the solution 

after addition of NaBH4 and were washed with acetone (3 x 10 mL portions) and 

methanol (3 x 10 mL portions), with sonication and centrifugation (4500 rpm, 10 

min) after each washing cycle. The as-prepared nanoparticles are completely 
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soluble in water due to the presence of carboxylate groups which decorate their 

surface. 

(b) Synthesis of MN-Pd nanoparticles. The procedure for the synthesis of 9-

mercapto-1-nonanol-functionalized Pd nanoparticles (MN-Pd) is identical to one 

of those described above for MUA-Pd nanoparticles (room temperature of the 

reduction step, thiol/Pd molar ratio = 0.5, fast addition of the reducing agent), 

except for the use of MN instead of MUA. Pd-nanoparticles precipitated out from 

the solution after addition of NaBH4 and were washed with THF (3 x 10 mL 

portions) and water (3 x 10 mL portions), with sonication and centrifugation (4500 

rpm, 10 min) after each washing cycle. The as-prepared nanoparticles are 

completely soluble in methanol. 

(c) Synthesis of DT-Pd nanoparticles. The procedure for the synthesis of 1-

dodecanethiol-functionalized Pd nanoparticles (DT-Pd) is identical to one of those 

described above for MUA-Pd nanoparticles (room temperature of the reduction 

step, thiol/Pd molar ratio = 0.5, fast addition of the reducing agent), except for the 

use of DT instead of MUA and H2O/THF (1/6 v/v) as solvent. Pd-nanoparticles 

precipitated after addition of NaBH4 and were washed with water (3 x 10 mL 

portions), methanol (3 x 10 mL portions), and acetone (3 x 10 mL portions), with 

sonication and centrifugation (4500 rpm, 10 min) after each washing cycle. The 

as-prepared nanoparticles are completely soluble in THF, CH2Cl2, CHCl3, toluene, 

and alkanes. 

The procedure for the synthesis of mixed-monolayer Pd nanoparticles is 

identical to one of those (single-component) described above for MUA-Pd 

nanoparticles (room temperature of the reduction step, thiol/Pd molar ratio = 0.5, 

fast addition of the reducing agent) except for the use of mixtures of thiols. 

(d) MUA-MN-Pd Nanoparticles K2PdCl4 (20.0 mg) is first dissolved in 2 mL of 

water, and then 10 mL of acetone are added. To the red solution, H3PO4 (250 μL, 

60 mol vs Pd) is added, followed by MUA (3.5 mg, 0.25 mol vs Pd) and MN(3.0 μL, 

0.25 mol vs Pd). The solution is stirred for 5 min, and then a freshly prepared 

aqueous solution (1 mL) of NaBH4 (23.2 mg, 10 mol vs Pd) is rapidly added in one 

portion, causing the solution to turn immediately black. Stirring is continued at RT 

for 5 min, and then solvents are evaporated under vacuum and the particles 

washed three times with dichloromethane (10 mL portions) and three times with 

water (10 mL portions), with sonication and centrifugation (4500 rpm, 10 min) 

after each washing cycle. The as-prepared nanoparticles were then recovered by 

dissolution in THF. Notably, these mixed-layer Pd-nanoparticles showed good 

solubility in both methanol and acetone. 

(e) MUA-DT-Pd Nanoparticles The procedure used is identical to that described 

above for MUA-MN-Pd nanoparticles, except for the use of 3.0 mg of MUA(0.25 

mol vs Pd) and 3.9 μL of DT (0.25 mol vs Pd) as mixture of thiols. In the present 

case, the final nanoparticles showed only moderate solubility in methanol and 

acetone while being completely soluble in THF. 

(f) MN-DT-Pd Nanoparticles The procedure used is identical to that described 

above for MUA-MN-Pd nanoparticles, except for the use of 3.0 μL of MN (0.25 mol 

vs Pd) and 3.9 μL of DT (0.25 mol vs Pd), as a mixture of thiols and H2O/THF (1/5 

v/v) was used to dissolve the Pd precursor. In the present case the final 

nanoparticles showed good solubility only in THF. 

(g) Post-functionalization of the particles. The general method to post-

functionalize the carboxyl groups of the particles was as follows. MUA-Pd 

nanoparticles (20 mg) were dissolved in 10 mL of dry THF (<0.002 % H2O) and 

treated with 5 equiv (relative to the moles of MUA in the monolayer) of 
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(benzotriazol-1-yloxy)tris-(dimethylamino)phosphonium hexafluorophosphate 

(BOP), 1-hydroxybenzotriazole hydrate (HOBt), N-methylmorpholine (NMM), and 

N,N-dimethylaminopyridine (DMAP). After a brief activation time (10-15 min), 

either the amine (1-hexadecylamine or benzylamine, 5 equiv) or the alcohol (1-

hexanol, 10 equiv) were added, and the system was maintained under stirring at 

room temperature overnight. Afterward, solvent was removed under vacuum, 

and the crude residue was purified by successive washing cycles with methanol 

(three times) and CH3CN (three times) in order to remove all unreacted reagents 

and undesired byproducts. Postfunctionalized MUA-Pd-nanoparticles in the form 

of amido derivatives showed good solubility in DCM as well as other organic (less 

polar) solvents while ester derivatives (MUA-Pd reacted with 1-hexanol) showed 

good solubility also in THF. 

 

4.1.4 Synthesis of MUA-Pt nanoparticles 

Initially, dodecylamine-protected Pt nanoparticles were prepared. K2PtCl4 

(0.300 g, 0.723 mmol) was dissolved in deionized water (3 mL). The PtCl4
2- ion was 

then transferred into CH2Cl2 (30 mL) using TOABR (1.027 g, 1.879 mmol, 2.6 mol vs 

Pt) as the phase-transfer agent. The phases were separated, the water layer 

discarded, and the organic layer was washed with brine and dried with 

magnesium sulfate. Dodecylamine (1.608 g, 8.672 mmol, 12 mol vs Pt) was added 

and the reaction vessel was flushed with N2. 1.0 M LiBEt3H in THF (5.8 mL, 8 mol vs 

Pt) was rapidly added with vigorous stirring, after which the solution rapidly 

changed color from orange to black. The reaction mixture was then stirred an 

additional 10 min, washed with water and then brine, and the solvent removed in 

vacuum. The resultant black solid was suspended in ethanol and sonicated, then 

centrifuged three times to remove excess of dodecylamine and phase transfer 

agent. Finally, the black solid was redissolved in CH2Cl2 and filtered. 

Replacement of the dododecylamine with 11-mercaptoundecanoic acid was 

accomplished by codissolving the dodecylamine-Pt nanoparticles and 11-

mercaptoundecanoic acid (1 mol vs Pt) in 3:1 CH2Cl2:THF solution. The solution 

was stirred 18 h at room temperature. The solvent was removed in vacuum, and 

the resultant black solid was suspended in CH2Cl2 with sonication, and 

centrifuged three times to remove excess of dodecylamine. The black solid was 

then redissolved in THF and filtered. 

 

4.1.5 General procedure for the Suzuki cross-coupling reactions using MUA-Pd 

nanoparticles 

To a hot (90 °C) N,N-dimethylformamide (5 mL) solution of aryl halide (1.0 

mmol), phenylboronic acid (1.3 mmol), NaOH (1.5 mmol) and naphthalene (0.5 

mmol as internal standard), a THF solution (2 mL) of MUA-Pd nanoparticles (2 mg 

as Pd content) was added in one portion. The course of the reaction was 

monitored by GC-MS analysis using naphthalene as internal standard till 

complete reagents consumption. After cooling the mixture to RT, 15 mL of CH2Cl2 

and 15 mL of water were added. The collected organic phase was washed three 

times with H2O (15 mL), dried over anhydrous sodium sulfate and evaporated 

under reduced pressure to give the expected cross-coupling products. Chemical 

yields were determined from the crude materials by GC analysis (using 

naphthalene as internal standard) and cross-coupling products were analyzed by 

1H-NMR (CDCl3) spectroscopy and compared with literature data.18,19  

In the case of nanoparticle recycling and re-use, the  reaction mixture 

underwent centrifugation cycles prior the work-up. Recovered nanoparticles were 
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washed with  toluene (3 x 5 mL), acetone (3 x 5 mL), methanol (3 x 5 mL) and 

water (3 x 5 mL); afterwards, clean nanoparticles were recovered by dissolution in 

acidic THF and successfully re-used as cross-coupling catalysts (MUA-Pd 

nanoparticle reuse in Suzuki cross-coupling did not show any significant activity 

loss even after three successive runs).   

 

 

4.2 Results and discussion 

 

A simple and efficient protocol for the preparation of Pd nanoparticles 

stabilized by alkyl thiols containing either carboxylic [11-mercaptoundecanoic 

acid (MUA)] or hydroxyl [9-mercapto-1-nonanol (MN)] functional end-groups is 

proposed. Thiol-stabilized Pd nanoparticles featured by carboxylic functional end-

groups at the edge of the self-assembled monolayer have been conveniently 

prepared starting from a water/acetone 1/5 (v/v) solution of K2PdCl4 and MUA in 

the presence of phosphoric acid in slight excess with respect to NaBH4. Afterward, 

the addition of NaBH4 causes the almost instantaneous Pd(II) reduction and the 

subsequent formation of mostly monodisperse (~2 nm) amphiphilic palladium 

nanoparticles (Scheme 4.1). 

 

 

Scheme 4.1. Synthesis of the MUA-Pd Nanoparticles. 

While the use of an aqueous reaction mixture guarantees a complete 

dissolution of the Pd(II) precursor, acetone is essential to solvate the final Pd-thiol 

complex that is formed. Moreover, the complete miscibility of acetone and water 

(single phase) does not require the use of ammonium alkyls as phase transfer 

agents, thus reducing expensive and time-consuming purification procedures of 

the as-synthesized nanoparticles. Unlike related nanoparticle syntheses based on 

gold,20 the use of methanol as a solvent turned out to be unsuitable in the case of 

palladium because of a rapid precipitation of Pd(II)-thiol based species upon the 

simple addition of MUA thiol. Most importantly, the use of an excess of 

phosphoric acid turned out to be crucial for the successful synthesis of the MUA 

Pd-nanoparticles; indeed, while preventing thiol and carboxylic acid 

deprotonation in the single phase reduction step (addition of NaBH4), it maintains 

the Pd(II) - Pd(0) reductive path highly competitive with respect to other possible 

acid-base side reactions. As a matter of fact, a slight excess of NaBH4 with respect 

to Pd is needed to drive the reduction process to completeness. Once MUA-Pd 

nanoparticles are formed, the NaBH4 residue is rapidly consumed by the excess of 

phosphoric acid, thus protecting the carboxylic groups at the edge of the SAM 

from undesirable deprotonation/reduction side processes. 

Notably, the MUA-Pd nanoparticles are straightforwardly isolated in their 

purified form after simple washing/centrifugation treatments, using in sequence: 

(a) CH2Cl2, to remove the unreacted thiol, and (b) water to eliminate all the 

inorganic side-products. Neither precipitation/dissolution cycles using acids or 

bases15 nor additional purification protocols are needed to get purified 

nanoparticles. Accordingly, this synthetic protocol offers an easy and convenient 

approach to the nanoparticle synthesis scale-up (up to 500 mg of MUA-Pd 

nanoparticles). 
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The resulting MUA-Pd nanoparticles are highly soluble in organic polar (protic 

and aprotic) solvents such as methanol, acetone, DMF, and THF in high 

concentrations (up to 10 mg/mL) while they are insoluble in CH2Cl2 and water. 

1H-NMR spectroscopy (in D2O/acetone-d6 1/5 at 298 K) was exploited to shed 

light on the MUA-Pd nanoparticle synthesis. As Figure 4.1 shows, the successive 

addition of the thiol carboxylic acid (MUA) to a K2PdCl4 solution (0.5, 1.0, and 1.5 

mol equiv of MUA) results in the appearance of a triplet around 2.30 ppm, 

assigned to the methylene groups vicinal to the COOH moiety.  

 

 

Figure 4.1. 1H NMR spectra of K2PdCl4 solutions (in D2O/acetone-d6 1:5 v/v) after the 

addition of (a) 0 mol equiv, (b) 0.5 mol equiv, (c) 1.0 mol equiv, (d) 1.5 mol equiv, (e) 2.0 mol 

equiv, (f) 2.5 mol equiv, and (g) 3.0 mol equiv of MUA. (h) MUA 1H NMR spectrum in 

D2O/acetone-d6 1:5 v/v. 

Notably, the methylene protons vicinal to the SH group remain almost 

invisible up to the addition of 2 mol equiv of the thiol. Such an effect has been 

attributed to the interaction of the SH groups with the PdII centers; in fact, a 

signal broadening of the methylene protons vicinal to the SH group is expected 

until complete saturation of the Pd(II) coordination sphere. Indeed, a new broad 

triplet around 2.4 ppm starts to appear after the addition of an excess of thiol 

(over 2 mol equiv), ultimately suggesting that mercapto-groups prevalently 

contribute to the composition of the Pd(II) coordination sphere in solution. 

 

 

Figure 4.2. FT-IR spectra of MUA and K2PdCl4 in the presence of different amounts of MUA 

(0.5, 2.0, and 3.0 mol equiv). 
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Accordingly, one may conclude that the Pd(II)-thiolate species are formed 

with a 1:2 stoichiometry (Pd(II)/MUA), very likely in the form of oligomeric species 

(from the broadening of 1H NMR signals).10 FT-IR spectroscopy data are in line 

with the NMR investigation (Figure 4.2). Indeed, only a very weak and broad band 

around 2530 cm-1 (attributed to the stretching mode of the S-H groups of the 

MUA) appears at high MUA/Pd molar ratios (~3/1), while no appreciable changes 

of the intense stretching mode attributed to the carboxylic C=O bond are 

observed. All these data taken together offer clear evidence that Pd(II)-thiolate 

species are the precursors of the Pd NPs bearing carboxylic groups at the edge of 

the SAM. On this basis, metal_thiolate species can also be taken as useful 

precursors for the preparation of nanoparticles with single phase methods.21 

Three synthetic parameters (reaction temperature, thiol/Pd molar ratio, and 

rate of reductant addition) have been systematically scrutinized in order to 

elucidate their influence on the final Pd nanoparticle size distribution. Overall, 

MUA-Pd nanoparticles size and NPs size distributions appear to be moderately 

influenced by variations of the first two parameters (reaction temperature and 

thiol/Pd molar ratio), while the very fast reduction of Pd(II) to Pd(0) upon 

treatment with NaBH4 seems to be the most relevant issue for the nanoparticle 

size control. 

Figure 4.3a shows the morphological characterization (TEM) of the MUA-Pd 

nanoparticles prepared upon rapid addition of the reducing agent to a room 

temperature solution of K2PdCl4 and MUA in a 0.5 thiol/Pd molar ratio. Notably, 

this protocol provides nanoparticles featured by rather small metal cores and a 

narrow size distribution (1.9 ± 0.2 nm, Figure 4.4, panel A). TEM micrographs show 

large patches on the TEM grid due to the presence of a high nanoparticle density,  

 

 

Figure 4.3. Representative TEM micrographs of MUA-Pd nanoparticles obtained using 

different experimental conditions. (a) RT, thiol/Pd 0.5, fast reductant addition; (b) -78 °C, 

thiol/Pd 0.5, fast reductant addition; (c) 0 °C, thiol/Pd 0.75, fast reductant addition; (d) 0 °C, 

thiol/Pd 0.5, slow reductant addition. Insets: representative HRTEM images of single Pd 

nanoparticles (top left of each figure) and their corresponding Hanning masked fast 

Fourier transformations (FFTs, bottom). 
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most likely interacting with one another through the respective carboxylic 

groups. In spite of that, the protonation of the carboxylic groups maintains the 

nanoparticles well separated in solution, while Pd-agglomerates rapidly form in 

organic solvents by simple treatment with a base (COOH deprotonation and 

formation of MUAte-Pd). It should be pointed out that related Au nanoparticles5 

show the opposite behavior, leading to nanoparticle agglomerates under acidic 

conditions. 

 

 

Figure 4.4. particle size distributions of MUA-functionalized Pd nanoparticles prepared 

under different conditions: panel A refers to the effect of temperature (RT: room 

temperature); panel B refers to the effect of thiol/Pd molar ratio; panel C refers to the effect 

of addition rate of the reducing agent (NaBH4) (fast, 10 s; slow, 15 min). Average particle 

size, dispersions (σ, in nm), and number of counted particles (N) are also reported. Asterisks 

denote size distributions under the same reaction conditions. 
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Only negligible variations on the average size of Pd-NPs cores were observed 

while decreasing the reduction temperature from RT to 0, -50, and -78 °C, 

respectively (maintaining constant the thiol/Pd molar ratio at 0.5, with a rapid 

addition of the reducing agent) (Figures 4.3b and 4.4, panel B). However, an in-

depth high-resolution TEM (HRTEM) investigation showed that the lower the 

reduction temperature, the higher the Pd-NPs crystallinity (see inset in Figure 4.3a 

vs inset in Figure 4.3b). This trend is likely due to a slower particles growth rate 

once the initial NPs-nuclei are generated; as a consequence, a better packing of 

the Pd atoms during the nanoparticle formation process is expected. Accordingly, 

MUA-Pd nanoparticles synthesis at high temperature (i.e., addition of the 

reducing agent at 65 °C) leads to small Pd-NPs (around 1.5 nm) featured by highly 

disordered structures. 

The inset in Figure 4.3b shows a particle imaged at Scherzer defocus oriented 

along the <101> zone axis,22 and it demonstrates the crystallinity of the as-

prepared nanoparticles with interplanar distances of 0.22 and 0.19 nm, in 

accordance with the {111} and {200} crystallographic planes of the Pd metal, 

respectively; most of the crystalline nanoparticles present a cuboctahedral shape. 

Only moderate differences in both nanoparticle size and distribution were 

observed upon varying the MUA/Pd molar ratio while maintaining the other two 

parameters constant (0 °C, fast addition of the reducing agent) (Figure 4.3c and 

4.4, panel B). As Figure 4.4, panel B shows, high thiol/Pd molar ratios lead to 

smaller particle sizes and narrower size distributions (Figure 4.4, panel B). While a 

higher thiol/Pd molar ratio is found to decrease the NPs growth rate, their 

nucleation rate is almost unaffected. 

Finally, the effect of the reductant addition rate has also been investigated. 

Unlike alkanethiol-protected Au nanoparticles,23 a slow addition of the reducing 

agent did not appreciably change the Pd-NPs size distribution, although a large 

population of small nanoparticles (<1.8 nm) was formed (Figure 4.3d and 4.4, 

panel C). Such a result is likely due to a most favored nucleation process as a 

consequence of a slow addition of the reducing agent. 

Since the average size of MUA-Pd NPs appears to be mainly controlled by the 

very fast metal reduction upon addition of NaBH4 (reaction temperature and 

thiol/Pd molar ratio were found to influence the NPs size only marginally), the 

role of these synthetic parameters was no longer investigated in the case of Pd-

NPs stabilized with different thiols. 

Pd-nanoparticles featuring a high density of carboxylate functional groups at 

the edge of the single monolayer have been conveniently prepared from the 

procedure outlined above for MUA-Pd nanoparticles, except for the use of 

phosphoric acid. Indeed, the absence of the strong acid leads to carboxylic acid 

deprotonation upon simple addition of the reducing agent, followed by rapid 

nanoparticle precipitation. Notably, the as-prepared carboxylate Pd-nanoparticles 

(MUAte-Pd), which are protected against undesired agglomeration effects by the 

formation of a double layer of negative and positive charges, present high 

solubility in water (physiological conditions at pH 7.4) up to 10 mg of Pd per 

milliliter of solvent. Such a result is of major importance in light of their potential 

use in biological applications. 

Aimed at highlighting the extremely high versatility of this protocol, the 

synthetic procedure used for the preparation of MUA-Pd nanoparticles was 

successfully applied (with only minor changes) to other functionalized or simple 

alkyl thiols such as the 9-mercapto-1-nonanol (MN) and the 1-dodecanethiol (DT). 

DT-Pd nanoparticles were prepared in a mixture of THF/H2O (instead of 

acetone/H2O) in order to ensure the solubility of the thiol-PdII species formed 



79 

 

upon DT addition to a solution of K2PdCl4. The final DT-Pd nanoparticles are 

soluble in organic solvents such as THF, DCM, toluene, and alkanes, while 

nanoparticles bearing hydroxyl functional groups at their edges (MN-Pd) show 

high solubility in methanol. The versatility of this protocol is further evidenced by 

the possibility of preparing mixed-monolayer protected Pd nanoparticles. By 

simple changes in the reaction conditions (i.e., the mixture of reagents), MUA-MN, 

MUA-DT, and MN-DT Pd nanoparticles were prepared, where the two different 

thiols (in a roughly 1/1 molar ratio) were brought on the nanoparticle board. 

Unlike “place-exchange” reaction protocols4 (where the production of mixed 

monolayers is severely limited by the equilibrium character of the process), the 

presented methodology allows for a fine-tuning of functional groups density 

decorating the nanoparticle surface, as well as a facile control of the nature of the 

functional groups in the mixed monolayers.  

 

 

Figure 4.5. Representative TEM images of MN-Pd (a) and DT-Pd (b) nanoparticles prepared 

at room temperature (reduction step) and thiol/Pd molar ratio = 0.5, with fast addition of 

the reducing agent. 

Figure 4.5 shows two representative TEM images of the MN-Pd (a) and DT-Pd 

(b) nanoparticles, respectively. Both samples present similar nanoparticle 

distributions to those observed for the MUA-Pd sample with an average 

nanoparticles diameter of ~2 nm. In the case of nanoparticles stabilized by mixed 

monolayers, TEM images have finally revealed the presence of similar 

nanoparticles (average diameter of ~2 nm), although small metal clusters are also 

present throughout the whole scanned area. 

The 1H NMR spectra of the MN- and DT-Pd nanoparticles show almost similar 

patterns to the MUA-Pd one, featured by the absence of clear resonances from 

the methylene groups vicinal to sulfur atoms and broadened signals for all other 

methylene moieties (Figure 4.6, top). While signals around 3.6 ppm in the MN-Pd 

NPs 1H NMR spectrum have been unequivocally attributed to the hydroxyl vicinal 

methylene groups, the resonance around 0.8 ppm in the DT-Pd NPs 1H NMR 

spectrum reasonably belongs to the terminal methyl groups of the thiol alkyl 

chains.24 In the case of the mixed-monolayer Pd nanoparticles, the 1H-NMR 

spectra clearly demonstrate that both thiols are present in the monolayer (Figure 

6, left). Most importantly, the initial thiols molar ratio is entirely maintained in the 

final nanoparticles monolayer composition, as evidenced by the integrals of the 

characteristic resonances unequivocally assigned to the two thiols. Though the 

classical I2 decomposition method24 for the quantitative estimation of the 

monolayer composition can be applied to particles protected by alkyl thiols, we 

found that when the acidic groups are present in the monolayer this procedure 

failed in giving quantitative results. Nevertheless, the estimation of the monolayer 

composition based on the signals of the groups far from the metal core has been 

conveniently applied in our case. 
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Figure 4.6. (top) 1H-NMR spectra of MN-Pd (in CD3OD), DT-Pd (in CDCl3), and mixed MUA-

DT (in acetone-d6), MUA-MN (in CD3OD), and MN-DT nanoparticles (in CD3OD). (bottom) FT-

IR spectra of free MUA, MUA-Pd nanoparticles and MUAte-Pd nanoparticles (KBr pellets). 

FT-IR spectroscopy has also been applied to the characterization of the NPs 

monolayer composition. As Figure 4.6 (bottom) shows, the most relevant 

difference among the IR spectra of MUA-Pd, MUAte-Pd nanoparticles and free 

MUA, is represented by a slight shift of the ν(C=O) vibrational mode. Indeed, the 

carboxylic groups of the MUA-Pd NPs show a shift of the ν(C=O) mode (compared 

to the free-MUA) of about + 13 cm-1, while a red-shift (compared to the free thiol) 

is observed for the MUAte-Pd NPs (1563 cm-1). Minor shifts attributed to the 

symmetric (MUA-Pd 2853 cm-1; MUAte-Pd 2848 cm-1; MUA 2849 cm-1) and 

antisymmetric (MUA-Pd 2926 cm-1; MUAte-Pd 2918 cm-1; MUA 2919 cm-1) C-H 

stretching modes suggest the presence of gauche defects in the monolayer 

packing23 caused by intermonolayer hydrogen bonding between adsorbed MUA 

molecules. FT-IR spectra of MN- and DT-Pd nanoparticles do not show relevant 

differences from those reported for MUA-Pd NPs (not shown). 

Thermogravimetric analysis conducted on the MUA-Pd nanoparticles (Figure 

4.7) has revealed an organic content of about 45 wt %. This value, higher than 

that typically measured in the case of Au-based nanoparticles of similar size,23 

well fits with previous observations related to alkanethiol-protected Pd 

nanoparticles.10 Such an increased organic/metal ratio in the Pd NPs can be 

ascribed to several reasons: (a) the presence of subnanometer particles not clearly 

visible with a conventional TEM microscopy technique (due to the poor TEM 

contrast of Pd nanoparticles compared with Au ones25), (b) the reduced Pd atomic 

radius compared to Au, and (c) the presence of residual tiara Pd(II) thiolate 

complexes (Pd-thiol staple motifs),26 as observed also for Au-based systems.27 In 

the case of MN and DT-Pd NPs, an organic content of about 35 wt % was 

obtained, which can be due to slightly larger average diameters of the as-

synthesized nanoparticles (Figures 4.8 and 4.9). 
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Figure 4.7. TGA profile of MUA-Pd nanoparticles. 

 

 

Figure 4.8. TGA profile of MN-Pd nanoparticles. 

 

Figure 4.9. TGA profile of DT-Pd nanoparticles. 

 

MUA-Pd nanoparticles have been investigated with respect to the reactivity of 

the carboxylic groups at the edge of the monolayer, using selected amidation 

and/or esterification protocols; such an approach paved the way to the 

preparation of complex molecular architectures directly at the nanoparticles 

surface.28,29 As for the MUA-Pd NPs, amidation was conducted in the presence of 

either 1-hexadecylamine or benzylamine,30 while the ester derivative was 

prepared by reaction with 1-hexanol;31 in both cases the carboxylic acid activation 

was conveniently achieved according to literature procedures. As a result, both 

post-functionalized MUA-Pd NPs showed enhanced solubility in polar and apolar 

organic solvents such as CH2Cl2, CHCl3 and toluene, ultimately confirming the 

occurrence of an extensive monolayer derivatization. 1H-NMR and FT-IR spectra 

(Figures 4.10-4.12) have unambiguously demonstrated  the high derivatization 
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degree and the presence of amido and ester groups throughout the nanoparticle 

surface. Finally, the thermogravimetric analysis conducted on 1-hexadecylamine-

derivate nanoparticles has shown a slightly higher organic content (60 %) 

compared with that measured on pristine MUA-Pd NPs; this result fits well with an 

almost complete derivatization of the original carboxylic groups present at the 

surface of the NP monolayer. 

 

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
 

ppm  

Figure 4.10. 1H-NMR spectrum (in CDCl3) of 1-hexadecylamine-coupled MUA-Pd 

nanoparticles.  
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Figure 4.11. 1H-NMR spectrum (in CDCl3) of benzylamine-coupled MUA-Pd nanoparticles.  
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Figure 4.12. FT-IR spectrum (KBr pellet) of benzylamine-, 1-hexadecylamine- and 1-

hexanol-coupled MUA-Pd nanoparticles. Typical amide C=O band can be seen at ~1640 

cm-1, while C=O ester band is visible at 1735 cm-1. 

 

The preparation of MUA-functionalized Pt nanoparticles could not be carried 

out through the simple replacement of the Pd precursor with a Pt salt. This is due 

to the different reduction potentials of Pd(II) and Pt(II) moieties (PdCl4
2-/Pd0 = 0.62 

V, PtCl4
2-/Pt0 = 0.73 V in acidic solution), with the former being much easier to 

reduce. In addition, the presence of thiol ligands undoubtedly modifies the 

reduction potentials, with the result that the Pt-thiol complex cannot be reduced 

with NaBH4.32 Place-exchange reactions between alkyl and functionalized thiols 

cannot be used due to the low density of functionalities achievable with this 

method.4 Therefore, it was necessary to develop an alternative strategy for 

preparation of MUA-Pt nanoparticles that was based on a ligand place-exchange 

reaction of a thiol for an amine as reported in Scheme 4.2. 

 

 

Scheme 4.2. Schematic representation of the procedure used to prepare MUA-protected 

Pt nanoparticles. 

 

The preparation of dodecylamine-protected Pt nanoparticles was based on 

the use of LiBEt3H as the reducing agent, which is incompatible with carboxyl 

groups but compatible with amine functionalities. Then, although it is typically 

difficult to achieve a high coverage of a desired ligand by exchanging one thiol 

for another,5 we found that dodecylamine can be efficiently displaced by the thiol 

due to the strong and favored Pt-S bond. In our method, PtCl4
2- was transferred 

into an organic phase (CH2Cl2) using tetraoctylammonium bromide (TOABr) as the 

phase transfer agent, added with amine and reduced by excess LiBEt3H. TEM 

images of purified dodecylamine-Pt nanoparticles, shown in Figure 4.13, 

indicated the particles were small (<3 nm), with an average diameter of 2.0±0.3 
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nm. Figure 4.14 instead shows TEM images of the purified Pt particles acquired 

after place exchange and indicates that there was no appreciable change in 

particle dimensions or size distribution (σ = 0.3 nm) compared to the Pt-

dodecylamine particles. Notably, the parent Pt-dodecylamine particles are soluble 

in relatively non-polar solvents (CH2Cl2, toluene and alkanes) but are insoluble in 

more polar solvents such as THF, ethanol, and acetone. After place exchange with 

MUA, however, the particles are completely soluble in more polar solvents, and 

insoluble in CH2Cl2, suggesting that complete ligand exchange was successful. FT-

IR experiments (not shown) further demonstrated that the ligand exchange was 

complete. 

 

 

Figure 4.13. Representative TEM image of dodecylamine-protected Pt nanoparticles (left), 

along with a histogram indicating particle size distribution (right). 

 

Figure 4.14. Representative TEM image of 11-mercaptoundecanoic acid-protected Pt 

nanoparticles (left), along with a histogram indicating particle size distribution (right). 

 

The successful applicability of MUA-Pd nanoparticles as heterogeneous 

catalysts in combination with ceria as support will be thoroughly described in the 

next Chapter. In addition, Hyeon and co-workers have shown the use of polymer 

protected Pd NPs in Suzuki cross-coupling reactions,7 and Astruc and co-workers 

have also demonstrated that dodecanethiol protected Pd nanoparticles are active 

heterogeneous catalysts for the same cross-coupling reaction.33 Suzuki cross-

couplings are generally carried out using relatively large amounts of expensive Pd 

salts or organopalladium complexes, which are often difficult to recycle and need 

inert or controlled reaction atmospheres.34 In order to overcome this problem, we 

were interested in evaluating the catalytic properties of our MUA-Pd NPs 

(prepared as follows: room temperature of the reduction step, thiol/Pd molar 

ratio = 0.5, fast addition of the reducing agent) as versatile, easily handled, and 

reusable heterogeneous catalysts for Suzuki cross-couplings. A selection of the 
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catalytic results for cross-coupling reactions carried out with our MUA-Pd 

nanoparticles under literature conditions7 is listed in Table 4.1. 

 

Table 4.1. Suzuki cross-coupling reactions catalyzed by MUA-Pd nanoparticles.a 

 

 

Entry R X t (h) Yield (%)b 

1 H I 8 > 99 

2 4-CH3CO I 2 > 99 

3 2-CH3 I 4 98c 

4 H Br 12 92 

5 4-CH3CO Br 4 > 99 

6 4-CN Br 1 > 99 

7 4-NO2 Cl 12 91 

a Reaction conditions: 1.0 mmol aryl halide, 1.3 mmol phenylboronic acid, 1.5 mmol NaOH, 

MUA-Pd nanoparticles (2 mol % as Pd), 5 mL N,N-dimethylformamide (DMF), 90 °C. b 

Reaction yields are determined by gas chromatography-mass spectrometry (GC-MS) 

analysis using naphthalene as internal standard. c Reaction yield > 99% after 8 hours. 

 

Under basic reaction conditions, the NPs are present in their carboxylate form 

and can be easily recovered and separated from the reaction mixture already at 

room temperature. Once the mixture is heated at 90 °C, the MUAte-Pd 

nanoparticles show excellent catalytic performances in the cross-coupling 

reaction of phenylboronic acid with several aryl halides. Reaction with iodide 

precursors are generally faster than bromides (Table 4.1, entries 1, 2 and 3 vs. 4, 5 

and 6), leading almost quantitative substrate conversions even in the case of 

more sterically hindered aryl halides (entries 3 and 6). The reaction with the less 

reactive 4-nitrochlorobenzene (entry 7) has been used to widen the applicability 

of our protocol as well as to complete a general reactivity trend of the aryl halides 

under cross-coupling conditions (Aryl-I > Aryl-Br > Aryl-Cl). For all cases 

scrutinized, almost undetectable amounts (<< 1%) of the phenylboronic acid 

homocoupling byproduct were identified in the GC traces of the reaction mixture. 

These results are even more important in light of the very simple reaction 

conditions used (no oxygen-free conditions and solvents are required), the 

catalyst handiness and its facile and complete recovery at the end of the catalytic 

process (through a simple centrifugation of the precipitated Pd NPs from the 

reaction mixture). Accordingly, NPs recovery and re-use cycles have been studied 

in the Suzuky cross-coupling protocol using either iodo-benzene (Table 4.1, entry 

1) or 4-bromo-benzonitrile (Table 4.1, entry 6) as model aryl halides. Table 4.2 lists 

the catalytic performances of our MUA-Pd nanoparticles in terms of reaction 

yields as obtained from their recycling in five successive cross-coupling protocols. 

Only a slight decrease of the catalytic activity was observed in the first five cycles, 

indicating the high stability of the Pd NPs as catalyst for the Suzuki cross-coupling 

reaction. It seems that little differences (yield decrease) among the successive 

catalytic cycles are due to a partial catalyst loss during the centrifugation/washing 

treatment (NPs recycling). Remarkably, MUA-Pd nanoparticles can be isolated and 

re-dissolved (by acid treatment) after each cycle, with no appreciable loss of their 

catalytic performance throughout the whole recycling tests.  
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Table 4.2. Recycling cycles for Suzuki cross-coupling reactions catalyzed by MUA-Pd 

nanoparticles.a 

Substrate / Yield % 1st 2nd 3rd 4th 5th 

Iodobenzene > 99 98 98 97 98 

4-bromobenzonitrile > 99 98 98 98 95 

a Reaction conditions: 1.0 mmol aryl halide, 1.3 mmol phenylboronic acid, 1.5 mmol NaOH, 

MUA-Pd nanoparticles (2 mol % as Pd), 5 mL N,N-dimethylformamide (DMF), 90 °C. 

Reaction time: 8 h for iodobenzene, 1 h for 4-bromobenzonitrile. 

 

Pd leaching was assessed for each catalytic cycle by ICP analysis of the metal 

content in the crude reaction mixtures after the NPs removal by centrifugation; 

the amount of leached palladium was found to be absolutely negligible for each 

run (< 1 ppm). 

 

 

4.3 Conclusions 

 

In this chapter simple and highly efficient procedures for the large scale 

synthesis of differently functionalized thiol-protected Pd nanoparticles and of 

MUA-Pt nanoparticles with rather small average NPs diameter and narrow NPs 

size distribution was presented. MUA-Pd nanoparticles (~ 2 nm) have amphiphilic 

nature, because they are soluble in both organic solvents, when the functional 

group at the edge of the SAM is present in its  protonated form, and water when 

it is deprotonated (carboxylates). A systematic study of the synthetic conditions 

applied to the NPs production (reaction temperature, thiol/Pd molar ratio and 

reductant addition rate) as well as their morphological outcome has been 

properly addressed. The optimized synthetic protocol has also been applied to 

the preparation of hydroxyl functionalized nanoparticles (MN-Pd) and alkyl Pd 

nanoparticles (DT-Pd). Thiol mixtures have been finally used to prepare mixed-

monolayer stabilized Pd nanoparticles with tunable properties, while easy 

derivatization protocols have been successfully applied to the MUA-Pd NPs for 

the preparation of ester- or amido-substituted NP mono-layers. 

MUA-Pt nanoparticles were prepared using a slightly modified procedure to 

bypass some problems related with the different characteristics of Pt from Pd. 

Initially, dodecylamine-stabilized Pt nanoparticles were prepared, followed by the 

complete place-exchange of the amine with MUA. 

MUA-Pd nanoparticles have been finally scrutinized as highly efficient, easily 

handled and re-usable catalysts for Suzuki cross-coupling reaction with different 

aryl halides. Furthermore, in the next chapters the advantageous use of these 

functionalized particles will be appreciated in the preparation of core-shell 

structures using self-assembly methods. 

Both MUA-Pd and Pt nanoparticles are the precursors for the preparation of 

embedded core-shell systems, as we will see in the next chapter. 
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5. 

SELF-ASSEMBLY APPROACH TO 

DISPERSIBLE METAL@OXIDE CORE-SHELL 

STRUCTURES 

Chapter 3 presented co-precipitation procedures for the preparation of 

embedded Pd and Au catalysts. The results were encouraging as they 

demonstrated that it was possible to limit the sintering of the metal phase under 

reaction conditions, nevertheless some limitations were also present. In 

particular, the embedding of the metal phase was difficult to control and the 

metal-support interface was not easily tailored. 

Chapter 4 described the synthesis of functionalized Pd and Pt nanoparticles 

containing COOH groups exposed on the surface of the organic protecting 

monolayer. These nanoparticles are the key precursors to be used for the 

advanced preparation of core-shell structures. 

In the present chapter, a further strategy for the preparation of palladium-

ceria core-shell structures is presented. It is based on the self-assembly of ceria 

around the preformed, functionalized Pd nanoparticles described. The method is 

then extended to other M@oxide combinations (M = Pd, Pt; oxide = TiO2, ZrO2, 

CeO2) demonstrating the versatility and generality of the approach. 

 

 

5.1 Experimental 

 

5.1.1 Materials 

 

Potassium tetrachloropalladate(II) (32.04 % as Pd) was purchased from 

ChemPur. Cerium ammonium nitrate ((NH4)2Ce(NO3)6, CAN, ≥98.5%), 11-

mercaptoundecanoic acid (MUA, 95%), sodium methoxide (ca. 25 wt. % in 

methanol), zirconium(IV) butoxide solution (80 wt% in 1-butanol), titanium(IV) 

butoxide (97 %), tetraoctylammonium bromide (TOABr, 98+ %) and dodecanoic 
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acid (99% minimum) were purchased from Sigma-Aldrich. Tetraoctylammonium 

bromide (TOABr, ≥98%) and Pd(NO3)2·2H2O (~40% as Pd) were purchased from 

Fluka. 1-Decanol (98+%) was purchased from Alfa Aesar, and NaBH4 (98+%) from 

Acros Organics. Al2O3 Puralox TH100/150 was purchased by Sasol and calcined at 

900 °C for 24 h. Prior to being used, the Al2O3 was degassed under vacuum at 225 

°C overnight. All the solvents were of reagent grade and used as received, except 

those used for the preparation of cerium(IV) tetrakis(decyloxide). The solvents 

used in the preparation of this compound were stored over activated 3 Å 

molecular sieves overnight prior to use. Deuterated solvents were purchased 

from Aldrich and used as received. 

 

5.1.2 Synthesis of Pd@CeO2 structures 

 

MUA-Pd nanoparticles were prepared according to the procedure described 

in Chapter 4. The conditions employed for all the preparations were: RT, thiol/Pd 

0.5 molar ratio, fast addition of the reductant to obtain final particles with average 

dimensions of 1.8 ± 0.3 nm. 

Cerium(IV) tetrakis(decyloxide) was prepared with an optimized procedure 

than that reported in Chapter 3. Cerium (IV) ammonium nitrate (CAN) (5.00 g, 9.12 

mmol) was dissolved in 50 mL of MeOH, after which 1-decanol (6.97 mL, 4 mol vs 

Ce) was added. Next, a 25 wt % solution of MeONa in MeOH (12.51 mL, 6 mol 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 used without further 

purification. 

The preparation of Pd@CeO2 with the desired composition (Pd concentration 

of 2.5, 10, or 50 wt %) was achieved by adding the THF solution of MUA-Pd 

nanoparticles to the THF solution of cerium(IV) tetrakis(decyloxide), followed by 

the addition of a THF solution of dodecanoic acid. Typically, 10 mL of the THF 

solution of MUA-Pd nanoparticles was slowly added to 10 mL of the THF solution 

of cerium(IV) tetrakis(decyloxide), followed by the addition of dodecanoic acid (1 

mol vs Ce) dissolved into 10 mL of THF. Hydrolysis of cerium(IV) alkoxide in the 

Pd-Ce solution was carried out by slowly (over a period of 4 h) adding up to 1.2 

mL of H2O (up to 120 mol vs Ce) dissolved in 10 mL of THF. 

 

5.1.3 Extension to other M@oxide structures 

 

MUA-Pt nanoparticles were prepared as reported in Chapter 4. 

The general procedure for the preparation of M@Oxides nanostructures 

containing 10-wt% metal and 90-wt% oxide was similar to the procedure 

reported above for Pd@CeO2 nanostructures. The desired composition was 

achieved by adding a given volume of a standard solution of Pd or Pt 

nanoparticles to a solution containing the appropriate mass of titanium, 

zirconium or cerium alkoxide. Typically, 7.0 mL of a THF solution containing the 

metal nanoparticles (0.064 mmol as metal) was added dropwise to a solution of 

the alkoxide (0.715 mmol) in THF (10 mL) with vigorous stirring, followed by 

addition of dodecanoic acid (1 mol vs the alkoxide). Hydrolysis of the alkoxide 
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was carried out by adding up to 0.5 mL of H2O dissolved in THF dropwise over 

one day. 

 

5.1.4 Preparation of alumina-supported catalysts 

 

An appropriate mass of Al2O3 was added to the dissolved M@Oxide particles in 

THF to achieve a loading of 1-wt% M and 9-wt% Oxide. After the mixture was 

stirred for 2 h, the THF was removed by evacuation, after which the powder was 

dried at 120 °C, crushed to particle sizes below 150  m, and finally calcined at 500 

°C for 5 h, using a heating rate of 3 °C min-1 to reach the calcination temperature. 

For comparison purposes, experiments were also conducted on conventional 1-

wt% Pd/Al2O3 and 9.09-wt% CeO2/Al2O3 catalysts. The 1-wt% Pd/Al2O3 sample was 

made by incipient wetness of (NH3)4Pd(NO3)2 onto the Al2O3 support. The 9.09-

wt% CeO2/Al2O3 catalyst was prepared by slowly hydrolyzing cerium(IV) alkoxide 

in a stirring solution of 1 g of Al2O3 in 20 mL of THF. All of the resulting powders 

were then dried at 60 °C overnight. Before any testing, the powders were crushed 

with a mortar and pestle and subsequently calcined in air at 500 °C for 4 h. 

 

5.1.5 Characterization and catalytic techniques 

 

NMR spectra were recorded on a JEOL GX-400 MHz (operating at 400 MHz for 

1H) using CDCl3 or Acetone-d6 as solvents. 1H-NMR spectra were referenced to the 

residual protons in the deuterated solvent. FT-IR spectra were recorded on a 

Perkin-Elmer FT-IR/Raman 2000 instrument in the transmission mode using KBr 

pellets of the sample. UV-Visible spectra were recorded on a UV-Vis Unicam Helios 

  spectrophotometer. 

Specimens for Transmission Electron Microscopy (TEM) were prepared by 

placing a single drop of the sample dissolved in THF onto a 200-mesh copper grid 

coated with an amorphous holey carbon film. The grid was then dried in air for 24 

h. Images were obtained with a JEOL 2010F high-resolution field-emission 

microscope (1.7 nm point-to-point resolution), operating at 200 keV and 

equipped with a Gatan slow-scan CCD camera (mod. 794), X-ray energy dispersive 

spectroscopy (EDS, PGT-IMIX), and EELS (Gatan Imaging) used for energy filtered 

imaging. The latter technique is used to collect the electrons that have lost 

energy in a given range of the Electron Energy Loss (EEL) spectrum, thus allowing 

to discriminate in the sample the contributions from different elements. 

Elemental composition profiles of the samples were measured using EDS in 

Scanning Transmission Electron Microscopy (STEM) mode using a spot size of 25 

nm. Damage or transformation of the samples were not observed under the 

experimental conditions during investigation. 

Samples for Atomic Force Miscroscopy (AFM) were prepared by placing a 

single drop of a very dilute solution of the prepared nanoparticles/nanostructures 

onto a cleaned YSZ(100) single crystal and then evaporating the solvent under a 

stream of dry nitrogen. Prior to deposition, the YSZ substrate was cleaned by 

immersion in piranha solution (conc. H2SO4 and 30% H2O2, 3:1) at room 

temperature for at least a half hour, followed by thorough rinsing in deionized 

H2O, acetone, and finally by drying under a stream of nitrogen. All AFM 

measurements were performed on a Pacific Nanotechnology Nano-E AFM system 

operated in close-contact (tapping) mode. 

The Pd dispersion was determined by CO adsorption. A fixed pretreatment 

procedure was used for the Pd@CeO2/Al2O3 catalyst. Specifically, 0.3 g catalyst 

was loaded into a sample cell and evacuated at 400 °C. While holding the sample 
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at 400 °C, it was exposed to 200 Torr O2 for several minutes, evacuated, and 

reexposed to 200 Torr O2 and evacuated twice more. Afterward, the sample was 

cooled to 150 °C and exposed to 200 Torr H2 for several minutes to reduce the Pd 

and then evacuated at 150 °C, three times. To suppress the reaction of CO with 

ceria, the adsorption measurements were performed at -78 °C by cooling the 

sample in a dry ice/acetone bath according to the procedure reported by Tanabe 

and coworkers.1 CO uptake was determined by adding small pulses of CO until a 

rise in the pressure of the sample cell was detected. 

All catalytic tests were conducted at atmospheric pressure. The fresh samples 

were positioned in the reactor and pretreated in a flowing mixture of 5% O2 – 

95% Ar at 40 mL min-1 for 30 minutes at 450 °C, after heating from room 

temperature at 10 °C min-1. No other activation procedures (e.g. reduction) were 

performed.  

For the CO oxidation, ~ 38 mg of catalyst were used and the total gas flow rate 

under reaction conditions was 48.0 mL min-1 in order to ensure a Gas Hourly 

Space Velocity (GHSV) of ~75,000 mL g-1 h-1. The feed gas was 1.0 % CO and 4.0 % 

O2, diluted in Ar. The gaseous mixture was introduced into the reactor at RT and 

the reactor was then heated to 150 °C at 2 °C min-1. 

For the Water-Gas Shift-Reaction (WGSR), ~ 43 mg of catalyst were used and 

the total gas flow rate under reaction conditions was 54.3 mL min-1 in order to 

ensure a Gas Hourly Space Velocity (GHSV) of ~75,000 mL g-1 h-1. The feed gas was 

3.0 vol % CO and 3.0 vol % H2O, diluted in Ar. The gaseous mixture was 

introduced into the reactor at 250 °C and the reactor was then heated to 400 °C at 

2 °C min-1.  

For the methanol steam reforming reaction, ~ 16 mg of catalyst were used 

and the total gas flow rate under reaction conditions was 39.4 mL min-1 in order 

to ensure a Gas Hourly Space Velocity (GHSV) of ~150,000 mL g-1 h-1. The feed 

mixture was CH3OH/H2O 1 : 4, diluted in Ar. The gaseous mixture was introduced 

into the reactor at 125 °C and the reactor was then heated up to 500 °C at 0.5 °C 

min-1.  

Reactants and products were analyzed using the mass spectrometer as 

detector for WGS and CO oxidation reactions, and with the GC chromatograph for 

the methanol steam reforming reaction. 

 

 

5.2 Results and discussion 

 

The synthetic procedure for M@oxide nanostructures consists of the following 

three steps, shown schematically in Figure 5.1: (1) the synthesis of thiolate-

protected Pd or Pt nanoparticles using 11-mercaptoundecanoic acid (MUA) as the 

passivating agent, either directly (Pd) or through place-exchange on 

dodecylamine-capped nanoparticles (Pt); (2) the self-assembly of titanium, 

zirconium or cerium alkoxide on the protected nanoparticles and the 

modification of the alkoxide by means of dodecanoic acid; and (3) the hydrolysis 

under controlled conditions of the remaining alkoxy groups to obtain dispersible 

M@oxide nanostructures. 

It is important to recognize that it was essential to achieve a very high density 

of carboxylic groups on the surface of the particles to successfully synthesize the 

dispersible M@oxide nanostructures. Consistent with this, the use of a mixed 

monolayer in the case of Pd nanoparticles, as reported in the literature,2 resulted 

in the formation of agglomerates when the hydrolysis process was carried out. 
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Therefore, particular attention was given to the synthesis of MUA-protected Pd or 

Pt nanoparticles, as reported in the previous chapter. 

 

 

Figure 5.1. Schematic representation of the procedure to obtain dispersible Pd@CeO2 and 

other M@oxide core-shell nanostructures. 

 

The second preparation step consists in the coupling reaction between a 

metal alkoxide, which is used as the oxide shell precursor, and the as-synthesized 

MUA-Pd or Pt nanoparticles. The reaction proceeds by exchange between an 

alkoxy group on the alkoxide precursor and carboxylic moieties on the surface of 

the metal particles, the latter functionalities being stronger ligands then alkoxy 

groups.3 The addition of “weakly coordinated” cations such as Ce(IV) from 

(NH4)2Ce(NO3)6 to MUA nanoparticles results in agglomeration due to the 

formation of networks between the particles. In contrast, the use of long-chain 

alkoxide precursors allows for self-assembly of an oxide layer on the outside of 

the metal particles without agglomeration, with the alkoxide tails providing the 

necessary steric repulsion to keep the particles well separated. However, to favor 

the assembly process with respect to the formation of networks/agglomerates, it 

was necessary to add the solution of metal nanoparticles to the alkoxide solution 

slowly to ensure that the alkoxide remain in excess. We observed that adding the 

alkoxide to a solution of metal particles caused the particles to agglomerate and 

then to precipitate out of solution. Presumably, with a deficit of alkoxide, 

carboxyls on different particles can bind to the same cation moiety, resulting in 

agglomeration. 

The subsequent addition of dodecanoic acid (1 mol with respect to the 

alkoxide) caused the partial replacement of the alkoxy groups. Dodecanoic acid 

serves two main purposes: to modulate hydrolysis of the alkoxide and to confer 

solubility to the final product. The added dodecanoic acid is limited to 1 mol to 

preserve most of the alkoxy groups. Because the hydrolysis of, for example, 

carboxylate-cerium complexes is difficult and these compounds are stable in 

water,4 using a large excess is undesirable. Sufficient dodecanoic acid is required 

to control the rates of hydrolysis and condensation and to allow for control over 

the growth of the oxide layer. Carboxylic acids are known to modify hydrolysis for 

alkoxides of titanium alkoxides.3 Furthermore, sufficient dodecanoic acid is 

required to confer solubility to the final product. The last step consists of the 

hydrolysis of the metal-alkoxide system following treatment with dodecanoic 

acid, from which a hybrid organic-inorganic material composed of MUA-

protected Pd or Pt nanoparticles and an oxide layer is obtained (Figure 5.1). By 

changing the amount of the alkoxide that is added to the particles, it is possible 

to obtain different concentrations of metal (2.5, 10, or 50 wt %) and to tune the 

thickness of the oxide layer around the particles. 

The FT-IR spectrum of Pd(2.5 wt %)@CeO2 indicates the presence of COO-Ce 

bonds (Figure 5.2), with two strong bands located at 1530 and 1427 cm-1 that are 

typical for the stretching modes of chelated carboxylic groups bound to Ce.5,6 This 
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suggests that dodecanoic acid tails are still present in the nanostructures, and 

they determine the solubility of the final system in non-polar solvents. 
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Figure 5.2. FT-IR spectrum of dispersible Pd(2.5 wt. %)@CeO2 core-shell nanostructures 

(KBr pellet). 

 

The effective removal of all coordinated alkoxy groups by washing with 

acetonitrile was confirmed by means of 1H NMR (Figure 5.3). The 1H spectrum of 

Pd(2.5wt %)@CeO2 exhibits signals associated with dodecanoic acid tails only. 

Signals related to the MUA-Pd nanoparticle cores are not detectable due to their 

low concentration. Furthermore, the signal corresponding to the methylene 

group next to the carboxylic group is broadened into the baseline, and the other 

signals are markedly broadened as well, likely a result of the slow mobility of 

these assemblies in solution and the formation of a hybrid organic-inorganic 

material. 
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Figure 5.3. 1H-NMR spectrum of dispersible Pd(2.5 wt. %)@CeO2 nanostructures in CDCl3. 

The sharp signal at ~2.1 ppm is due to acetone. 

 

The structures are effectively dispersible in a range of solvents, from THF to 

hydrocarbons such as hexane, without any sign of aggregation. Moreover, they 

can be isolated after removing the solvent and redissolved again. This property 

will be very important for many applications, as we will appreciate in the 

following paragraphs and better in the next chapters. 
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The preparation of dispersible metal@oxide core-shell nanostructures has 

been demonstrated using Atomic Force Microscopy (AFM), TEM and STEM. 

AFM has proven to be a convenient means of following the development of 

Pd(2.5 wt %)@CeO2 structures. Although resolution in the lateral (x, y) dimensions 

is limited by probe tip convolution,7 nanoparticle heights (z dimension) can be 

effectively measured with subnanometer resolution. Unlike TEM, which is 

sensitive mainly to the metallic core, AFM is sensitive to the entire structure, 

consisting of both the Pd core and the organic ligands in the monolayer. Images 

were obtained in the tapping mode to avoid tip-induced particle mobility 

observed when contact-mode is employed.8 The materials were analyzed starting 

from MUA-Pd nanoparticles (Figure 5.4, top), to the intermediate Pd-Ce alkoxide 

assembly (Figure 5.4, middle), to the final dispersible Pd@CeO2 core-shell 

nanostructures (Figure 5.4, bottom). These results must be viewed as qualitative, 

because quantitative measurements would require further study on the tip-

sample or sample-substrate interaction. The deposition of the structures onto the 

substrate was found to give reproducible results, and images on different regions 

of the sample that were taken gave reproducible height measurements. 

On the basis of the AFM results, the starting MUA-Pd nanoparticles show an 

average height of about 3.0 nm. Taking into account the diameter of Pd core 

(about 1.8 nm) and the length of MUA chains (about 1.6 nm), a diameter of about 

5.0 nm would be expected. However, height anomalies are known to occur for 

particles with dimensions less than 10 nm, and the discrepancy in our case could 

be attributed to tip-sample interactions,9 a tilting angle of the chains in the 

monolayer,10 or the flattening of the organic monolayer.11 It is also possible, but 

less probable, that the entire organic monolayer does not survive in the 

deposition process. 

 

Figure 5.4. AFM images of MUA-Pd nanoparticles (top), Pd-Ce alkoxide assemblies 

(center), and dispersible Pd@CeO2 core-shell nanostructures (bottom) together with line-

height measurements. 
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When the particles are reacted with Ce(IV) alkoxide, the average particle 

height increases to about 5.0 nm. This difference agrees with the expected 

increase in the diameter of the assemblies due to the presence of the alkoxide 

tails. The expected increase in particle diameter would be 3.2 nm, but the 

diameter is again lower, likely for the same reasons discussed above. 

Following hydrolysis to obtain the dispersible Pd@CeO2 nanostructures, the 

size of the particles increased to an average of approximately 30 nm. In this case, 

some larger aggregates (up to ca. 90 nm) are present as well; these are probably 

agglomerates of more than one discrete particle. Assuming that the dodecanoic 

acid chains contribute to the overall diameter of the system by 3.2 nm, the AFM 

results would suggest formation of a CeO2 shell about 11 nm thick. Using the 

densities of CeO2 and metallic Pd, the size of the MUA-Pd core (3.0 nm), and 

assuming a spherical Pd core and CeO2 shell, we estimate that the shell thickness 

should be approximately 2.5 nm for Pd@CeO2 nanostructures that are 2.5 wt % Pd 

and 97.5 wt % CeO2, if the ceria layer were dense. We suggest that the Pd@CeO2 

particles are much larger than this because the Pd@CeO2 nanostructures are 

highly porous, with the ceria layer being composed of small ceria crystallites. 

Indeed, catalytic data that will be discussed later indirectly confirm the porous 

nature of the ceria layer and the accessibility of the Pd surface to reactive 

molecules. 

Pd@CeO2 nanostructures were also characterized using TEM and STEM 

techniques. Because of the high electron density of CeO2, imaging metals on this 

support can be difficult,12 and this problem is exacerbated when the metal is fully 

surrounded by CeO2. Therefore, to facilitate the visualization of Pd cores, we 

prepared Pd@CeO2 nanostructures with a lower ceria layer thickness (ceria from 

97.5 to 50 wt %). Nevertheless, high-resolution TEM (HRTEM) images show only 

crystallites with lattice spacing of 0.33 nm (Figure 5.5), in agreement with the 

(111) lattice spacing of CeO2.  

 

 

Figure 5.5. TEM and HRTEM images of dispersible Pd@CeO2 nanostructures. 

 

It should be noted that, despite the fact that the lattice spacing is in 

accordance with the formation of CeO2, we cannot rule out that at least a fraction 

of the material is composed by a mixture of CeO2 and cerium oxy-hydroxy 

complexes. However, HRTEM characterization suggests that, if this occurs, most of 

the material is composed by nanocrystalline CeO2.  

STEM images with associated energy dispersive X-ray analysis (EDS) (Figure 

5.6) show individual particles having the correct Pd, S, Ce, and O compositions.  

Because electron energy loss spectroscopy (EELS), in association with STEM, 

can differentiate compositions in core-shell structures,13 we obtained similar 

images using an EELS filter to distinguish the elemental contributions, with 

representative results shown in Figure 5.7 (regions 1 and 2).  
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Figure 5.6. Representative STEM image (top) of dispersible Pd(50 wt. %)@CeO2 core-shell 

nanostructures and its associated EDS profile (bottom). Cu signal in the EDS profile is due 

to the grid used for the investigation. 

 

Figure 5.7A shows images obtained at the Ce postedge, where all of the 

elements (Ce, Pd and S) contribute to the final micrographs. The contributions 

from lighter elements, such as C and O, are limited due to their very low 

scattering factors. 

 

Figure 5.7. EELS maps of two different regions (denoted as 1 and 2) of dispersible 

Pd@CeO2 nanostructures. Respectively: Ce postedge (A, all of the elements contribute to 

the image), Ce map (B, only Ce contributes), and Ce pre-edge (C, only Pd and S contribute). 

The scale bars represent 20 nm. 

 

Removing the pre-edge contribution (mainly Pd and S) from the total 

postedge signals (Ce, Pd, and S) gives a map of the Ce distribution (Figures 5.7B), 

which is very similar to Figure 5.7A. Collecting the signals from the Ce pre-edge, 

which removes the Ce contribution from the image, results in Figures 5.7C. 

Individual particles having Pd and S are clearly visible, corresponding to the 

metallic cores. This is consistent with a Ce-containing layer surrounding the Pd 

particles and demonstrates the core-shell nature of the nanostructures. 

30 nm 
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HAADF-STEM characterization was performed also for the other combinations 

containing Pd or Pt as core and with titania and zirconia as shells. This is because 

the much higher Z contrast between the metal and the two oxides (see Chapter X 

characterization techniques) allowed us to clearly identify the composing parts. 

HAADF-STEM images are reported in Figure 5.8, whereas a representative EDS 

spectrum of Pt@TiO2 structures is reported in Figure 5.9. 

 

 

Figure 5.8. HAADF STEM images of prepared (a) 20-wt% Pt@80-wt% TiO2, (b) 20-wt% 

Pt@80-wt% ZrO2, (c) 20-wt% Pd@80-wt% TiO2 and (d) 20-wt% Pd@80-wt% ZrO2 

nanostructures. 

 

 

Figure 5.9. EDS spectra of region containing (a) Pt@TiO2 nanostructures and a (b) dark-

contrasted area. 

 

Bright, ~2 nm metal cores are clearly visible in HAADF-STEM images. The fact 

that the particle dimension after treatment with the alkoxides is similar to the 

initial value is a demonstration that the process does not affect metal particle size. 

The metal cores are surrounded by a lighter-than-background, amorphous 

zirconia film, which becomes more diffuse with distance from the Pt. The 

components of the core-shell structures were individually confirmed by EDS 

analysis. Based on the relative positions of the particles in Figure 5.8, the general 

thickness of the TiO2 and ZrO2 films in the structures appear to be approximately 

2 to 3 nm. This is much thinner than the shell thickness reported previously for 

Pd@CeO2 nanostructures reported above, where a CeO2 layer of 5 to 10 nm was 



99 

 

observed. Although the specific reasons for this difference are uncertain, we 

suggest that this may be due in part to a higher molecularity in the case of the 

cerium alkoxide (e.g. ([Ce(OR)4]n, where n > 1), since this could lead to a thicker 

oxide shell with ceria. 

 

 

5.3 Preliminary catalytic activity 

 

To highlight the accessibility of the metal particles and the potential of these 

precursors for the preparation of heterogeneous catalysts, we impregnated the 

Pd@CeO2 core-shell nanostructures onto a high surface area, thermally stable 

support (Al2O3).  

In the case of Pd@CeO2, CO oxidation, water-gas shift (WGS), and methanol 

steam reforming reactions were then used to test accessibility and activity. As 

shown in Figure 5.10, the present systems show promising, even if not optimized, 

activity for each of the reactions.  

For CO oxidation, a complete CO combustion was obtained below 100 °C 

under the present conditions. Under WGS, the thermodynamic equilibrium was 

reached around 350 °C. Finally, in the case of methanol steam reforming, a 

complete conversion of methanol was obtained already at 250 °C. All these 

elements clearly suggest that the active Pd phase must be accessible to the 

reactants (CO, water and even methanol). Furthermore, the present results 

indicate an intimate contact between the Pd and the ceria, as it is known that 

ceria enhances reaction rates for all these oxidation reactions.14 In addition, the 

catalyst exhibited significant CO uptake, corresponding to 11 % Pd apparent 

dispersion. All these observations imply that the ceria shell must be porous. 

 

Figure 5.10. Catalytic activity of Pd(1%)@CeO2(9%)/Al2O3, prepared from Pd@CeO2 

nanostructures, for CO oxidation (top), the water-gas shift (center), and methanol steam 

reforming (bottom) reactions. 
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A much better insight into the activity of these core-shell systems for the WGS 

reaction will be presented in the following chapters of the present thesis. 

 

 

5.4 Conclusions 

 

In conclusion of this chapter, we reported the successful preparation of 

dispersible metal@oxide core-shell nanostructures. We showed that the method 

is versatile allowing the preparation of several combinations using Pd or Pt as 

metal core and titania, zirconia or ceria as oxide shell. The method is based on the 

self-assembly between functionalized Pd or Pt nanoparticles and titanium, 

zirconium or cerium alkoxides. The core-shell nanostructures are effectively 

dispersible in a range of organic solvents without any sign of agglomeration. We 

demonstrated that the dimension of the metal core and the thickness of the 

oxide layer can be tuned and that the metal phase is accessible, so that these 

nanostructures are interesting precursors for the preparation of active 

heterogeneous catalysts, as we will appreciate better in the following chapters. 
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6. 

CATALYTIC APPLICATIONS OF Pd@CeO2 

DISPERSIBLE STRUCTURES FOR WGSR 

AND FUEL CELLS 

The preparation of dispersible metal@oxide core-shell structures was 

presented in Chapter 5. The preliminary catalytic activity of Pd@CeO2 structures 

dispersed on alumina was also shown for three different reactions. The 

preliminary catalytic activity showed by the samples is a demonstration that Pd 

cores are accessible to reactants. 

In the present and in the following chapter, we take further advantage of the 

dispersibility of the structures in organic solvents to deposit them onto different 

substrates. 

In particular, in the present chapter we demonstrate that the alumina 

supported, Pd@CeO2 catalysts exhibit unusual catalytic properties under WGS 

reaction conditions. Unlike bulk ceria,1 the ceria shell in these catalysts undergoes 

significant reduction in the WGS reaction environment. Although CO is able to 

adsorb on the Pd core of the oxidized catalyst, the reduced Pd@CeO2/Al2O3 

catalysts do not adsorb CO, so that these catalysts loose activity for the WGS 

reaction as they undergo reduction.  

In another application, the advantageous use of the same Pd@CeO2 

dispersible structures in the preparation of Solid Oxide Fuel Cell anodes is also 

presented. In this other case, we show that the Pd@CeO2 catalysts can be easily 

incorporated into Lanthanum Strontium Chromium Manganate / Yttrium-

Stabilized Zirconia (LSCM/YSZ) composite SOFC anodes and allow the fine tuning 

of the amount of catalytic materials incorporated. Furthermore, core-shell 

structures significantly enhance the catalytic oxidation activity of these anodes, 

and exhibit unusually high thermal stability relative to traditional infiltrated Pd 

and CeO2 catalysts. 

The results of these studies have implications for the development of more 

active and stable catalysts through the manipulation of nanostructure. 
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6.1 Experimental 

 

6.1.1 Pd@CeO2/Al2O3 catalysts 

 

Pd@CeO2 particles were prepared according to the procedure reported in 

Chapter 5. After dissolving the Pd@CeO2 particles in THF, the alumina (Sasol), 

which had been degassed at 225 °C overnight, was added to the solution. This 

solution was stirred overnight before removing the THF by evacuation. Finally, 

the resulting powder was calcined at 500 °C for 5 h using a heating ramp of 3 °C 

min-1. The composition of the material was 1 wt % Pd and 9 wt % ceria. 

For comparison purposes, experiments were also conducted on a 

conventional 1% Pd/ceria catalyst. The conventional sample was made by wet 

impregnation of Pd(NO3)2 solution onto ceria that had been prepared by thermal 

decomposition of Ce(NO3)3 · 6H2O. The surface area of this sample was 67 m2 g-1. 

WGS rates were measured using partial pressures of 25 Torr each for CO and 

H2O. Rates were reproduced several times, using catalyst-sample sizes between 

0.08 and 0.2 g. Water was introduced to the reactor by saturation of a He carrier 

gas flowing through a deionized water saturator, and the partial pressures of CO, 

H2O, and He were controlled by adjusting the relative flow rates of each 

component. The total flow rate of gas was maintained at 150 mL min-1. The 

conversions of CO and H2O were kept below 10 % so that differential conditions 

could be assumed. The composition of the effluent from the reactor was 

monitored using the gas chromatograph as detector. 

Because exposure of a conventional, oxidized Pd/ceria catalyst to CO at room 

temperature can cause reduction of the ceria and adsorption of the resulting CO2 

onto the reduced ceria in the form of a carbonate,2,3 two different protocols were 

used to measure CO chemisorption properties of these catalysts. These two 

protocols allowed the measurement of CO adsorption on a reduced sample and 

an oxidized sample. To measure CO adsorption on the reduced sample, the 

catalyst was first prereduced in H2 at 400 °C, after which the CO adsorption uptake 

was measured at room temperature. To measure CO adsorption on the oxidized 

sample, CO adsorption was measured at -78 °C, a temperature that has been 

reported to be sufficiently low to prevent reduction of ceria-supported catalysts 

by CO.4 For this second protocol, the catalyst was first oxidized at 400 °C in 200 

Torr O2 for several minutes, evacuated, and then reoxidized and evacuated 

several times. Next, the sample was cooled to 150 °C and exposed to 200 Torr H2 

for several minutes to reduce the PdO to Pd. After evacuation, the CO uptake was 

measured at -78 °C by adding small pulses of CO until a rise in the pressure of the 

sample cell was detected. 

FTIR spectra were recorded using a Mattson Galaxy 2020 FTIR spectrometer 

equipped with a Spectra-Tech Collector II diffuse-reflectance accessory. A 

controlled atmosphere sample chamber allowed the FTIR experiments to be 

performed under various flow and temperature conditions. Infrared spectra of the 

Pd@CeO2/Al2O3 catalysts were measured on both oxidized and reduced samples. 

To produce the reduced sample, the catalyst was heated to 425 °C and then 

exposed to a flowing mixture with 10 % O2 and 90 % He, flushed with He, and 

finally reduced in a flowing mixture of 10 % H2 and 90 % He. The sample was then 

flushed with He and cooled to room temperature under He flow. To produce the 

oxidized sample, the catalyst was heated to 425 °C under a flow of 10 % O2 and 90 

% He, cooled to 150 °C in flowing He, and exposed to the 10 % H2 and 90 % He 

mixture at this temperature to reduce the PdO to Pd. After flushing with He, the 

sample was cooled to room temperature. To measure the spectrum of adsorbed 
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CO, a 10 % CO-90 % He mixture was passed over the catalyst at room temperature 

before flushing it with flowing He and acquiring the spectra at room temperature 

under He flow.  

The reducibility of the Pd@CeO2/Al2O3 catalyst under reaction conditions was 

determined using a flow-titration/temperature-programmed-oxidation (TPO) 

system.1 In these experiments, 0.5 g of sample were placed in a tubular reactor, 

exposed to various environments, and then purged with dry He for 30 min. The 

oxidation states of the catalysts were then determined by reoxidizing the samples 

in flowing air (21 % O2 and 79 % N2 at 3.0 mL min-1) while monitoring the effluent 

gases using the mass spectrometer as detector. Oxygen consumption was 

determined by comparing the lag in the O2 signal and the N2 signal. 

 

6.1.2 Pd@CeO2 fuel-cell catalysts 

 

The activity and stability of various Pd-CeO2 catalyst formulations were tested 

in symmetric cells (i.e. cells that had two identical electrodes) and fuel cells in 

which yttria-stabilized zirconia (YSZ) was used as the oxygen ion conducting 

electrolyte. The cells were composed of sintered 10 mm diameter YSZ tri-layer 

discs consisting of a 90- m thick, dense YSZ layer sandwiched between two 

porous YSZ layers (~65% porosity, 50  m thickness). LSCM was used as the 

electronically conducting phase for the anode in the form of a porous LSCM film 

that coated the YSZ surface5 and was chosen because it does not catalyze carbon 

deposition when exposed to hydrocarbon fuels under SOFC operating conditions 

and is known to have low catalytic activity for oxidation reactions.6 For symmetric 

cell measurements, LSCM was added to both porous layers via infiltration of 

aqueous nitrate salt solutions (La(NO3)3⋅6H2O, Sr(NO3)2, Cr(NO3)3⋅9H2O, 

and Mn(NO3)2⋅4H2O) of the precursor ions followed by calcination in air at 

1200 °C. Multiple infiltration steps were used to obtain an LSCM loading of 45 wt 

%. The sample was then calcined in air at 1000 °C which has been shown to 

produces a porous LSCM film over the YSZ substrate.5-7 For fuel cell tests, after 

addition of LSCM to one YSZ porous layer, an La0.8Sr0.2FeO3 (LSF)-YSZ cathode was 

prepared in the other porous YSZ layer by infiltrating aqueous nitrate salt 

solutions (La(NO3)3⋅6H2O, Sr(NO3)2, and Fe(NO3)3⋅9H2O), followed by calcination in 

air at 850 °C. Investigated catalyst formulations were: 1 wt % Pd; 1 wt % Pd plus 9 

wt % CeO2 (Pd+CeO2); and 10 wt % Pd@CeO2 (1 wt % Pd and 9 wt % ceria). The 

Pd-only and Pd+CeO2 formulations were prepared by infiltration of the porous 

LSCM/YSZ scaffold with aqueous solutions containing Pd(II) ((NH3)4Pd(NO3)2) or 

Ce(III) (Ce(NO3)3⋅6H2O) ions followed by calcination in air. Pd@CeO2 was added 

using the THF solution containing the dispersed nanocomposites followed by 

drying. Ag paste and Ag wire were used to make electrical connections to both 

electrodes. Ag was chosen as the current collector because it has low catalytic 

activity and will, therefore, not affect the overall performance of the anode.  

During symmetric cell testing both electrodes were exposed to humidified (3 

% H2O) H2. For fuel cell testing, the fuel sent to the anode was humidified (3 % 

H2O) H2, while the cathode was exposed 

to air. Impedance spectra were measured at open circuit in the galvanostatic 

mode using a 5 mV ac perturbation with a Gamry Instruments potentiostat. For 

the impedance measurements, the margin of error in the reported area-specific 

resistances (ASR) is estimated to be less than 5 % based on measurements from 

three cells for each catalyst formulation. 
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6.2 Results and discussion 

 

6.2.1 Pd@CeO2/Al2O3 catalysts for WGSR 

 

Motivated by the fact that Pd@CeO2 structures prepared by microemulsion 

(Chapter 3) were found to be stable under WGS reaction, although not very active 

due to the too dense ceria layer, we thought to use the Pd@CeO2 dispersible 

structures prepared with a thinner ceria layer as active species and disperse them 

on alumina to prepare WGS catalysts. 

The initial rates for the WGS reaction over the oxidized Pd@CeO2/Al2O3 were 

very similar to those reported earlier for a conventional, 1 wt % Pd, 99 wt % ceria 

catalyst.8 At 350 °C in 25 Torr each of CO and H2O, the reaction rate was 3 × 1018 

molecules s-1 g-1; however, the rates declined dramatically with time over the 

period of 1 h. As shown in Figure 6.1, the initial conversion of CO was 12 % but 

this decreased to 4 % after 60 min. This decrease in activity could be completely 

reversed by oxidizing the catalyst in flowing air at 350 °C for a few minutes, 

suggesting that the change in catalytic activity is related to reduction of the 

catalyst in the WGS environment. Although not shown in Figure 6.1, the 

conversion of H2O followed the conversion of CO within experimental 

uncertainty. 

It is interesting to compare the reaction behavior in Figure 6.1 to that of more 

conventional Pd/ceria catalysts. In contrast to the results for Pd@CeO2/Al2O3, 

conventional Pd/ceria catalysts exhibit stable WGS activity for periods of many 

hours. The slow deactivation which has been observed with ceria-supported 

metals under steady-state, WGS conditions appears to be due to sintering of the 

metal and cannot be reversed by simple oxidation.9,10 

 

Figure 6.1. Evolution of CO conversion during the WGS reaction at 350 °C over the 

Pd@CeO2/Al2O3 catalyst. 

 

Indeed, thermodynamic data for bulk ceria indicates that ceria should not be 

reduced by the WGS environment and that the O:Ce ratio should be very close to 

2.11 The rapid deactivation in Figure 6.1 is remarkably similar to what has been 

reported for Pd catalysts supported on praseodymia and ceria-praseodymia solid 

solutions.8 Praseodymia exhibits chemistry similar to that of ceria but is much 

more easily reduced. It is oxidized to PrO2 only with great difficulty12 and is found 

to exist as Pr2O3 under WGS conditions,8 in agreement with thermodynamic data 

for the bulk compound.13 
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To understand how the redox properties of the Pd@CeO2/Al2O3 catalyst differ 

from that of a conventional Pd/ceria catalyst, we measured the oxidation states of 

the Pd@CeO2/Al2O3 after various pretreatments using flow titration, with the 

results reported in Table 6.1.  

 

Table 6.1. Oxygen Consumption by the Pd@CeO2/Al2O3 Catalyst Following Reduction by 

Pure H2 Gas at 350 °C, Oxidation in Air at 350 °C Followed by Exposure to WGS Conditions 

at 350 °C, and Reduction in H2 with Subsequent Partial Oxidation by 25 Torr H2O at 350 °C. 

Pretreatment 
oxygen uptake 

(μmol O/g catalyst) 
O:Ce ratio 

H2 200 1.61 

air, followed by WGS 150 1.70 

H2, followed by steam 180 1.66 

 

In these experiments, the sample was exposed to different gaseous 

environments at 350 °C, and then the amounts of O2 taken up by the sample 

upon exposure to air at 350 °C were measured. Reduction in dry, flowing H2 led to 

significant reduction, so that 200 μmol of O/g of sample was required for 

reoxidation. If all of this were associated with the ceria component, the O:Ce ratio 

of the reduced Pd@CeO2/Al2O3 would be approximately 1.61. Since as much as 

half of the oxygen uptake could be due to oxidation of Pd to PdO, the O:Ce ratio 

in the ceria component of the catalyst could be as high as 1.80, a value similar to 

that reported in similar experiments performed on a conventional Pd/ceria 

catalyst.8 Unfortunately, it is difficult to separate reduction of Pd from that of 

ceria, since reduction of both species occur simultaneously in commonly 

employed techniques such as TPR.14,15 

The results obtained following exposure of the Pd@CeO2/Al2O3 to the WGS 

environment at 623 K are more significant. Following reaction in 25 Torr each of 

CO and H2O, 150 μmol of O/g was taken up by the catalyst, indicating the O:Ce 

ratio of the working catalyst is 1.70. By comparison, a traditional Pd/ceria catalyst 

remained essentially oxidized following this pretreatment.8 The implication is that 

CO and H2 are more effective in reducing the Pd@CeO2/Al2O3 catalyst than H2O 

and CO2 are in oxidizing it. To further test this idea, we reduced the 

Pd@CeO2/Al2O3 catalyst in dry H2 at 350 °C and then passed 25 Torr of H2O (in He) 

over the catalyst for 0.5 h at 350 °C before measuring the amount of oxygen that 

could be consumed by the catalyst. As expected, the catalyst was not significantly 

reoxidized by the steam, requiring 180 μmol of O/g (O:Ce ratio of 1.66) to 

complete the reoxidation process in air at 350 °C. A similar experiment with a 

traditional Pd/ceria catalyst found that steam was very efficient in reoxidizing the 

ceria.8 

The data in Table 6.1 suggest that the redox properties of the ceria in the shell 

of the Pd@CeO2/Al2O3 catalyst are very different from that of bulk ceria, with the 

ceria in the shell being much more easily reduced. While we cannot provide a 

definitive explanation for why the ceria shell is more reducible, it is noteworthy 

that neutron-scattering experiments have shown that reducible forms of ceria 

have a different average local structure on the atomic scale, as quantified by their 

pair-distribution functions.15 The local fluorite structure in CeO2 is critical for 

stabilizing Ce(IV),16 a fact highlighted by the observation that Ce(III) is the more 

stable species in many other environments, such as in CeVO4.16-18 Therefore, we 

suggest that the Pd particle may act as a template for the growth of the ceria shell 

in Pd@CeO2, resulting in a more locally disordered form of ceria with less ability to 

stabilize Ce(IV). 
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An important question about Pd@CeO2 catalysts concerns the accessibility of 

the Pd. In conventional Pd/ceria catalysts, WGS activity has been shown to 

increase linearly with surface Pd,9,10 demonstrating that the active sites are 

associated with Pd. However, several recent investigations of WGS activity using 

noble metal/ceria core-shell catalysts have reported high activities and low CO 

uptakes.19-21 The authors suggested that the active sites for WGS reside on the 

metal-promoted ceria shell, rather than on the metal surface itself. 

Our initial attempts to measure CO adsorption on a Pd@CeO2/Al2O3 sample 

that had been prereduced in H2 also showed a complete absence of CO 

adsorption at room temperature. However, since the high initial WGS rates 

appear to be associated with an oxidized catalyst, we performed additional 

experiments that would allow us to look for CO adsorption on oxidized samples. 

First, a series of FTIR experiments were performed with different pretreatments of 

the catalyst, with results shown in Figure 6.2.  

The spectrum in Figure 6.2a was taken on the Pd@CeO2/Al2O3 catalyst 

following pretreatment similar to those used in the room-temperature CO 

adsorption measurements. The sample was oxidized, reduced under a flow of 10 

% H2-He at 425 °C, exposed to CO at room temperature, and then flushed with dry 

He at room temperature. Bands corresponding to adsorbed CO are not observed, 

in agreement with the CO uptake measurements.  

To mimic the initial oxidized state of the catalyst during the WGS studies, the 

Pd@CeO2/Al2O3 was oxidized at 425 °C and then subjected to a very mild 

reduction in 10 % H2-He at 200 °C before exposure to CO at room temperature. 

Bands associated with terminal (2088 cm-1) and bridging (1960 cm-1) CO on Pd are 

clearly visible in Figure 6.2b, confirming that the Pd particles are able to adsorb 

CO. 

 

Figure 6.2. Diffuse reflectance FTIR spectra of Pd@CeO2/Al2O3 nanocomposite after, 

reduction at 425 °C followed by exposure to CO at room temperature (a), oxidation at 425 

°C followed by exposure to CO at room temperature (b), Pd nanoparticles deposited on 

alumina after reduction at 425 °C followed by exposure to CO at room temperature (c), and 

a conventional 1% Pd/ceria catalyst after reduction at 425 °C followed by exposure to CO 

at room temperature. 

 

Bands observed at 1435 and 1655 cm-1 are likely due to carbonate species22 

and adsorbed water, respectively. For comparison, spectra following room-

temperature adsorption of CO onto a Pd/Al2O3 sample obtained by deposition of 

MUA-Pd nanoparticles onto alumina (Figure 6.2c) and a conventional 1 wt % 
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Pd/ceria catalyst (Figure 6.2d) are also shown. The peak frequencies associated 

with CO adsorption on the Pd in these two samples are essentially the same as on 

the oxidized Pd@CeO2/Al2O3, confirming that adsorption on the oxidized 

Pd@CeO2/Al2O3 is associated with the Pd.  

As further confirmation that the metal is accessible in the case of an oxidized 

catalyst, CO adsorption measurements were performed also on the oxidized 

catalyst using the procedure described in the Experimental (Section 6.1). Again, 

the oxidized catalyst was reduced in H2 at 200 °C to reduce the Pd without 

reducing the ceria. CO adsorption then carried out at -78 °C, a temperature that 

has been shown to be sufficiently low so as to avoid reaction with ceria. Using this 

approach, the Pd dispersion was calculated to be 11 %. 

It is interesting to ask why a reduced ceria shell leads to the suppression of CO 

adsorption in Pd@CeO2 catalysts. Although it is tempting to associate adsorption 

suppression with electron-transfer effects, such as were originally used to explain 

strong metal support effects (SMSI) with titania-supported catalysts,23 SMSI 

associated with titania is now generally acknowledged to be due to migration of a 

reduced titania over the metal particles.24 Although this generally occurs under 

more severe reducing conditions (e.g., higher temperature) than employed in our 

experiments, the ceria in the Pd@CeO2/Al2O3 composites appears to be highly 

reducible. HRTEM experiments performed on conventional precious metal/ceria 

materials 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, leading the authors of those studies to suggest that 

adsorption suppression was associated with an electron-transfer effect.25-28 

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.29 

In the Pd@CeO2/Al2O3 catalyst of our study, a ceria overlayer clearly is present. 

The question is simply why does this overlayer effectively block adsorption only 

when it is reduced. We propose an alternative explanation to electron-transfer 

effects, shown diagrammatically in Figure 6.3.  

 

 

Figure 6.3. Schematic representation of changes in shell morphology for oxidized and 

reduced catalyst. 

 

In this picture, the oxidized CeO2 forms a shell with many cracks and fissures 

that allow gases to approach the Pd core. However, when CeO2 is reduced, these 

fissures close. This effect may be either due to the decreased density of Ce2O3 or 

because the reduced ceria may also interact more strongly with the Pd, spreading 

out to more effectively block the Pd from adsorbing CO. In general, “SMSI-like” 

effects are associated with reducible supports, and the enhanced reducibility of 

the ceria shell in the Pd@CeO2/Al2O3 catalyst compared to bulk ceria may in part 

explain why these effects appear to be significant at mild conditions. 
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Furthermore, the core-shell structure of the catalyst, which is expected to have a 

high contact area between Pd and ceria, may also result in an increased tendency 

for ceria to spread out onto the Pd.  

At this time, we cannot determine which effect is most important in causing 

deactivation of the Pd@CeO2/Al2O3 catalyst: the CO adsorption suppression or the 

low oxygen content of the ceria at steady-state. We know from the case of the 

praseodymia-supported catalysts that the inability of the support to be oxidized 

by steam can result in low rates for the WGS reaction.8 Likewise, WGS rates on 

Pd/ceria catalysts have been shown to increase linearly with CO adsorption 

uptakes.9 Therefore, both of these effects are likely contributors to the 

deactivation that was observed. 

While the properties of Pd@CeO2/Al2O3 that we prepared are not ideal for 

WGS, they are clearly different from that of conventional Pd/ceria catalysts. The 

ease with which the ceria shell is reduced, the intimate contact between the Pd 

and the ceria, and special isolation of the Pd by the ceria shell may well allow 

materials of this type to find applications where reduction of the ceria shell does 

not cause deactivation. Indeed, we will appreciate right after this paragraph that 

these structures can be very useful for other energy-related catalytic applications. 

 

6.2.2 Pd@CeO2 as anode catalysts for Solid Oxide Fuel Cells 

 

As already underlined in the introduction of the present chapter, the 

dispersibility of Pd@CeO2 core-shell structures in common organic solvents can 

be advantageously used to disperse them onto several supports. In this case, the 

structures where dispersed onto the materials of SOFC anodes. 

The performance and catalytic activity of each anode formulation was 

determined by measuring the electrode impedance at Open Circuit Voltage (OCV) 

and 700 °C in humidified H2 (3 % H2O). V-i curves for fuel cells with similar anodes 

were nearly linear. Thus, the impedances at OCV should also be representative of 

those under load. To assess the thermal stability of each catalyst formulation, the 

impedance was measured for both freshly-prepared electrodes at 700 °C and 

after annealing at 900 °C in air for 120 min. This later treatment was used to 

facilitate investigation of the thermal stability of the various catalysts. The 

measured impedances were divided by two to account for both electrodes, and 

the ohmic resistances, which were identical to that expected for the 90  m YSZ 

electrolyte, were subtracted off. 

Figure 6.4 displays Nyquist plots of the open-circuit impedance data at 700 °C 

(circles) for the symmetric cells, both without any catalyst and with the three 

different catalyst formulations.  

As expected, the impedance of the LSCM/YSZ cathode with no added 

oxidation catalyst, 1.55 Ω⋅cm2, was significantly larger than those for the 

electrodes containing catalysts. Addition of 1 wt % Pd resulted in an 85 % 

reduction in the area specific resistance (ASR) to only 0.23 Ω⋅cm2, thereby further 

demonstrating the need for enhancing the catalytic activity of perovskite-based 

SOFC anodes. 

For the cells with the Pd catalysts calcined to only 700 °C, the electrode 

impedances were 0.23, 0.15, and 0.11 Ω⋅cm2 for the Pd only, Pd+CeO2, and 

Pd@CeO2 catalysts, respectively. The 35 % reduction in the ASR of the electrode 

containing Pd+CeO2 with respect to Pd-only demonstrates the synergistic 

interactions between Pd and ceria which facilitate oxygen transfer between the 

two materials and result in enhanced catalytic activity.30-32 The further 27 % 
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reduction in the ASR of the electrode with the Pd@CeO2 catalyst relative to the 

Pd+CeO2 catalyst (and an overall 52 % reduction with respect to the Pd-only 

electrode) can be attributed to the more intimate contact between the Pd and 

ceria in the core-shell system, and also demonstrates that the CeO2 shells are 

sufficiently porous to allow access of the gas phase species to the Pd core 

nanoparticles. 

 

 

Figure 6.4. Nyquist plots of ac-impedance data obtained from symmetric cells with 

LSCM/YSZ composite anodes containing the following catalysts: (black) no catalysts; (red) 

1-wt % Pd; (blue) 1-wt % Pd plus 9-wt % CeO2; (green) 10-wt % Pd@CeO2. The data was 

collected at 700 °C in humidified H2 (3 % H2O). The circles correspond to data from freshly 

prepared electrodes calcined at 700 °C and the triangles correspond to electrodes 

subjected to rapid thermal aging by calcining at 900 °C. 

 

The superiority of the Pd@CeO2 catalyst is further corroborated by the 

impedance data obtained after an accelerated aging protocol consisting of 

calcining in air at 900 °C for 120 min. As shown in Figure 6.4 (triangles), this 

treatment caused dramatic increases in the ASR of the electrodes with the Pd and 

Pd+CeO2 catalysts, as evident from the enlargement of Nyquist curves. Since an 

LSCM film on YSZ is stable for these conditions,5 these changes must be 

associated with degradation of the catalytic component. For the Pd only cell, the 

high-temperature treatment caused the ASR to increase by 150 % - 0.57 Ω⋅cm2. 

The electrode with the Pd+CeO2 catalyst was somewhat more stable, but the ASR 

still increased by 60 % - 0.23 Ω⋅cm2. These results are in sharp contrast to those 

obtained for the electrode with the Pd@CeO2 catalyst, where the accelerated 

aging resulted in only a modest 18 % increase in the ASR to 0.13 Ω⋅cm2, which is a 

value still lower than that for both fresh Pd-only and Pd+CeO2 formulations. 

Figure 6.5 plots the maximum power density for these cells as a function of 

time on stream.  

 

 

Figure 6.5. Maximum power density at 700 °C in humidified H2 (3 % H2O) as a function of 

time for the fuel cells with Pd@CeO2 and Pd+CeO2 catalysts. 
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Figure 6.5 shows that for the 40 h duration of the experiment the performance 

of the cell with the Pd@CeO2 catalyst remained essentially unchanged. In 

contrast, the Pd+CeO2 cell exhibited poor stability and after 50 h the performance 

decreased by ~30%. 

These results are consistent with impedance results obtained for the 

symmetric cells, and further demonstrate that the Pd@CeO2 catalyst in the 

LSCM/YSZ anode is significantly more stable than the Pd+CeO2 catalyst. 

The origin of the dependence of the ASR on the catalyst formulation upon 

high-temperature aging becomes apparent when their structures are carefully 

examined. Initial SEM characterization of porous YSZ and LSCM substrates 

infiltrated with 1 wt % Pd after heating in air to both 700 and 900 °C, followed by 

reduction in H2 at 700 °C, revealed dramatic agglomeration of the metallic Pd 

particles from particles of <20 nm in size to large ones of about 230 nm (not 

shown). These data demonstrate that there are relatively weak interactions at the 

Pd-YSZ and Pd-LSCM interfaces, and at high temperatures larger Pd particles are 

formed at the expense of smaller particles so as to decrease the surface free 

energy of the Pd via an Ostwald ripening process.33,34 This coarsening of the Pd 

particles causes a dramatic decrease in the number of exposed Pd surface sites 

and sites at the Pd-metal oxide interface. This decreases the overall catalytic 

activity of the electrode resulting in an increase in the ASR as observed 

experimentally. 

More interesting are the cases of the Pd/CeO2 formulations reported in Figure 

6.6. Figure 6.6a shows SEM data for porous YSZ/LSCM substrates infiltrated with 

CeO2 followed by Pd. Data for samples infiltrated with only CeO2 show that the 

CeO2 forms a porous film that coats the substrate surface and maintains its 

structure upon calcination at 900 °C.35 

 

Figure 6.6. SEM images of Pd+CeO2 (a, b) and Pd@CeO2 (c, d) catalysts supported on 

porous LSCM/YSZ substrates after calcining at 700 °C (a,c) and 900 °C (b,d). 

 

This porous CeO2 film is evident in the SEM image for the Pd+CeO2 sample at 700 

°C (image 6.6a). This image also contains evidence for a few relatively large Pd 

particles with diameters between 80 and 200 nm. The concentration of these 

particles is too low, however, to account for the 1 wt % Pd loading, so many 

smaller Pd particles must also be present on the samples, but cannot be 

distinguished from the CeO2 film. The image obtained after calcining the 

Pd+CeO2 sample in air at 900 °C (image 6.6b) shows that the LSCM surface is 

covered with a high concentration of particles with a relatively uniform size 

distribution centered around 200 nm. EDS measurements demonstrate that the 



113 

 

large particles in the thermally-aged samples are composites containing both 

CeO2 and Pd, suggesting that there are strong Pd-CeO2 interactions that cause 

them to move in concert. These interactions may be related to the well-

documented synergism between noble metals and CeO2 that enhances their 

catalytic activity.30-32 The net effect of the Pd and CeO2 agglomeration is to 

decrease the Pd surface area resulting in a loss in catalytic activity and 

concomitant increase in the ASR of the electrode. 

Larger differences were observed for the interaction of the Pd@CeO2 

composites with the LSCM/YSZ substrate (Figure 6.6c and d). The infiltrated 

Pd@CeO2 particles at 700 °C formed a film coating the surface (image 6.6c). The 

particles appear to be highly dispersed with no evidence for agglomeration. In 

the case of the 900 °C calcined Pd@CeO2/LSCM sample, the SEM data (image 6.6d) 

show that the Pd@CeO2 nanocomposites coating the LSCM surface remain largely 

intact after the heat treatment. Some agglomeration into larger particles with an 

average diameter of less than 75 nm is observed (see insert), however, this 

involves a relatively small fraction of the Pd@CeO2 particles. The agglomerated 

particles still appear to be highly porous suggesting that the CeO2 shells remain 

intact. While it would be useful to confirm this conclusion using TEM, such 

analysis would be extremely difficult because of the need to prepare samples that 

maintain the anode microstructure and are still thin enough for TEM analysis and 

the poor contrast between ceria, zirconia and Pd. The core-shell nature of the 

initial structures, which has been demonstrated by TEM techniques,36 and the EDS 

measurements performed here strongly suggest that that Pd@CeO2 structures 

were maintained after high-temperature annealing. The SEM results clearly 

indicate that the 900 °C calcination treatment caused relatively little loss in the 

exposed Pd surface area, which is consistent with the cell impedance data which 

showed this treatment caused only an 18 % increase in the ASR of a 

Pd@CeO2/LSCM/YSZ electrode. Taken together, the impedance, fuel cell, and SEM 

data demonstrate that when supported on LSCM, the Pd@CeO2 nanocomposites 

exhibit a high degree of thermal stability and maintain their catalytic activity for 

calcination temperatures up to 900 °C. As shown schematically in Figure 6.7, the 

ceria shells prevented the Pd core particles from agglomerating and sintering 

while still remaining porous and allowing access of gas molecules to the Pd. 

 

 

Figure 6.7. Schematic representation of the mechanism by which conventional Pd/CeO2 

catalysts can sinter under the high temperature treatments of the SOFC anode. On the 

contrary, the ceria layer in Pd@CeO2 systems can prevent the sintering of the metallic 

phase, still allowing access of gas molecules to Pd due to their porous nature. 

 

 

 

 

 



114 

 

6.3 Conclusions 

 

In conclusion of this chapter, we showed how the core-shell structures 

prepared through the self-assembly route described in Chapter 5 can be 

advantageously used to prepare heterogeneous catalysts with novel properties 

with respect to the traditional systems. 

In particular, the results demonstrate that the ceria in the core-shell catalysts 

exhibits different redox properties from those found for the ceria in conventional 

catalysts, possibly due to structural changes associated with the Pd-core 

template. Even when the Pd in the oxidized catalysts is accessible to gas-phase 

reactants, reduction of the ceria can cause encapsulation of the Pd, which can in 

turn lead to deactivation of the catalyst for reactions like water-gas shift. Clearly, 

the properties of these materials are unique and their application will require 

proper consideration of those properties. 

Indeed, the results obtained in the second part of this chapter demonstrated 

the advantages of this approach to optimize the catalytic properties of SOFC 

electrodes.  In addition to the high thermal stability of the core-shell catalysts, this 

study demonstrates that the synergistic interactions between Pd and ceria that 

increase the oxidation activity of Pd/CeO2 catalysts are enhanced in the Pd@CeO2 

core-shell composites with the consequence that high power densities and 

thermal stabilities have been obtained for their use as fuel cell materials under 

high-temperature reaction conditions. This study paves the way for the use of 

active core-shell catalysts in different fields which require a strong contact 

between the forming components, with applications not only in catalysis, but 

also in sensors or photoactive materials, due to the confined environment 

between the metal and the semiconductor materials.  
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7. 

MODULAR NANOCOMPOSITES 

COMPOSED OF CORE-SHELL STRUCTURES 

DISPERSED ON MULTI WALL CARBON 

NANOTUBES 

 

In Chapter 5 the preparation of dispersible metal@oxide core-shell structures 

was reported. In Chapter 6 the catalytic properties of these systems in 

combination with alumina for the WGS or with LSCM for fuel cell applications 

were presented. It was evident that these materials showed characteristics that 

are very different than conventional materials and that were advantageous for 

fuel cell anode materials, but detrimental for application in the WGS. In this 

chapter, we describe the dispersion of the same core-shell structures onto the 

walls of Multi Wall Carbon Nanotubes through a modular approach.  

Carbon Nanotubes (CNTs) and Multi-Wall carbon Nanotubes (MWNTs) 

emerged in recent years as very appealing materials for the preparation of a 

range of composites. In particular, CNTs – inorganic hybrids have drawn great 

attention for their application as gas sensors, photovoltaics, and catalysis.1 The 

main advantages of using CNTs as substrate for the formation of nanocomposites 

are their large surface-to-volume ratio, excellent mechanical, electrical and optical 

properties, in addition to good electrical and thermal conductivity. A further 

advantage worth to mention is the possibility to functionalize CNTs with organic 

groups at different points of their structure2 thus contributing to increase their 

solubility and manageability in organic solvents. Another key point is that the 

possible electronic interaction between the nanotubes and the surrounding 

particles / layers can lead to different behaviors of both materials than when 

taken apart.3 Among the methods to prepare CNTs-inorganic hybrids, it is 

possible to distinguish three main groups: filling approaches, ex-situ and in-situ 

methods.1 Besides filling approaches, ex-situ methods comprise those where 

preformed building blocks (e.g. metallic particles) are attached through various 

types of chemical bonds to the nanotubes, whereas in-situ ones consist in the 

synthesis of the inorganic component in the presence of pristine or 
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functionalized CNTs. Both methods have pros and cons: ex-situ approaches have 

the advantage to produce materials with more tailored properties, such as 

dimension and morphology of the composing building blocks, while in-situ 

approaches are favorable due to the easier manipulation of the materials and the 

reduction of synthetic steps.  

Metallic particles confined, deposited or supported on CNTs have been deeply 

investigated.4
-6 Additionally, CNTs-CeO2,7-12 CNTs-TiO2

13-15 or CNTs-ZrO2
16 

composites have been prepared through sol-gel, hydrothermal-type or 

electrodeposition synthesis (see also ref 1 and references therein). All these 

procedure have a common hierarchical approach, in which the CNTs are more or 

less homogeneously covered by oxide layers with metal particles on the external 

part. These materials showed promising properties in catalysis for several 

applications.17 

In this chapter, we describe for the first time a modular approach based on a 

combination of ex-situ and in-situ methods to prepare Multi Wall Carbon 

NanoTubes (MWNTs) covered by layers of mesoporous oxides with embedded 

metal particles. The approach is highly flexible and versatile and it is possible to 

tune the composition and concentration of all the parts. The construction of the 

architectures is indeed inspired by the preparation of Pd@CeO2 structures 

described in Chapter 5 and obtained through the use of three modules: oxidized 

MWNTs, MUA-protected metal nanoparticles and a metal alkoxide. The resulting 

hierarchical nanocomposites take the simultaneous advantage of the core-shell 

metal@oxides catalysts18-20 and of the presence of the conducting MWNTs.1 We 

prove that it is possible to tune the thickness of the oxide layer surrounding the 

MWNTs. We showed not only that these modular composites are active and 

stable heterogeneous catalysts for several reactions, but that the presence of 

MWNTs dramatically promote the activity of the materials when compared to the 

same metal/oxide combination prepared in the absence of MWNTs. This effect is 

explained in terms of both geometrical/morphological and electronic effects. 

These materials demonstrate the utility of the combination of several nanoscale 

building blocks to prepare functional nanomaterials with improved 

performances. 

 

 

7.1 Experimental 

 

7.1.1 Materials 

 

Pd and Pt nanoparticles protected by 11-mercaptoundecanoic acid (MUA) and 

cerium tetrakis(decyloxide) were prepared according to procedures described in 

chapters 4 and 5. 

Titanium butoxide (97 %), zirconium butoxide solution (80 wt. % in 1-butanol), 

concentrated H2SO4 (95-97 %) and concentrated HNO3 (65 %) were purchased 

from Sigma-Aldrich. 

Multi Wall Carbon Nanotubes (MWNTs) were purchased from Nanocyl. 

 

7.1.2 Preparation of oxidized MWNTs 

 

Multi Wall Carbon Nanotubes (Nanocyl 7000) (150 mg) were dispersed in a 

conc. H2SO4 / conc. HNO3 mixture 3:1 v/v (100 ml) by sonication (6 h at 30 - 50 °C) 

and magnetic stirring (12 h at 50 °C). The suspension was 6 times washed by 

filtration; twice with water (250 ml), twice NaOH (0.1 M , 250 ml), once with DMF 
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(250 ml) and once with THF (250 ml). Finally, CNT were redispersed in the 

THF/DMF 5:1 v/v to a final concentration of MWNTs 0.5 mg ml-1 as carbon. 

 

7.1.3 General procedure for the preparation of MWNTs@M/oxide materials 

 

M/oxide structures are prepared by dissolving the appropriate amount of the 

metal alkoxide (titanium butoxide, zirconium butoxide or cerium(IV) 

tetrakis(decyloxide)) in 25 mL of THF. MUA-protected Pd or Pt particles (as THF 

solution) are then dropwise added under stirring to avoid the precipitation of M-

alkoxide networks (see Chapter 5). The solution of M@oxide is then vigorously 

sonicated and the THF/DMF solution of oxidized MWNTs is added all at once. A 

precipitate was formed almost immediately for all the cases, leaving a colorless 

supernatant demonstrating that M@oxide structures were completely adsorbed / 

reacted with the MWNTs. A solution of H2O (1 mL) in THF (10 mL) was added to 

ensure the complete hydrolysis of the alkoxide precursor, and the mixture was 

sonicated for additional 15 minutes. Then solids were recovered by centrifugation 

(4500 rpm for 15 minutes) and washed with THF (30 mL portions) for three times. 

The final materials were then dried at 120 °C overnight prior to any following use. 

 

7.1.4 Preparation of reference materials 

 

Pd(1%)@oxide or Pt(1%)@oxide were prepared as above but in the absence of 

MWNTs. To complete the hydrolysis, 1 mL of water dissolved in 10 mL of THF was 

added to the solution, and the precipitate recovered by centrifugation and dried 

at 120 °C. 

 

7.1.5 Characterization techniques 

 

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

accelerating voltage of 100 kV. Samples were prepared by drop casting from the 

dispersion onto a TEM grid (200 mesh, copper, carbon only). High resolution TEM 

(HRTEM) and analytical STEM studies were performed with a JEOL JEM 2010 FEG-

TEM operating at an acceleration voltage of 200 kV. X-ray energy-dispersive 

spectra (EDS) were acquired using an Inca Energy 200 TEM system from Oxford 

Instruments, and elemental maps (STEM-XEDS) were acquired coupling the X-ray 

spectrometer to a STEM unit, equipped with a high angle annular dark field 

detector (HAADF). Mapping was performed with 0.7 nm probe size and 40 cm 

camera length. Background subtraction was carried out prior to mapping overlap. 

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a 

VGMicrotech ESCA 3000Multilab, equipped with a dual Mg/Al anode. The spectra 

were excited by the unmonochromatized Al Kα source (1486.6 eV) run at 14 kV 

and 15 mA. The analyzer was operated in the constant analyzer energy (CAE) 

mode. For the individual peak energy regions, a pass energy of 20 eV set across 

the hemispheres was used. Survey spectra were measured at 50 eV pass energy. 

The sample powders were analysed as pellets, mounted on a double-sided 

adhesive tape. Contact of the samples with air was minimized during sample 

loading. The pressure in the analysis chamber was of the order of 10−8 Torr during 

data collection. The constant charging of the samples was removed by 

referencing all the energies to the C 1s set at 285.1 eV, arising from the 

adventitious carbon. The invariance of the peak shapes and widths at the 

beginning and at the end of the analyses ensured absence of differential 

charging. Analyses of the peaks were performed with the software provided by 
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VG, based on non-linear least squares fitting program using a weighted sum of 

Lorentzian and Gaussian component curves after background subtraction 

according to Shirley and Sherwood.21,22 Atomic concentrations were calculated 

from peak intensity using the sensitivity factors provided with the software. The 

binding energy values are quoted with a precision of ±0.15 eV and the atomic 

percentage with a precision of ±10%. 

UV-Vis characterization was carried out with a Cary 5000 spectrophotometer 

using 10 mm path length quartz cuvettes. 

TGA of approximately 1 mg of each compound was recorded on a TGA Q500 

(TA Instruments) under air, by equilibrating at 100 °C, and following a ramp of 10 

°C min-1 up to 1000 °C. 

Raman spectra were recorded with an Invia Renishaw microspectrometer (50) 

equipped with He-Ne laser at 633 nm. Powders were directly placed onto a glass 

slide and at least 5 spectra per sample were taken in order to check the uniformity 

of the materials. 

N2 physisorption experiments were carried out on a Micromeritics ASAP 

2020C. The samples were first degassed in vacuum at 120 °C overnight prior to N2 

adsorption at liquid nitrogen temperature. 

 

7.1.6 Catalytic experiments 

 

The photocatalytic activity for H2 production was evaluated using a 250 mL 

Pyrex discontinuous batch reactor with an external cooling jacket. ~10 mg of 

catalyst were loaded in the reactor, sonicated and dispersed under vigorous 

stirring into 80 mL of an aqueous solution of methanol (1/1 by volume). All 

experiments were carried out at 20 °C and 15 mL min-1 of Ar were passed through 

the solution to transport the gaseous/volatile products to a GC for quantitative 

analysis. A 125 W medium pressure mercury lamp (Helios Italquartz) with Pyrex 

walls was used for UV-Vis excitation. Gaseous products were analyzed by GC 

analysis using a Thermal Conductivity Detector (TCD) and a Flame Ionization 

Detector (FID) for the quantification of H2 and CO2.  

Suzuki coupling experiments were performed as follows. Iodobenzene (1.0 

mmol), phenylboronic acid (1.3 mmol), NaOH (1.5 mmol) and naphthalene (0.5 

mmol as internal standard) were co-dissolved in 5 mL of ethanol. The mixture was 

stirred and heated up to 75 °C, then the catalyst (0.05 mol % as Pd with respect to 

iodobenzene) was added, at which point the reaction started. No biphenyl yield 

was obtained in the absence of the catalyst. Reagents conversion and products 

yields were determined by GC-MS analysis using naphthalene as internal 

standard. The mixtures were analyzed using a Agilent 7890 GC mounting a J&W 

DB-225ms column (60m, ID 0.25mm, 250μm) and coupled with a Agilent 5975 

MS. 

In the case of WGSR, all catalytic tests were conducted at atmospheric 

pressure. The fresh catalysts were pretreated in a flowing mixture of Ar at 40 mL 

min-1 for 30 minutes at 250 °C, after heating from room temperature at 10 °C min-

1. No other activation procedures (e.g. reduction) were necessary since the 

catalyst was reduced in-situ under the WGS reaction conditions employed. 

Typically ~22 mg of fresh sample were positioned in a U-shaped, quartz 

microreactor with internal diameter of 4 mm. The total gas flow rate under 

reaction conditions was 27.2 mL min-1 in order to ensure a Gas Hourly Space 

Velocity (GHSV) of ~75,000 mL g-1 h-1. The feed gas for the WGS reaction was 1.0 

vol % CO and 3.0 vol % H2O, diluted in Ar. This gaseous mixture was introduced 

into the reactor at 250 °C for 2 h. Aging treatments were performed by heating 
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the sample in the WGS environment at temperatures up to 400 °C and keeping it 

at this temperature for different time periods, as detailed. After that, the sample 

was cooled down to 250 °C in the WGS environment and the activity measured 

again. All heating and cooling rates were 2 °C min-1. Reactants and products were 

analysed using the mass spectrometer. 

 

 

7.2 Results and discussion 

 

The synthesis of the MWNTs@M/oxide structures (M = Pd, Pt; oxide = TiO2, 

ZrO2, CeO2) involved the use of three building blocks: oxidized MWNTs, MUA-

protected metal nanoparticles and Ti, Zr or Ce alkoxide (Scheme 7.1).  

The three building blocks are complementary: functionalized metal particles 

and oxidized MWNTs are able to bind metal alkoxides on their surface due to the 

presence of carboxyl groups that displace alkoxide ligands. This property was at 

the base of the method. First, the M/oxide module was created by reacting the 

metal particles and the metal alkoxide. Then, this module was connected to the 

CNTs by taking advantage of the still available alkoxide groups exposed by the 

metal alkoxide bound to the surface of the metal particles. This supramolecular 

complex was then subjected to a controlled hydrolysis of the remaining alkoxide 

groups in solution to obtain uniform MWNTs@M/oxide composites. The method 

is simple in its realization: it was sufficient to put the three building blocks in the 

appropriate solvent mixtures (pure THF for the combination of particle and 

alkoxides, THF/DMF 5/1 to react CNTs and M/oxide modules due to the lower 

solubility of MWNTs in pure THF). The combination of the M/oxide module with 

oxidized MWNTs was realized under sonication to ensure the well dispersion of 

the nanotubes. Effective incorporation of all the components in the final materials 

was confirmed by TGA experiments (not shown).  

Physisorption of N2 revealed that the final materials are highly porous, with 

surface areas up to ~300 m2 g-1 in the case of MWNTs@M/oxide nanocomposites 

(Table 7.1). 

The fact that complementary building blocks assembled in solution to give 

the final embedded architectures opened up the possibility for an easy tuning of 

 

CNT-ox

CNT@M/MO2

M/MO2
M

hydrolysis

 

Scheme 7.1. Schematic representation of the preparation of MWNTs@M/oxide. 
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Table 7.1. Textural properties of the MWTs@Pd/oxide materials and blank samples 

Pd/oxide prepared. 

Composition Surface Areaa Pore Volumeb DMAX (nm)c 

Oxidized MWNTs 196 1.39 29 

Pd(1%)@TiO2 325 0.23 3.8 

Pd(1%)@ZrO2 179 0.11 3.7 

Pd(1%)@CeO2 250 0.34 3.5 to 6.6 

MWNTs(10%)@Pd/TiO2 229 0.40 47 

MWNTs(15%)@Pd/TiO2 197 0.32 46 

MWNTs(20%)@Pd/TiO2 172 0.25 47 

MWNTs(10%)@Pd/ZrO2 166 0.29 42 

MWNTs(15%)@Pd/ZrO2 158 0.32 39 

MWNTs(20%)@Pd/ZrO2 144 0.31 56 

MWNTs(5%)@Pd/CeO2 151 0.23 19 

MWNTs(10%)@Pd/CeO2 137 0.19 38 

MWNTs(15%)@Pd/CeO2 124 0.14 3.5 – 50 

a According to BET theory, in m2 g-1. 

b According to BJH theory, in mL g-1.  

c Maximum of the pore size distribution taken from the desorption branch. 

 

the composing parts. For example, the concentration of the building blocks in the 

composites could be easily tuned by selecting the initial ratios during the 

synthesis, e. g. by changing the loading of metal nanoparticles or  the MWNTs / 

alkoxide ratio. Furthermore, these composites had excellent tunability of the final 

architecture in terms of thickness of the oxide layer (see below). 

Figure 7.1 reports representative Transmission Electron Microscopy (TEM) 

images of the prepared composites with 1 wt. % Pd as metal and at varying 

titania, zirconia and ceria loadings. 

 

 

Figure 7.1. Representative TEM images of MWNTs@(1 wt. %)Pd-oxide nanocomposites 

with titania (a-c), zirconia (d-f) and ceria (g-i) shells. The weight concentration of MWNTs is 

5 % (g), 10 % (a, d, h), 15 % (b, e, i) and 20 % (c, f). All scale bars represent 100 nm. 
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TEM characterization demonstrated the presence of a uniform layer of oxide 

covering the MWNTs. The oxide thickness depended on the material but it was 

generally of the order of 5-10 nm (Figure 7.2).  

 

5 nm5 nm

4.9 nm

3.3 nm

 

Figure 7.2. Representative HR-TEM image of the sample MWNTs(15%)@Pd/CeO2, which 

has the thinnest ceria layer among the samples prepared. The dimensions of two single 

ceria crystallites and of the entire ceria layer covering the nanotube (highlighted by 

dashed lines) are reported. 

 

The layer was smooth in the case of titania whereas more rough for ceria, as 

being composed of larger nanocrystallites in this latter case (see below). In any 

case, however, a porous architecture surrounding the MWNTs was formed which 

is very advantageous for catalytic applications. The porous nature of the layer can 

indeed allow reactants and products to diffuse to the surface of the metal 

nanoparticles entrapped in between the oxide layer and the MWNTs. Further TEM 

images of the ceria-based composites demonstrated that the ceria layer thickness 

decreased by increasing the MWNTs concentration from 5 wt. % to 15 wt. % 

(Figure 7.3 b through d), in accordance with the increasingly available MWNTs 

surface. 

 

 

Figure 7.3. Representative TEM images of oxidized MWNTs (a), and MWNTs@Pd(1 wt. 

%)/CeO2 composites with different MWNTs concentrations: 5 wt. % (b), 10 wt. % (c) and 15 

wt. % (d). The thickness of the ceria shell decreases as the MWNTs content increases. 
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A better nanoscopic understanding of the nature of the composites was 

obtained through HR-TEM characterization of the ceria-based materials (Figure 

7.4). 

 

 

Figure 7.4. Representative HR-TEM image of CNTs(10 wt. %)@Pd(1 wt. %)/CeO2 

composites, where a partially covered CNT is revealed (a), and an high magnification image 

showing a CeO2 crystallite on top of the ceria layer (b). In (c), the electron diffraction 

pattern of image (a) is shown, together with CeO2 reflections and attributions. 

 

The nanocrystalline nature of ceria was clearly visible, with small crystallites (~ 

4-5 nm, Figure 7.4b) composing the layer surrounding the nanotubes as 

confirmed by electron diffraction patterns (Figure 7.4c). The thickness of the ceria 

coating was at least 6-7 nm on average for the sample MWNTs(15%)@Pd/CeO2 

(Figure 7.2), which was the sample with the thinnest ceria layer. In a unique 

occasion, a partially exposed MWNT was found, contributing to visually 

demonstrate that it was effectively located inside the ceria layer (Figure 7.4a). The 

series of multiple NTs forming the MWNTs was maintained after the preparation 

of the composites, indicating that the integrity of the MWNTs was not altered 

following the preparation of the composites. This was particularly important to 

maintain the peculiar electronic and mechanical properties of the MWNTs in the 

final composites. A further demonstration of the core-shell nature of the 

MWNTs@Pd/CeO2 composites was provided by EELS mapping showing that the 

carbonaceous skeleton is very well surrounded by a ceria layer (Figure 7.5).  

 

 

Figure 7.5. STEM image of a selected area of the sample (a) and corresponding EELS 

mapping of the C and Ce content in CNTs(10 wt. %)@Pd(1 wt. %)/CeO2 composites (b) 

showing the embedding of the CNTs inside the ceria layer. Palladium is not visible in this 

image due to its very low loading. 

 

The oxide layer is rough as composed by small crystallites, but it always 

completely covers the MWNTs. Despite a careful HR-TEM characterization, Pd or 
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Pt nanoparticles in the samples were not individually visualized. This was due to 

their reduced dimensions (~ 2 nm) and low concentration (1 wt. %), and to the 

fact that they were deeply covered by ceria, which presents a high electron 

density. However, the presence of metal was confirmed by EDS analysis and XPS 

(see later), demonstrating that the metal core-oxide shell nanoparticles were 

effectively incorporated into the final product. It was also found that, in a parallel 

synthesis with non-functionalized metal particles (e.g. dodecanethiol-capped Pd 

or Pt particles), these latter ones were not incorporated into the nanocomposites. 

In fact, in the absence of specific interactions between the protected metal 

particles and the growing oxide layer, the metal nanoparticles are left over in the 

supernatant solution after the synthesis.  

The ratio between the G band (indicative of the ordered graphitic structure) 

and the D band (indicative of disorder in the structure) in the Raman spectra of 

the MWNTs slightly decreases from 1.53 (pristine) to 1.21 (oxidized), suggesting 

that the main carbon skeleton is maintained after the oxidation treatment and 

that carboxyl groups have been introduced (Figure 7.6).  Importantly, subsequent 

deposition of M@oxide does not alter G/D ratio, indicating that hydrolysis of 

metal oxide was catalyzed on predefined carboxylic groups. The Raman data also 

showed peaks related to TiO2 and CeO2 indicating the formation of crystalline 

oxides without the need of any medium-high temperature thermal treatment. In 

the case of ZrO2, the absence of Raman contributions arising from the oxide 

phase in combination with TEM results suggests the present of monoclinic phase, 

which possesses low Raman intensities. 
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Figure 7.6. Raman characterization of initial pristine MWNTs, oxidized MWNTs and 

MWNTs@Pd/oxide composites with titania, zirconia and ceria at different concentrations of 

MWNTs (percentages indicate MWNTs wt. % concentrations). 

 

Remarkably, M/oxide samples prepared in the absence of MWNTs did not 

produce any Raman signal. This fact accounted for a crystallization of the oxide 

layer induced by the presence of oxidized MWNTs. This might be the result of the 

templating effect which induced the hydrolysis of the oxide precursors and the 

confined condensation into small crystallites around the walls of the MWNTs. The 

low temperature formation of metal oxides is of great advantage in catalysis since 

nanostructured catalysts shows enhanced reaction rates.23  

In the case of supported and unsupported TiO2 and ZrO2 based materials, the 

corresponding X-Ray Photoelectron Spectroscopy (XPS) spectra showed the 

presence of Ti(IV) and Zr(IV) species24 with no noticeable differences due to the 

presence of MWNTs (Table 7.2 and Figure 7.7).  

Table 7.2. XPS results on the various composites reporting Ce 3d 5/2, Ti2p 3/2, Zr3d 5/2 

and O1s binding energies and C/Me atomic ratio. 

 Ce3d 5/2 O1s 

MWNTs(15%)@Pd(1%)/CeO2 
Ce (IV) 882.3 (88%) 

Ce (III) 885.3 (12%) 

529.8 (47%) 

531.9 (48%) 

533.4 (4%) 

Pd(1%)@CeO2 
Ce (IV)  882.3 (65%) 

Ce (III) 885.3 (26%) 

529.8 (49%) 

531.8 (38%) 

533.3 (12%) 

 Ti2p 3/2 O1s 

MWNTs(15%)@Pd(1%)/TiO2 458.8 
530.3 (74%) 

532.1 (26%) 

Pd(1%)@TiO2 458.9 
530.4 (65%) 

532.1 (35%) 

 Zr3d 5/2 O1s 

MWNTs(15%)@Pd(1%)/ZrO2 183.1 
530.6 (55%) 

532.2 (45%) 

Pd(1%)@ZrO2 183.3 
530.7 (47%) 

532.4 (53%) 

 

In the case of Ce3d spectra, the curves were fitted with eight peaks 

corresponding to four pairs of spin-orbit doublets. The labelling of the peaks 

follows the convention adopted by Burrough et al.25 Letters U and V refer to the 

3d5/2 and 3d3/2 spin-orbit components respectively.  
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Figure 7.7. XPS spectra of Ce 3d, Ti 2p and Zr3d. 

 

The spin–orbit splitting is 18.4 eV, in accordance with the literature.26 Three 

pairs of peaks (V,U; V″,U″; V‴,U‴) arise from different Ce 4f electron 

configuration in the final states of the Ce4+ species. The couple (V′,U′) 

corresponds to one of the two possible electron configuration of the final state of 

the Ce3+ species. The relative percentage of the two cerium species was obtained 

by the intensity of the Ce3d5/2 components relative to Ce4+ (V,V″,V‴) and to Ce3+ 

(V′) and are given in Table 2.27 The percentages of the two cerium species were 

obtained from the intensity of the Ce3d5/2 components relative to Ce4+ and to Ce3+ 

(Table 7.2 and Figure 7.7).27 The XPS spectra of CeO2-based materials revealed the 

coexistence of Ce(III) and Ce(IV). The content of Ce3+ was remarkably higher in the 

MWNTs@Pd/CeO2 nanocomposites with respect to the reference Pd@CeO2 

sample (Table 7.2) and related to the formation of oxygen vacancies after 

embedding of the MWNTs with ceria. This fact highlights the existence of a 

significant interaction between the ceria layer and the MWNTs core as recently 

found in the case of ceria particles deposited on graphene oxide.28 More 

interestingly, despite the rather low metal loading the MWNTs@Pd/CeO2 system, 

with the thinnest ceria layer, indeed showed appreciable presence of Pd 

contribution that was absent in the Pd@CeO2 reference material (Figure 7.8).  
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Figure 7.8. XPS spectra in the Pd region of the sample MWNTs(15%)@Pd(1%)/CeO2 and 

Pd(1%)@CeO2. 
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The Pd3d5/2 binding energy in the nanocomposites (338.3 eV) is typical of an 

oxidized form of Pd and in accordance with the fact that Pd particles are 

passivated with oxygen. The value of the binding energy, however, is slightly 

higher than that of Pd in PdO (337.0 eV), indicating the occurrence of electronic 

interactions between Pd and ceria in the structures. These data are perfectly in 

line with the existence of Pd nanoparticles embedded in a thin layer of ceria that 

surrounds the MWCNT (Scheme 7.1) and indicates the occurrence of a mutual 

interaction between all the composing building blocks (Pd interacts with ceria 

and ceria interacts with MWNTs). On the contrary, the absence of the templating 

effect of the MWCNT leads to a agglomeration of the particles of the reference 

Pd@CeO2 material, that confine the particles in an deeper ceria layer precluding 

the detection of the less accessible Pd species by XPS. In the case of Zr containing 

composites, the very intense Zr contributions preclude the observation of the Pd 

peaks, whereas in the case of Ti containing composites, the high specific surface 

area (Table 7.1) and the consequent higher Pd dispersion may contribute in 

making the detection of Pd very difficult. 

We explored the catalytic activity of the obtained materials in selected 

reactions with important implications for energy-related applications and related 

to sustainability issues. The titania-based structures were investigated for the 

photocatalytic production of H2 in the presence of methanol as model sacrificial 

agent (see Chapter 1).29 Zirconia-based architectures were tested for Suzuki 

coupling,30 while the ceria-based structures were tested for the Water-Gas Shift 

Reaction.  

In the case of titania-based structures, a constant rate of H2 production up to 

10 mmol h-1 g-1 is observed with no deactivation up to 15 hours under 

illumination (Figure 7.9, part a), with amounts of evolved H2 of up to 0.15 mol g-1 

after 15 h. 

 

Figure 7.9. Catalytic activity of the different combinations of materials. (a) photocatalytic 

H2 production in the presence of methanol as sacrificial agent over MWNTs@M(1%)/TiO2. 

(b) CO conversion during WGSR at 250 °C over MWNTs@M(1%)/CeO2. 

 

This element indirectly confirms that the titania shell must be crystalline and the 

metal particles accessible to protons for their reduction to hydrogen. Among the 

series of samples, Pt-based nanocomposites show little dependence on the 

composition, whereas Pd-based systems are not affected by the concentration of 

MWNTs. This activity is remarkable considering that no thermal treatments have 
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been applied to the titania shell. The H2 evolution rate is in fact greater than those 

of most semiconductor photocatalysts, although the different conditions 

employed for these experiments precludes a definitive comparison of the 

activity.31 The most interesting aspect, however, is that the composites containing 

MWNTs showed H2 evolution rates that are 4 times higher than that of the 

reference Pd@TiO2 and Pt@TiO2 materials, which gave rates for H2 evolution of up 

to only 2.5 mmol h-1 g-1. This fact clearly demonstrates that the MWNTs drastically 

enhance the activity of the metal-oxide combination through the interactions 

obtained at the interface between the nanotubes and the titania layer. The fact 

that the mechanism of enhancement does not appear to be thickness-dependent 

suggesting that it might be more likely related to the direct participation of the 

MWNTs in light absorbance as sensitizers.3 

Palladium-zirconia materials gave an outstanding biphenyl formation through 

Suzuki coupling (Table 7.3), with an almost quantitative yield after few minutes 

under mild heating (75 °C).  The amount or thickness of the zirconia layer do not 

seem to remarkably affect the observed activity, thus further contributing to 

demonstrate that Pd particles alone are needed for the efficient coupling 

reaction. Hot filtration tests suggested that Pd leaching is not responsible for the 

observed activity, even if it is not possible to completely rule out the role of very 

tiny amounts of leached Pd as true active species.32 Furthermore, tests with a 

reference sample (no MWNTs added) showed a much slower kinetics, indicating 

that the organization of the particle around the nanotubes might be important 

for the observed improved activity. Interestingly, the bare Pd nanoparticles show 

much lower activity under similar conditions (see Chapter 4) implying that a 

synergic enhancement of the activity is obtained through the combination of the 

MWNTs and the oxide layer. 

Table 7.3. Suzuki cross-coupling reactions catalyzed by MWNTs@Pd(1%)/ZrO2 

nanocomposites and reference Pd(1%)@ZrO2 sample at different MWNTs concentrations.a 

 

 

Sample t (min) Yield (%)b 

MWNTs(10%)@Pd(1%)/ZrO2 20 > 99 

MWNTs(15%)@Pd(1%)/ZrO2 10 > 99 

MWNTs(20%)@Pd(1%)/ZrO2 30 > 99 

Pd(1%)@ZrO2 60 > 99 

a Reaction conditions: 1.0 mmol aryl halide, 1.3 mmol phenylboronic acid, 1.5 mmol NaOH, 

Pd-based nanocomposites (0.05 mol % as Pd), 5 mL ethanol, 75 °C. b Reaction yields are 

determined by gas chromatography-mass spectrometry (GC-MS) analysis using 

naphthalene as internal standard.  

 

Ceria-based composites are active for the WGS. It was shown that the similar 

core-shell structures are active but not stable under WGS conditions and revealed 

the existence of redox properties in the structures rather different than 

conventional or bulk systems (see Chapter 6). The preparation of unsupported 

Pd@CeO2 leads to poorly active catalysts due to the very dense ceria barrier 

formed under reaction conditions that impedes the accessibility of metal particles 

(see Chapter 3). In accordance with this fact, reference Pd@CeO2 and Pt@CeO2 

samples gave no activity at 250 °C under the conditions employed (Figure 7.9, 

part b).  In the present chapter we investigated the effect of the deposition of the 
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structures on an electronically active support such as the MWNTs. The WGS 

activity of MWNTs composites is very similar to what previously found (Figure 7.9, 

part b), demonstrating that the active sites are maintained in the core-shell 

interface. Remarkably, the nanocomposites demonstrated an outstanding 

thermal stability after a simulated accelerated aging under reaction conditions at 

450 °C for 6 hours, in complete contrast to what found when core-shell structures 

were deposited onto alumina (see chapter 6). This element is a result of the 

encapsulation of the Pd and Pt particles inside a thin ceria layer which is 

homogeneously distributed on the surface of the MWNTs. While the oxide layer 

has the primary role of limiting the metal sintering, its porous nature provides the 

sufficient room for the diffusion of reactants and products to the active metal 

sites. In addition to the benefits deriving from the core-shell configuration, the 

supporting MWNTs play a key role in both nicely organize the core-shell units in a 

highly accessible nanoarchitecture and in modifying the redox behavior of the 

Pd-CeO2 component. Although this investigation is beyond the scope of the 

present work, we suggest that the electronic interactions between the 

composing building blocks evidenced by XPS might be at the base of the 

observed behavior. The conducting MWNTs increase the concentration of Ce3+ 

species (see XPS above) on the surface of the oxide layer and these vacancies can 

be the active sites were water is efficiently activated to allow the completion of 

the catalytic cycle.33 The similar performances of Pd- and Pt-based catalysts 

corroborates the mechanistic interpretation as the role of the metal is to activate 

CO.33 

 

 

 

7.3 Conclusions 

 

In conclusion, we have reported in this chapter a modular procedure for the 

preparation of nanocomposites where MWNTs are embedded inside mesoporous 

oxide layers containing metal particles dispersed within. The synthesis is based on 

three modules which allow an easy tuning of both composition and 

concentration of the building blocks. Several techniques demonstrated the 

effective encapsulation of the MWNTs and the porous nature of the oxide layers. 

Finally, we showed that the different materials have very promising catalytic 

activity for different heterogeneous reactions, making them suitable for a deeper 

investigation of the role of MWNTs in the composites. In particular, in stark 

contrast with what observed with the Pd@CeO2 structures dispersed on alumina 

(chapter 6), it was shown that the nanocomposites with MWNTs were much more 

stable under WGS conditions, demonstrating the importance of the support 

properties to tune the final catalytic performances. 
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8. 

METHANE OXIDATION BY SINGLE 

Pd@CeO2 STRUCTURES DEPOSITED ON 

MODIFIED ALUMINA 

In chapter 5 we showed the preparation of several metal@oxide core-shell 

structures. One of the main advantages of this method is that the obtained final 

structures are dispersible in common organic solvents as single entities. During 

the catalyst synthesis, it was observed that the impregnation method to deposit 

the structures on pristine alumina did not lead to adequate dispersion of the 

core-shell structures on the high-surface area supports which may likely lead to 

their agglomeration as well as contribute to the deactivation of the catalysts 

observed under WGS conditions. Indeed, the better dispersion of the structures 

around MWNTs (Chapter 7) demonstrated to furnish materials with much 

improved thermal stability. However, since the conventional high-surface area 

supports generally employed in catalysis, such as metal oxides, are hydrophilic 

and our core-shell particles were hydrophobic, it was desirable to devise a 

procedure that allowed us to couple these two building blocks for the 

preparation of highly precise catalysts for structure-activity relationships studies. 

Methane (CH4) is the largest constituent of natural gas and one of the most 

used energy sources due to its high availability and high energy density. The high 

temperature combustion of methane is widely employed in power generation 

and recently proposed as a solution for energy production in domestic 

applications. However, the release of unburned CH4, which is a greenhouse gas 

with an effect that is 20 times higher than that of CO2, and the emission of toxic 

nitrogen oxides (NOx) and CO produced in the homogeneous combustion 

process are the main drawbacks. The catalytic combustion of methane represents 

an attractive way to solve these problems and to drastically reduce the required 

temperatures.1,2 Nevertheless, CH4 is one of the most stable alkanes and its 

activation at low temperatures (< 400 °C) is problematic. Furthermore, useful 

materials must also be catalytically and mechanically stable at the high reaction 
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and flame temperatures.3 PdOx is recognized as one of the best catalysts for 

catalytic CH4 oxidation,2 even if the active phase of the catalysts is still disputed. 

These catalysts however deactivate both due to the loss of active species by 

sintering and to its transformation into the less active but thermodynamically 

favored metallic Pd phase at temperatures above 600 °C.4 Alumina is a commonly 

employed support but both experimental and theoretical studies revealed that 

ceria (CeO2) can improve the catalytic activity of deposited Pd due to the 

stabilization of PdOx species.5-8 The use of pure ceria as a support is however 

limited by its thermal stability. Other systems based on metal oxides have been 

studied, but their activity is generally much lower with complete CH4 conversion 

obtained only above 600 °C.3 The possibility to enhance the performance of Pd-

based catalysts at low temperatures and simultaneously decrease deactivation at 

elevated temperatures would represent a great improvement for the viability of 

the catalytic CH4 combustion process. 

In this chapter, we report on a novel hierarchical design of core-shell type 

catalysts that is inspired by the concepts of supramolecular chemistry. We exploit 

the pre-organization of the functionalized Pd@CeO2 core-shell structures to 

disperse single entities onto a modified, catalytically inert alumina carrier. 

Transmission Electron Microscopy (TEM) investigations demonstrate that it is 

indeed possible to deposit single structures where the metal-promoter 

interaction is maintained even after severe thermal treatments at temperatures 

up to 850 °C. The special configuration of the hierarchical catalyst gives rise to 

exceptionally high and stable performance for the catalytic combustion of 

methane with reduced amounts of catalytic components. The particular 

geometry indeed over-stabilizes the PdOx phase in the particles, not only 

preventing agglomeration of palladium oxide particles during the catalytic 

reaction but also preventing the PdOx from being transformed to Pd at its usual 

transition temperature. This work demonstrates that a supramolecular approach 

to the synthesis of heterogeneous catalysts containing individual core-shell 

structures, with finely tuned metal-support interactions, is a powerful new 

strategy for the preparation of high-performance catalytic materials. 

 

 

8.1 Experimental 

 

8.1.1 Materials 

 

Triethoxy(octyl)silane (TEOOS, ≥97.5 %), Pd(NO3)2⋅2H2O (40 % as Pd), 

(NH4)2Ce(NO3)6 (99.99 %) were purchased from Sigma-Aldrich.  

Al2O3 Puralox TH100/150 (100 m2 g-1) was purchased from Sasol and calcined 

at 900 °C for 24 h. 

Pd@CeO2 structures (at variable Pd/Ce weight ratios) were prepared according 

to the procedure described in Chapter 5. 

Pd(1%)/CeO2 IWI sample was prepared as described in Chapter 3 and calcined 

at 850 °C for 5 hours using an heating ramp of 3 °C min-1. 

All of the solvents used were reagent grade from Sigma-Aldrich and were 

used as received. 

 

8.1.2 Preparation of Hydrophobic Al2O3 

 

In a typical synthesis, dry alumina powder (1 g) was sonicated in 20 mL of 

toluene followed by addition of TEOOS (0.55 mL). The resulting solution was 
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refluxed for 3 hours and the precipitate powder was recovered by centrifugation 

(4500 rpm). The powder was subsequently washed twice with toluene to remove 

unreacted TEOOS and byproducts and was dried overnight at 120 °C. 

 

8.1.3 Adsorption of Pd@CeO2 Particles onto pristine Al2O3 

 

The appropriate amount of Pd@CeO2 structures was added to the pristine, 

hydrophilic alumina well dispersed in THF (15 mL). Although the mixture was left 

stirring overnight, not all the structures were adsorbed. Solvent was then 

removed by rotary evaporation, and the solid residue was dried at 120 °C 

overnight, ground to a particle size below 150  m and calcined in air at 850 °C for 

5 hours using a heating ramp of 3 °C min-1. 

 

8.1.4 Adsorption of Pd@CeO2 Particles onto hydrophobic Al2O3 

 

The appropriate amount of Pd@CeO2 structures was added to the 

hydrophobic alumina well dispersed in THF (15 mL). Although a complete 

adsorption occurred almost immediately when using loadings of Pd and ceria of 1 

and 9-wt. % or less, respectively, the mixture was left stirring overnight. The solid 

residue was recovered by centrifugation (4500 rpm for 15 minutes) and washed 

twice with THF. Finally, the powder was dried at 120 °C overnight, ground to a 

particle size below 150  m and calcined in air at 850 °C for 5 hours using a heating 

ramp of 3 °C min-1. 

 

 

 

8.1.5 Preparation of Pd(1%)/CeO2(9%)/Al2O3 IMP reference sample 

 

Pd(NO3)2 and (NH4)2Ce(NO3)6 were co-dissolved into 30 mL of water, pristine 

Al2O3 was added and the mixture stirred overnight. Solvent was then removed 

under vacuum and the powder dried at 120 °C overnight, ground to a particle size 

below 150  m and calcined in air at 850 °C for 5 hours using a heating ramp of 3 °C 

min-1. 

 

8.1.6 Characterization techniques 

 

FT-IR spectra were recorded on a Perkin-Elmer FT-IR/Raman 2000 instrument 

in the transmission mode; samples were prepared as KBr disks (by mixing samples 

with spectroscopic grade KBr) and analyzed in the 400-4000 cm-1 range.  

TEM, HRTEM and HAADF-STEM imaging was performed on a JEOL 2010F 

electron microscope. 

Tomography experiments based on HAADF-STEM mode were performed on a 

JEOL 2010F electron microscope tilting the sample about a single axis using a 

Fischione Ultra-Narrow Gap Tomography Holder. Tilt series were aligned and 

reconstructed using Inspect3D software (FEI, The Netherlands) and AMIRA 

software was used for visualization. 

 

8.1.7 Catalytic tests 

 

The catalyst (~25 mg) was sieved below 150 µm of grain size and loaded into 

the reactor to give a bed length of about 0.5 cm. The reactant mixture 

composition was controlled by varying the flow rates of CH4, O2 and Ar while the 
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total flow rate was kept constant at 83.3 mL min-1. The conditions corresponded 

to Gas Hourly Space Velocity of ~200,000 mL g-1 h-1. Typical conversions of the 

limiting reagent were always kept well below 5 %, and most of the times below 2 

%, so that differential conditions could be assumed. The operating pressure was 1 

atm, and the pressure drop (<0.02 atm) was neglected. 

The composition of the effluent gases was monitored on-line using the mass 

spectrometer as detector.  

Prior to measuring rates, each catalyst was cleaned under a flow of O2(5%)/Ar 

at 40 mL min-1 for 30 minutes at 250 °C, after heating from room temperature at 

10 °C min-1. Then, the reactant mixture was introduced and the catalyst aged in 

the reaction atmosphere at 850 °C for 1 h, after heating at 10 °C min-1 (it is indeed 

known that catalyst activate after the first ramp9).  Kinetic experiments were then 

performed, and a second ramp was used to measure the light-off curve up to 850 

°C. 

 

 

8.2 Results and discussion 

 

In Chapter 6, it was already demonstrated that the Pd@CeO2 structures can be 

deposited onto commercial alumina, obtaining redox properties and catalytic 

performances rather different from that of conventional or bulk materials. 

Conventional metal oxide supports are however highly hydrophilic due to the 

fact that many OH groups are exposed on their surface10,11 and therefore the 

interaction with the hydrophobic Pd@CeO2 structures are minimal as they prefer 

to agglomerate with one another instead of adhering the support (Scheme 8.1) as 

demonstrated by HAADF-STEM images collected at different tilt angles (Figure 

8.1).  

 

Figure 8.1. Representative HAADF-STEM images of Pd@CeO2 structures deposited on 

pristine, unfunctionalized, hydrophilic alumina. Yellow arrows indicate bright regions that 

have been identified as Pd and CeO2 by EDS analysis. In E, an agglomerated Pd@CeO2 

structures is shown, and in F its tomography reconstruction is presented. 
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Scheme 8.1. Schematic representation of the agglomeration of Pd@CeO2 structures when 

using the pristine alumina (hydrophilic route, top) and their deposition as single entities 

following the hydrophobation of the same support using triethoxy(octyl) silane (TEOOS) 

(hydrophobic route, bottom). 

 

It was therefore essential to improve the affinity between the inert carrier and 

the hydrophobic structures in order to disperse single Pd@CeO2 supramolecular 

entities onto the high surface area alumina. Consistently, the alumina surface was 

subjected to a hydrophobation process using an organosilane as reported in 

Scheme 8.1. The process involves the reaction between the pristine alumina and 

triethoxy(octyl)silane (TEOOS). This silane presents three alkoxy groups that are 

prone to hydrolysis and one alkyl chain which is not. The reaction between the 

silane and alumina can lead to either of the following occurring: the silanol 

groups formed by hydrolysis of the ethoxy ligands react with OH groups of the 

alumina surface to form oxane bonds of the type Si-O-Al, or the silane molecules 

react with each other to give multimolecular structures of bound silanes on the 

surface. In either case, the strong Si-C bond ensures that the alkyl chain is 

attached to Si moieties and so that the surface of alumina is covered by alkyl 

chains. Fourier-Transform Infrared (FT-IR) analysis confirm the occurrence of alkyl 

chain attachment onto the surface of alumina (Figure 8.2).  
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Figure 8.2. FT-IR spectra of pristine and hydrophobized alumina showing, in this latter 

case, the presence of C-H stretching bands of methylene and methyl groups in the region 

3000-2800 cm-1. 
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Hydrophobic Al2O3 shows a remarkably greater capacity for the adsorption of 

the Pd@CeO2 structures compared to the hydrophilic Al2O3. The adsorption 

results can be observed visually by the color change of the supernatant solution 

(Figure 8.3).  

 

 

Figure 8.3. Picture of supernatant solutions after adsorption of Pd@CeO2 structures 

(Pd/ceria weight ratio is fixed at 1:9) and centrifugation. A) 1.00-wt% Pd@CeO2 on 

hydrophobized Al2O3, B) 1.00-wt% Pd@CeO2 on hydrophilic Al2O3, and C) dispersed 

equivalent amount of Pd@CeO2. 

 

Tube A demonstrates the qualitative takeup of Pd@CeO2 structures using the 

two routes: Pd@CeO2 structures are adsorbed onto the surface of the 

hydrophobic alumina support, leading to a dark Al2O3 powder and leaving behind 

an almost colorless solution, demonstrating that the entire amount of structures 

was adsorbed. By contrast, Tube B demonstrates the qualitative takeup of 

Pd@CeO2 structures using the hydrophilic route: few Pd@CeO2 structures are 

adsorbed onto the surface of the hydrophilic alumina support, leading to a 

slightly darkened Al2O3 powder and leaving behind a brown supernatant. Tube C 

is the control tube, consisting only of Pd@CeO2 structures dispersed in THF. In all 

three instances, the total amount of Pd@CeO2 is held constant, and the weight 

ratio of Pd to CeO2 is 1:9. Comparing Tube B and C, it is apparent that the 

hydrophilic method leaves most of the Pd@CeO2 structures in solution rather 

than dispersing it onto the support as in Tube A. The supernatant is almost 

colorless when using the hydrophobic alumina, compared to the opaque 

supernatant when adsorbed onto pristine alumina. 

To quantitatively measure the adsorption, the absorbance of the solutions at 

500 nm was used to estimate the final weight loading of the Pd@CeO2 units onto 

the hydrophobic alumina since the Pd@CeO2 structures show broad adsorption in 

the UV-Vis region (the Pd to CeO2 weight ratio was fixed at 1:9) (Figure 8.4). The 

absorbance of the supernatant versus loading curve shows a characteristic 

sigmoidal shape, with a sharp increase for loadings greater than 1-wt.% indicating 

the occurrence of saturation of the adsorption capability of the hydrophobic 

alumina at this point. This translates into a Pd@CeO2/Al2O3 composition of 1 %, 9 

% and 90 %. 10 mg of Pd are present per g of catalyst, corresponding to 9.4⋅10-5 

mol of Pd. Assuming a Pd particle size of 2 nm, this corresponds to a number of 

Pd atoms of ~400.12 Therefore, the number of Pd@CeO2 structures per g of 

catalyst is 1.4⋅1017. The average diameter in solution of the single structures is 20 

nm, which corresponds to an area of ~310 nm2, or 3.1⋅10-16 m2. The total area 

occupied by the Pd@CeO2 structures is then ~43 m2 per g of catalyst. Given that 

the alumina surface area is 81 m2 per g of catalyst, the surface area occupied by 

the structures is roughly half of that available on the alumina carrier. Remarkably, 
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this loading is approximately half of that expected for a theoretical monolayer. 

This fact is in line with the presence of mesopores with smaller diameter than that 

of the Pd@CeO2 units that cannot contribute to the adsorption process (Figure 

8.5).  

 

 

Figure 8.4. Absorbance at 500 nm of supernatant solutions after adsorption of Pd@CeO2 

structures onto hydrophobic alumina at different weight loadings of Pd (Pd/ceria weight 

ratio was fixed at 1/9). In the inset, a representative spectrum of pure Pd@CeO2 structures 

solution (orange squares) and a supernatant solution after adsorption of Pd@CeO2 at Pd 

0.75-wt.% (blue triangles) are reported for 400 - 800 nm. 

 

 

 

Figure 8.5. BET adsorption-desorption isotherms (a), and BJH pore size distribution (b) and 

cumulative pore volumes (c) taken from the desorption branch of the hydrophobic 

alumina and of Pd@CeO2 structures deposited on the same hydrophobic alumina. BET 

profiles in part (a) are vertically offset by 400 mL g-1 for clarity. 
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The deposition process leads to formation of pores with diameters smaller 

than 10 nm, which were absent in the hydrophobic alumina (inset of Figure 8.5), 

in accordance with the porous nature of the Pd@CeO2 units and corroborated by 

CO chemisorption data (see later).  

A wide range of electron microscopy techniques was used to demonstrate 

that single Pd@CeO2 supramolecular structures were successfully deposited onto 

the hydrophobic alumina (Figure 8.6). 

 

 

Figure 8.6. TEM investigations of Pd@CeO2 core-shell structures dispersed on hydrophobized alumina. A) HAADF-STEM image after calcining to 500 °C for 5 hours, and B) to 850 °C for 5 

hours. In C) EDS spot analysis of the particles highlighted are reported. D) High magnification HAADF-STEM images of the Pd@CeO2/Al2O3 catalysts calcined to 500 °C, and E) correspondent 

EDS line profile. F) HRTEM image of a single Pd@CeO2 structure in the Pd@CeO2/Al2O3 catalysts calcined to 500 °C. The digital diffraction patterns (DDP) of the particles in the white squares 

are reported in the top-right and bottom-right insets together with representative bond distances and bond angle for metallic Pd and ceria. 
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HAADF-STEM images (Figure 8.6, A, B and D) show small bright spots on the 

underlying surface of the hydrophobic alumina crystallites, which are well 

dispersed throughout the entire alumina surface. X-Ray Energy Dispersive 

Spectroscopy (EDS) analysis with a very fine probe (0.5 nm) confirmed that the 

bright spots are indeed composed of Pd and Ce with the correct, initial weight 

ratio (Figure 8.6, C). By analysing more than 50 single spots, Pd and Ce were 

always found to be associated, thus demonstrating that the core-shell structures 

are intact and do not segregate after the deposition and calcination of the 

samples to remove the organic precursors. There is no evidence of agglomeration 

of the Pd@CeO2 structures and images taken at higher magnifications (Figure 8.6, 

D) reveal that the structures are well-separated. High Resolution Electron 

Microscopy (HREM) (Figure 8.6, F) fully confirm that the core-shell nature of the 

structures is maintained. White boxes in the images highlight a single Pd@CeO2 

structure deposited on the underlying hydrophobized alumina. Selected Digital 

diffraction patterns (DDP) show always the simultaneous presence of Pd and 

ceria. CeO2 crystallites are ~3 nm in size, in complete accordance with powder X-

Ray Diffraction (XRD) experiments (Figure 8.7). This crystallite size is rather small 

considering that the samples were calcined at 500 or 750 °C and the reason for 

this observation might be related with core-shell configuration, with shrinking of 

crystallites that is limited by the curvature imposed by the templating metal 

particles in both cases. This data taken together provides conclusive 

demonstration that the core-shell structure of the single Pd@CeO2 units and their 

high thermal stability upon deposition on the hydrophobized alumina.  

 

 

 

Figure 8.7. Powder XRD patterns of hydrophobic alumina and Pd@CeO2/Al2O3 materials. 

Highlighted are the main reflections distinctive of the CeO2 phase. 

 

This crystallite size is rather small considering that the samples were calcined 

at 500 or 750 °C and the reason for this observation might be related with core-

shell configuration, with shrinking of crystallites that is limited by the curvature 

imposed by the templating metal particles in both cases. This data taken together 

provides conclusive demonstration that the core-shell structure of the single 

Pd@CeO2 units and their high thermal stability upon deposition on the 

hydrophobized alumina.  
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The Pd@CeO2/Al2O3 catalysts were tested for the catalytic combustion of CH4. 

To compare the effect of the nanostructure on the catalytic activity, we prepared 

two additional samples by using conventional impregnation methods. One 

sample consisted of Pd at 1 wt % deposited on a high-surface area CeO2 support 

by Incipient Wetness Impregnation (IWI) and it represents a material where the 

Pd-CeO2 interface is not maximized as in the case of core-shell catalysts. A second 

sample was prepared by impregnation of Pd (at 1 wt. %) and CeO2 (at 9 wt %) 

from their nitrate salts onto pristine alumina (denoted as Pd/CeO2/Al2O3-IMP) and 

it represents a material where the pre-organization of the catalytic components is 

lacking. All of the catalysts were calcined at 850 °C for 5 hours and tested under 

the same reaction conditions. CO chemisorption experiments confirmed the 

accessibility of the Pd phase in all the catalysts (Table 8.1).  

 

Table 8.1: CO chemisorption data for Pd@CeO2/Al2O3 core-shell catalyst, Pd/CeO2 IWI and 

Pd/CeO2/Al2O3 IMP samples. 

Sample D (%)a S (m2 g-1)b d (nm)c 

Pd(1%)@CeO2(9%)/Al2O3 50 2.21 2.2 

Pd(1%)/CeO2 IWI 60 2.70 1.9 

Pd(1%)/CeO2(9%)/Al2O3 IMP 19 0.84 6.0 

Pd(0.25%)@CeO2(2.25%)/Al2O3 43 0.48 2.6 

Pd(0.50%)@CeO2(4.50%)/Al2O3 52 1.16 2.2 

Pd(0.75%)@CeO2(6.75%)/Al2O3 47 1.58 2.4 

a Average metal dispersions.  

b Exposed metallic surface area per gram of catalyst. 

c Average diameter calculated assuming a spherical particle shape. 

 

The thermal stability of the Pd@CeO2/Al2O3 catalyst against sintering is 

confirmed by the fact that the average Pd particle size after calcination at 850 °C 

(2.2 nm) was the same as that of the initial starting Pd nanoparticles. The 

Pd/CeO2/Al2O3-IMP sample meanwhile demonstrated poor thermal stability and 

an average Pd particle size of 6.0 nm was found after the calcination treatment. 

The Pd/CeO2-IWI sample showed a remarkably small average particle size (1.9 nm) 

but in accordance with other similar preparation methods.6 Additionally, 

Pd@CeO2/Al2O3 catalysts prepared at different Pd loadings (Pd/Ce weight ratio 

was maintained at 1/9) showed very similar chemisorption data, in accordance 

with the molecular nature of the Pd@CeO2 entities. 

The supramolecular catalyst demonstrated outstanding catalytic 

performances. Complete CH4 oxidation of a stream composed of 0.5 vol. % CH4 

and 2.0 vol. % O2 in Ar at a very high space velocity of 200,000 h-1 was observed at 

about 400 °C during the light-off curves (Figure 8.8). The two reference samples, 

on the contrary, achieve complete CH4 oxidation only at about 700 °C, a 

temperature which is 300 °C higher than that of the Pd@CeO2/Al2O3 catalyst. This 

effect is due to the strong Pd-CeO2 interaction which is active in each of the single 

core-shell Pd@CeO2 units, that are maintained completely separated over the 

hydrophobic alumina. In the reference IWI system, the interface area is not 

maximized, whereas in the IMP sample, some particles not in contact with CeO2 

are expected to be present given the lack of pre-organization of the building 

blocks in solution prior to impregnation. 
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Figure 8.8. Heating (10 °C min-1) and cooling (2 °C min-1) light-off curves of CH4 conversion 

against the temperature for the three catalyst formulations employed. A) Pd@CeO2/Al2O3 

core-shell catalyst, B) Pd/CeO2 IWI and C) Pd/CeO2/Al2O3 IMP.  

 

PdOx is recognized as the active phase for this reaction.1,2 In the 650-850 °C 

temperature range, it decomposes to the thermodynamically stable Pd metal 

which is much less active for the reaction.1,2 The formation of metallic Pd is 

detrimental for the catalytic activity and consequently a transient decrease of the 

CH4 conversion is generally observed for both supported and unsupported Pd-

based systems.2 The nature of the support can modify this behavior, and in fact 

the presence of ceria can shift the temperature window in which this transition 

occurs, provided that there is good contact between the two phases.7 In addition, 

a hysteresis loop in the conversion curves during heating and cooling cycles is 

generally observed. This process is mainly related to thermal dissipation effects, 

the intensity of which are correlated with the selected cooling rates. By using a 

slow cooling rate (2 °C min-1), the samples showed almost no hysteresis (Figure 

8.8). However, when the cooling rate was much faster (10 °C min-1), the reference 

samples showed a remarkable hysteresis, whereas the Pd@CeO2/Al2O3 catalyst 

was almost unaffected (Figure 8.9).  

 

 

Figure 8.9. Heating (10 °C min-1) and cooling (10 °C min-1) light-off curves of CH4 

conversion against the temperature for the three catalyst formulations employed. A) 

Pd@CeO2/Al2O3 core-shell catalyst, B) Pd/CeO2 IWI and C) Pd/CeO2/Al2O3 IMP.  
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This is an indication that the separation of single Pd@CeO2 structures is further 

advantageous for avoiding the formation of hot spots as a consequence of the 

high local temperature on the active sites due to CH4 combustion. 

Pd@CeO2/Al2O3 shows a stable total CH4 oxidation activity in the entire range 

of temperatures studied (400-850 °C) (Figure 8.8), with no decrease in activity 

during either heating or cooling down light-off curves. On the contrary, the two 

reference samples clearly show the usual presence of both a significant hysteresis 

and a transient decrease in CH4 conversion especially during the cooling-down 

light-off curve at temperatures between 650 and 750 °C, in accordance with the 

literature.4 To the best of our knowledge, the blockage of the Pd-PdO transition in 

Pd-based catalysts for catalytic CH4 oxidation has never been observed and points 

to a special role of the ceria in the core-shell configuration in over-stabilizing the 

PdO phase. The optimal contact between the small PdOx nanoparticles and CeO2, 

in fact, and the very large metal-support interface area does not allow a 

decomposition of PdO to metallic Pd due to the oxygen donation by ceria to 

sustain the catalytic reaction. 

Kinetic data further corroborates the very high intrinsic activity of the 

supramolecular catalyst when compared to the reference impregnated samples 

(Figure 8.10, A). The activity of the Pd@CeO2 sample is about 40 and 200 times 

higher than that of the Pd/CeO2 IWI and Pd/CeO2/Al2O3 IMP catalysts, respectively, 

under the same experimental conditions (Figure 8.10, A). Given the Pd dispersion 

values for the catalysts (Supplementary Information, Table S1), the difference in 

activity cannot be related to a different amount of exposed Pd since the IWI 

sample showed a Pd dispersion value higher than that of the Pd@CeO2/Al2O3 

core-shell catalyst (60 % vs 50 %, respectively). 

 

 

Figure 8.10. Kinetic data for CH4 oxidation on A) Pd@CeO2/Al2O3 core-shell catalyst, 

Pd/CeO2 IWI and  Pd/CeO2/Al2O3 IMP; B) Pd@CeO2/Al2O3 core-shell catalyst at different Pd 

loadings (Pd/Ce weight ratio was kept at 1/9): 0.25, 0.50, 0.75 and 1.00 %.  

 

The apparent activation energies for all the systems are very similar (100-130 

kJ mol-1) in accordance with literature data,6 thus implying that the core-shell 

system shares similar active sites with the other two catalysts but that the number 

of these active sites is dramatically increased by means of the special 

configuration. Furthermore, samples prepared at different Pd loadings (Pd/Ce 

weight ratio was kept at 1/9) showed very similar reaction rates when normalized 

for the amount of metal present (Figure 8.10, B) and apparent activation energies 

(100-110 kJ mol-1). This element demonstrates that the Pd@CeO2 structures 

deposited as single entities on the hydrophobic alumina act as supramolecular 

catalysts. In these structures, the synergy between Pd and CeO2 produces active 

sites that are equally active in all of the samples, though in  different numbers. As 

a further confirmation, CO chemisorption results demonstrated very similar Pd 
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accessibility for all of the Pd@CeO2 samples prepared (Table 8.1), corroborating 

the defined geometry and morphology obtained through the supramolecular 

approach. 

 

 

8.3 Conclusions 

 

In conclusion, we have demonstrated that the dispersible Pd@CeO2 core-shell 

structures prepared following the principles of supramolecular chemistry showed 

outstanding catalytic properties for methane oxidation. The synergic effect 

between the core and the shell components and the self-assembly of the building 

blocks in solution helped to form stable and active materials that demonstrate 

unusual, promoting catalytic properties. The application of this principle to other 

metal-oxide systems to finely tune the metal-support interaction is expected to 

provide a powerful new strategy for the preparation of high-performance 

catalytic materials. 
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9. 

MODEL CATALYSTS BASED ON d8 

ARTIFICIAL ATOMS (Ni, Pd AND Pt) 

In all the previous chapters, we described the embedding approach to obtain 

catalysts with improved performance and remarkable thermal stability. The 

method was demonstrated to give materials with properties rather different than 

conventional or bulk materials. In particular, the materials based on ceria were 

shown to display exceptional catalytic activity due to the special metal-support 

interaction created in the core-shell morphology. The synergy between support 

and supported phases is in fact a key element in determining the properties of 

heterogeneous catalysts. Ceria (CeO2) improves the catalytic activity of deposited 

metals by orders of magnitude especially for oxidation reactions.1 The increased 

activity of metal-ceria catalysts is mainly due to the capability of ceria to store and 

release lattice oxygen which participates in the catalytic cycle.2 This 

enhancement, however, has to be associated with active sites at the metal-ceria 

interface, since rates are higher than what is expected based on rates over ceria 

and the metal individually.3 Furthermore, the activity should change with particle 

size if truly associated with the metal-support interface. Understanding size-

activity relationships of ceria-based catalysts can be therefore fundamental for 

further improving their performances. 

The oxidation of CO has been thoroughly investigated as a model reaction 

and it is very well understood on the pure metals.3,4 Consequently, it is an 

excellent model on which to study the metal-ceria interface at varying particle 

size. Indeed, CO oxidation is generally accepted to be the classic example of a 

facile reaction, which means that its turnover rate is essentially independent of 

metal particle size.5 The fact that the surface of the metal particles is covered by 

adsorbed CO overcomes the intrinsic non-uniformity of cluster surfaces and, as a 

consequence, particles of different sizes (and with different types of active sites) 

perform similarly. However, it has been found that, at least for Pt, the co-
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adsorption of CO on vicinal sites of the metal particle can lead to repulsion of 

adsorbates, with the consequence that larger Pt particles (~14 nm) can 

“accommodate” more vicinal CO molecules, thus leading to increased reaction 

rates.6 However, in the particular case of ceria, there are both experimental and 

theoretical evidences which demonstrate that oxygen migration from the 

support to the metal particles indeed occurs.7,8 In this context, it is expected that 

the metal-support interface area plays a key role in the oxidation of CO and that 

tailoring this interface would allow for the catalytic activity to be modulated. 

However, despite the large body of literature, experimental evidences of the role 

of the metal-ceria interface are essentially derived from ideal surfaces or 

theoretical studies. 

The surface science approaches have been invaluable in advancing  catalytic 

science.9 Single crystals are clean, well characterized surfaces that furnish 

precious information regarding the basic steps in catalyzed reactions, but the 

reaction conditions are usually far from those used in realistic, industrial catalytic 

processes.10 In fact, it is often found that the reactivity of nanostructures prepared 

through soft chemical methods is very different than as expected based on single 

crystal studies.11 Soft chemical methods lead to catalysts that can be tested under 

more realistic reaction conditions.12 However, many chemical methods produce 

samples with rather large or asymmetric metal particle size distributions, 

preventing definitive correlation between particle size and activity. Indeed, given 

the size distributions typically reported, some particles could be completely 

inactive, while others, larger or smaller, could contribute disproportionately to 

the overall observed activity. For the above considerations, the monodispersity of 

the obtained particles can play a large role in the interpretation of the catalytic 

properties. As a consequence, it is of paramount importance to derive 

quantitatively relationships between catalytic activity and specific particle size.13 

To clarify this hotly debated topic, in this chapter we have developed a unique 

technique for producing monodisperse, size-tunable d8 metal nanocrystals (Ni, Pd 

and Pt) that may be deposited on the surface of preformed ceria and alumina, 

such that we control and vary the relative fraction of interfacial sites. We test the 

activity of the catalysts for CO oxidation under realistic reaction conditions. The 

results confirm that CO oxidation is insensitive to particle size for alumina-

supported samples, and clearly demonstrate size-dependency for ceria-

supported catalysts, regardless of the metal. The activity nicely correlates with the 

number of metal-support sites. Furthermore, kinetic experiments suggest that an 

increase in O2 partial pressure changes the relative contribution of different active 

sites at the boundary with ceria. This framework can be of guidance for the 

preparation of model catalysts with tailorable interfaces and provides parameters 

useful for understanding the special reactivity of particular materials.  

 

 

9.1 Experimental 

 

9.1.1 Materials 

 

All synthesis were performed using standard Schlenk techniques. Ni(acac)2 

(95%, Sigma-Aldrich), Pd(acac)2 (35% Pd, Acros Organics) and Pt(acac)2 (98%, 

Acros Organics) were used as metal precursors. Benzyl ether (BE, 98%), oleylamine 

(OA, 70%), trioctylphosphine (TOP, 97%) and oleic acid (OLAC, 90%) were 

purchased from Sigma-Aldrich and used as received. 
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9.1.2 Synthesis of Ni, Pd and Pt nanocrystals  

 

A general methodology is as follows: appropriate amounts of the acac salts 

were mixed in benzyl ether (5 mL) together with oleylamine (OA) and eventually 

oleic acid (OLAC) in a three-necked flask (See Table 9.1 for details). The mixture 

was first evacuated at RT for 5 minutes, TOP was added under N2 flow, then 

evacuated again and slowly heated to 100 °C where it was left under vacuum for 

30 minutes to remove all water and other impurities. At this point, green, orange 

or pale yellow transparent solutions (for Ni, Pd and Pt, respectively) were 

obtained. The reaction flask was then flushed again with N2 and heated very 

quickly (~ 40 °C min-1) to the desired temperature. A change in color to black was 

observed at different temperatures depending on the metal, indicating the 

formation of metal clusters. After 15 minutes of reaction at the appropriate 

temperature under N2 and magnetic stirring, the solution was naturally cooled to 

RT. The particles were isolated by addition of ethanol and centrifugation (8000 

rpm, 3 minutes). No size selective procedures were employed. The nanocrystals 

were finally dissolved in toluene or hexanes for further analysis. 

 

91.3 Preparation of the catalysts 

 

An appropriate amount of metal nanoparticles (to give a final loading of 0.5 

wt. %) dissolved in toluene was added to a dispersion of ceria (previously calcined 

at 450 °C overnight) or alumina (previously calcined at 900 °C for 24 h) in 10 mL of 

toluene. Complete adsorption occurred immediately but mixture was left stirring 

overnight. The solid was recovered by centrifugation and washed twice with 

acetone (30 mL), with sonication and centrifugation (8000 rpm). Final powders 

were dried at 100 °C overnight and calcined at 300 °C for 5 h using a heating ramp 

of 3 °C min-1. 

 

Table 9.1. Reaction conditions used in this work for the synthesis of the different d8 metal 

nanocrystals and average particle size and size distributions obtained by TEM analysis. 

Label 
TOP 

(eq.)a 

OA 

(eq.)a 

OLAC 

(eq.)a 

Temperature 

(°C) 

Average 

size (nm) 

Size dispersion 

(%) 

Ni-Small 150 150 - 230 4.0 4 

Ni-Medium 10 20 - 230 8.5 4 

Ni-Large 2.5 10 - 230 12 4 

Pd-Small 2.5 10 - 250 2.5 5 

Pd-Medium 2.5 10 - 270 3.9 6 

Pd-Large 10 20 - 290 6.3 5 

Pt-Small 2.5 10 - 290-300b 2.0 6 

Pt-Medium 2.5 10 5 290-300b 2.5 6 

Pt-Large 2.5 10 20 290-300b 3.7 5 

a Molar ratio surfactant / acac precursor. 

b Reflux of the solution occurred as the reaction proceeded. 

 

9.1.4 Characterization techniques 

 

TEM characterization was performed on a JEOL JEM-1400 microscope 

operating at 120 kV, and HRTEM characterization using a JEOL 2010F microscope 

operating at 200 kV. Samples were either drop-cast onto TEM grids from 

concentrated toluene solutions, or subjected to a self-assembly at the liquid-air 

interface as previously reported14 using diethylene glycol as subphase.  
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 1H-, 13C- and 31P-NMR spectra were obtained at 25 °C as CDCl3 solutions on a 

Bruker DMX 300 operating at 300 MHz for proton.  

XRD patterns were obtained on a Rigaku Smartlab diffractometer. Powder 

XRD patterns were measured in the 2θ range 20-80 ° (Cu Kα radiation, λ = 1.5418 

Å), and samples were prepared by depositing a thick film of the particles from 

hexanes solution on a glass substrate. Transmission Small Angle X-ray Scattering 

(SAXS) experiments were done with toluene solutions of the nanocrystals loaded 

into a 1.0 mm glass capillary and the patterns were fitted using NANO-Solver 

(Rigaku software). 

Quantitative elemental analysis was performed on an ICP-OES Spectro Genesis 

system. 

N2 physisorption and CO and H2 chemisorption experiments were carried out 

on a Micromeritics ASAP 2020C. The samples were first degassed in vacuum at 

350 °C overnight prior to N2 adsorption at liquid nitrogen temperature. For CO 

and H2 chemisorption, the samples were placed in a U-shaped quartz reactor, 

heated in flowing 5% O2-95% Ar at 250 °C for 1 h and reduced in flowing 5% H2-

95% Ar at 300 °C for 1 h, and then evacuated at 300 °C for 4 h. CO chemisorption 

experiments were performed at 35 °C either in the low pressure range (2-20 torr) 

for CeO2-based systems or in the high-pressure range (100-400 torr) for Al2O3-

based systems using a double isotherm to remove the contribution from 

physisorption. Adsorption values were obtained by linear extrapolation to zero 

pressure. Hydrogen adsorption experiments were conducted either at -90 °C by 

means of a solid-liquid acetone bath in the pressure range 2-20 torr (CeO2-based 

sytems) or at 100 °C in the 100-400 torr pressure range (alumina-based systems). 

Adsorption values were obtained also in this case by linear extrapolation to zero 

pressure. 

9.1.5 Catalytic tests 

 

All the experiments were conducted at atmospheric pressure. The catalyst (16-

32 mg) was sieved below 150  m of grain size, mixed with alumina (Puralox 

TH100/150 from Sasol, received with grain size below 150  m) and loaded into the 

reactor to give a bed length of about 0.5 cm, between two layers of granular 

quartz.  

The reactant mixture composition was controlled by varying the flow rates of 

CO, O2 and Ar while the total flow rate was kept constant at 80 mL min-1. The 

conditions corresponded to Gas Hourly Space Velocities in the range 45000-

150000 mL g-1 h-1. Three conditions were used: 

- lean: CO (1 vol. %) + O2 (4 vol. %) in Ar 

- stoichiometric: CO (1 vol. %) + O2 (0.5 vol. %) in Ar 

- rich: CO (4 vol. %) + O2 (0.5 vol. %) in Ar 

Typical conversions of the limiting reagent were always kept well below 5 %, 

and most of the times below 2 %, so that differential conditions could be 

assumed. The operating pressure was 1 atm, and the pressure drop (<0.02 atm) 

was neglected. 

The composition of the effluent gases was monitored on-line using both the 

mass spectrometer and the gas chromatograph.  

Prior to measuring rates, each catalyst was cleaned under a flow of O2(5%)/Ar 

at 40 mL min-1 for 15 minutes at 250 °C, after heating from room temperature at 

10 °C min-1. Then, the sample was cooled to 150 °C and reduced under a flowing 

mixture of H2(5%) in Ar at 40 mL min-1 for 15 minutes. After cooling the sample 

until room temperature, the reactant mixture was then introduced and the 

reactor was heated up to the desired temperature at 3 °C min-1. Reaction rates 
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were calculated on the basis of the accessible metal dispersions calculated from 

CO chemisorption measurements (see below). 

 

 

9.2 Results and discussion 

 

The synthetic strategy used to prepare the monodisperse d8 nanocrystals 

involved the thermal decomposition of metal(II) acetylacetonates in a benzyl 

ether solution of oleylamine (OA), trioctylphospine (TOP) and oleic acid (OLAC) as 

surfactants / stabilizing agents for 15 minutes at various temperature (See Table 

9.1, experimental section). In the case of Ni and Pd, by varying the concentrations 

of TOP and OA and altering the reaction temperature, monodisperse nanocrystals 

with a range of sizes can be isolated. In the case of Pt, the addition of OLAC was 

necessary in order to obtain larger nanocrystals. The particles were isolated and 

purified by centrifugation and can be redispersed in non-polar solvents (e.g. 

hexane, toluene) at different concentrations thanks to the protecting 

hydrophobic ligands on the surface. Figure 9.1 shows an overview of the 

monodisperse nanocrystals synthesized in this work. Ni particles in the size range 

4-12 nm, Pd in the range 2.5-6.3 nm and Pt in the range 2-3.7 nm were obtained 

with size distributions less than 6 %, without any post-synthetic size-selective 

precipitation process (See Table 9.1 for further details). The size is tunable by 

varying the temperature and / or the surfactants-to-metal ratio. The yields for all 

the procedures are quantitative (100 % metal yield) based on the amount of acac 

precursors. This element is an additional advantage of the present method as 

other procedures usually result in low yields due to selective fractionation 

procedures or incomplete conversion of the precursors. 

 

Figure 9.1. Representative TEM images of Ni (a, b, c), Pd (d, e, f) and Pt (g, h, i) metal 

nanocrystals. Images a, d and g correspond to small size particles, b, e and h to medium 

and c, f and i to large, respectively (see text for further details). Average particle sizes and 

size dispersions for each sample are also reported. These values were obtained by 

counting at least 200 particles in the TEM images. 

 

By drop-casting concentrated solutions of the various nanocrystals (~2 mg ml-

1) onto TEM grids or by using a recently developed procedure of liquid-air self-

assembly,14 large areas of 3D hexagonal close-packed superlattices with 

extensions of up to microns were obtained (Figure 9.2).15 
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Figure 9.2. TEM images of hexagonal close-packed 3D assemblies of (A) 3.9 nm Pd 

particles, (B) 2.0 nm Pt particles, and (C) 12.0 nm Ni particles. The insets (D), (E) and (F) are 

zoom-in images, whereas (G) is a HR-TEM image of (C) showing distinct Ni nanocrystals 

with lattice fringes corresponding to metallic Ni. 

 

High Resolution-TEM (HRTEM) studies (Figure 9.2, inset G) revealed that the 

spacing between nearest nanocrystals was of ~4 nm due to the presence of 

oleylamine capping groups. Furthermore, the images  indicated that the particles 

were single crystals, with lattice spacings in accordance with the (111) planes of 

the metals, but severely twinned. The disordered structure of the particles (in 

particular for Pd) was also confirmed by X-ray diffraction patterns (Figure 9.3). This 

result was not unexpected as other works have reported the disordered nature of 

nanocrystals synthesized using similar reaction conditions.16 
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Figure 9.3. Wide-Angle (bottom) XRD patterns of Pd nanocrystals of different average 

dimensions. 
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The nature of the precursor before any applied thermal treatment was 

investigated (Figure 9.4).  

 

 

Figure 9.4. 31P- (left) and 13C-NMR data for Pd(acac)2, trioctylphosphine (TOP) and for the 

reaction between Pd(acac)2 and different amounts of TOP (from 1 to 4 equivalents). All the 

spectra have been recorded in CDCl3. 

 

The addition of OA to Pd(acac)2 precursor did not produce any change in the 

1H-NMR spectra indicating that the amine functionality was not able to displace 

the acac ligands in the Pd(II) coordination sphere (not shown). On the other hand, 

when TOP was added in different ratios to Pd(acac)2, a clear change in both the 

13C- and 31P-NMR spectra was obtained. A TOP-Pd complex was formed as 

indicated by the appearance of new sets of signals in the 31P spectra and also by a 

change in the color of the solution from pale yellow to bright orange (likely due 

to metal-to-ligand charge transfer). The acac ligands were removed after the 

addition of 2 equivalents of TOP, as showed by the appearance of the signals of 

free acac ligand in the 13C spectra. The acac ligands were not maintained in the 

coordination sphere, differently to what observed by Hyeon and co-workers.16 

However, only when 4 equivalents of TOP were added, signals belonging to free 

TOP in solution started to appear. The formation of phosphine-Pd complexes at 

RT has been already demonstrated in the case of the reaction between Pd(II) 

acetate and triphenylphosphine,17 as well as the reduction of Pd(II) centers to 

Pd(0), and the phosphine-Pd(0) adduct is unstable unless an excess of phosphine 

is used to stabilize the Pd(0) center. It is therefore reasonable to think that TOP 

immediately displaces acac ligands from Pd(acac)2 and reduces Pd(II) to Pd(0), 

forming a stable TOP-Pd complex. For this reason we observed that the use of a 

large excess of TOP required very high reaction temperatures to induce the 

breaking of the TOP-Pd complex (Hyeon and co-workers performed the reaction 

at 300 °C16), with the consequent difficult tuning of the particle size. 

At the end of the reaction, however, 1H- and 31P-NMR spectra (Figure 9.5) 

demonstrated that only oleylamine was present in the organic monolayer of Pd 

nanoparticles as protecting agent and no signals related to TOP species were 

present. HPLC-MS analysis of the discarded washing solutions evidenced the 

presence of TOP Oxide (TOPO), in addition to unreacted OA. All these elements 

evidenced a change in the coordination sphere of Pd atoms and the replacement 

of TOP by OA occurring during the synthesis. To gain further insight into this 

process, we sampled the reaction at different stages (at 200 °C, at 270 °C and after 

heating at 270 °C for 10 minutes, whereas the final synthesis under these 
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conditions requires to heat the precursors at 270 °C for 15 minutes) and analyzed 

the particles after purification at each interval using TEM and NMR techniques 

with the results reported in Figure 9.6. 

 

 

Figure 9.5. 1H- and 31P-NMR (inset) spectra of OA-stabilized Pd and Pt nanoparticles. 

 

While TEM was used to analyze particle size and size distribution, NMR analysis 

gave further insights into the properties of the protecting organic layer of the 

particles at different steps of the synthesis. TEM images showed that at 200 °C 

(Figure 9.6, a) black spots were present on the grid suggesting the presence of 

very small clusters (solution at this point was already black). 

 

Figure 9.6. Representative TEM images (top), 31P-NMR (middle) and 1H-NMR spectra 

(bottom) of Pd nanoparticles at different stages of the reaction: 200 °C (column a); 270 °C 

(column b); after 10 minutes at 270 °C (column c). Squares and circles highlight indicative 

NMR signals of TOP-Pd and OA-Pd species, respectively. 

 

At 270 °C (Figure 9.6, b) discrete Pd nanoparticles were clearly distinguishable, 

but size distribution was still very poor. After heating at 270 °C for 10 minutes 

(Figure 9.6, c) the average particle size increased and size distribution became 

narrower even if the value, 11 %, was still higher than at the end of the synthesis. 

The growth of the particles follows an Ostwald ripening process in accordance 

with other procedures.16,18 31P- and 1H-NMR data indicated that the small clusters 

at 200 °C were protected only by TOP since no signals attributable to OA were 

present at this point in the 1H-NMR spectrum. When the temperature was 

increased to 270 °C (Figure 9.6, panel b), only a small fraction of TOP-Pd species 
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remained, and OA-Pd species were the most abundant detected in the 1H-NMR 

spectrum. In the TEM image corresponding to this step of the synthesis, some 

very small particles / clusters were still visible. The data suggest that the growth 

of the particles started and TOP, being bulkier than OA, were replaced on the 

surface of the nanocrystals probably due to steric effects. This trend was almost 

completed after heating the solution at 270 °C for 10 minutes (Figure 9.6, panel c), 

as at this point no signals related to phosphorus species were present in the 31P-

NMR spectrum and an 1H-NMR spectrum resembling that of the final Pd particles 

was obtained. The presence of TOPO at the end of the reaction (observed by 

HPLC-MS analysis) suggests that TOP is the reducing agent. The oxygen atoms 

needed for the oxidation of TOP to TOPO derive from impurities or water still 

present at the initial stages of the synthesis.19 Notably, the use of a large excess of 

TOP, previously reported in the literature,16 requires very high reaction 

temperatures to induce the breaking of the TOP-Pd complex (up to 300 °C), with 

the consequent difficult tuning of the particle size. 

The considerations on Pd can be extended to Ni and Pt. The different 

temperature windows required for the synthesis of the three metals (230 °C for Ni, 

250-290 °C for Pd and 300 °C for Pt) are ascribed to the increased strength of the 

metal-TOP bond. Ni-TOP complex decompose at lower temperatures than the 

corresponding Pd-TOP complex irrespectively of the equivalents of TOP and OA 

used.20 On the contrary, the Pt-TOP complex was even more stable than Pd 

complex, being stable even at temperatures close to the boiling point of the 

mixture (300 °C). We attribute this behavior to the increased π-back-donation 

from the metal to the 3d P orbitals as the electronegativity of the metal is reduced 

going from Ni down to Pt in accordance with both theoretical and experimental 

studies.21,22 In the case of Pt, the addition of OLAC was essential to increase the 

size of the nanocrystals. OLAC is directly involved in destabilizing the metal-TOP 

complexes. First, OLAC competed with TOP for the coordination to the metal 

center and therefore reduced the formation of the metal-TOP complex; second, 

the acid-base reaction between these two compounds could induce the 

formation of adducts that reduced the ability of TOP to form complexes with the 

metals. OLAC affected differently the various metals and was found to be 

important only for the synthesis of Pt nanocrystals. In the case of Ni, only large, 

faceted particles of different shapes and sizes were obtained, indicating that the 

addition of OLAC had a very strong effect on the growth of the Ni particles. This 

was due to the strong adsorption of OLAC on the Ni nuclei once these were 

formed, and likely to the fact that OLAC had a stronger binding to Ni than TOP. In 

the case of Pt, in a similar way, the presence of OLAC improved the growth 

regime by reacting with TOP and reducing the temperature needed for the 

decomposition of the Pt-TOP complex. Finally, in the case of Pd, almost no effect 

was seen, as the particles were of similar dimension and size dispersion as those 

prepared in the absence of OLAC. This was due to the fact that the two effects, 

binding of OLAC directly to Pd and reaction of OLAC with TOP, were balanced in 

strength in the case of Pd and the result was that similar characteristics of the 

particles were obtained. 

The monodispersity of the particles was therefore obtained through a careful 

choice and synergic combination of the surfactants that played a dynamic role in 

protecting the nanocrystals during all the stages of their formation. 

It is a unique capability to synthesize such monodisperse Ni, Pd and Pt 

nanocrystals under similar reaction conditions, which we exploit to prepare 

model catalysts by depositing the nanocrystals onto either alumina or ceria 

supports and testing the CO oxidation activity. We utilize two supports with high 



156 

 

surface areas (~60 m2 g-1 for ceria and ~100 m2 g-1 for alumina) and keep metal 

loadings low (0.5 wt. %) to ensure that the nanocrystals are well separated and 

reduce the possibility of particle sintering during the removal of the capping 

agents by a mild calcination. Alumina is recognized as an inert support.3 On the 

contrary, ceria enhances reaction rates for oxidation reactions by providing 

reactive oxygen species or activate oxygen through formation of vacancies.1 The 

samples are named based on the relative particle size of the nanocrystals as small, 

medium and large (see Figure 9.1). 

Initially, we ensured that the particle size and dispersion is maintained in the 

samples after deposition and calcination procedures. CO chemisorption 

experiments (Table 9.2) provided information on the total population of 

accessible metal particles, being an averaged technique. CO chemisorption 

results clearly indicate that the trends in metal particle size are retained after 

deposition and calcination of the metals on the supports, while the absolute 

value slightly differs from those obtained by direct TEM investigation of the 

corresponding starting metal crystals. Modest metal sintering cannot be ruled 

out, but the minor discrepancies are likely related to intrinsic limitations in the 

chemisorption experiments, such as the assumption of a chemisorption 

stoichiometry.  

Our method to produce model catalysts by finely tuning the dimension and 

dispersion of metal particles allows us to conduct careful investigations of the 

catalytic activity of the systems with varying particle size and composition, and 

thus at varying metal-support interface length. 

 

 

Table 9.2. Apparent dispersions, exposed metallic surface area and average particle size 

measured by CO chemisorption at 35 °C on the different catalysts. 

 CeO2 Al2O3 

 D (%)a 
S  

(m2 g-1)b 
d (nm)c D (%)a 

S  

(m2 g-1)b 
d (nm)c 

Ni Small 28 0.42 3.7 24 0.38 4.3 

Ni Medium 14 0.24 7.3 12 0.21 8.6 

Ni Large 8 0.13 12.8 9 0.13 11.4 

Pd Small 44 0.92 2.5 40 0.83 2.8 

Pd Medium 31 0.69 3.7 28 0.58 4.0 

Pd Large 19 0.42 5.9 15 0.34 7.1 

Pt Small 68 0.80 1.7 75 0.94 1.5 

Pt Medium 39 0.46 2.9 41 0.50 2.6 

Pt Large 28 0.33 3.8 26 0.31 4.3 

a Average metal dispersions.  

b Exposed metallic surface area per gram of catalyst. 

c Average diameter calculated assuming a truncated cuboctahedral particle shape. 

 

For CO oxidation, we pre-reduced the samples before performing catalytic 

tests in order to begin with pure metallic phases, even if it is known that the metal 

can be partially or totally converted to the oxide under reaction conditions and 

that this transformation is size-dependent.23 We used the Koros-Nowak approach 

to ensure that neither mass nor thermal diffusion limitations were present in our 

experiments by using high space velocities and diluting the catalyst with inert 

supports (Figure 9.7).12,24  
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Figure 9.7. Arrhenius plot for CO oxidation for Pt/CeO2-Small catalyst measured as pure 

powder or diluted with inert alumina powder at 1/3 and 1/10 w/w ratios (stoichiometric 

conditions, GHSV = 150,000 h-1). The CO oxidation was not affected by dilution even to 

higher ratios, demonstrating that the kinetic measurements were not affected by thermal 

or mass diffusion limitations.24 

 

Reaction orders for CO and O2 were measured on the series of Pt-Small 

catalysts (samples which gave the highest volumetric CO oxidation results) with 

CO orders of ~0 and negative and O2 orders slightly positive and ~1 for ceria- and 

alumina-based systems, respectively (Figure 9.8).  
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Figure 9.8. Reaction orders for CO and O2 for Pt-Small systems; top, ceria; bottom; alumina. 

GHSV = 150,000 h-1. 

 

These values are in accordance with the literature25 and demonstrate that for 

the metals deposited on alumina O2 activation is inhibited by CO adsorbed on the 

particles surface,12 whereas on ceria a second reaction mechanism must be 

active.6 The results of CO oxidation on ceria- and alumina-supported metals under 

lean conditions (excess oxygen) are reported as light-off curves and Arrhenius 

plots in Figure 9.9.  
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Figure 9.9. Light-off curves for CO oxidation on M(0.5 wt. %) on CeO2 (A) and Al2O3 (C), and corresponding Arrhenius plots (CeO2, B and Al2O3, D). Conditions used are CO (1 %) + O2 (4 %) in 

Ar, GHSV ~45,000 mL g-1 h-1. It should be noted the difference in the 1/T scale of the Arrhenius plots for ceria- and alumina-supported systems (parts B and D). 
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The metals deposited on ceria demonstrate remarkably better catalytic 

performances than the alumina-supported systems as a result of the direct 

participation of the support in the catalytic cycle.25 The activity of M/CeO2 samples 

follows the order Pt > Pd > Ni, while in the case of M/Al2O3, Pd and Pt have a 

similar activity which is higher than that of Ni. These results can be rationalized by 

taking into account the oxidation sensitivity of the metals and the metal particle 

size. Ni is the most susceptible to oxidation among the three d8 metals and CeO2 

favors the formation of NiO by reverse oxygen spill-over, even when starting from 

a deeply pre-reduced Ni/ceria catalyst. Apparent activation energies (Figure 9.10) 

for ceria-based systems were in the range 40-70 kJ mol-1. Alumina samples 

showed higher apparent Ea of 50-150 kJ mol-1, with a general trend of lower Ea for 

samples with larger particles.  

 

 

Figure 9.10. Activation energies for M/CeO2 and M/Al2O3 for CO oxidation. 

 

These values are in accordance with other reported studies.25 The higher 

activity of the ceria-based systems relative to alumina ones is expected based on 

theory and has been well-documented. The novel aspect of our work is the 

observation that, while the alumina-based systems show size-independency for 

this reaction, as expected,12 the ceria-based catalysts, in contrast, are shown to 

have size-dependent reactivity, with the order of reaction rates being Small > 

Medium > Large for all three of the d8 metals studied. In the case of alumina, both 

O2 and CO compete for the metal sites. From the experimental data for all the 

metals on alumina, the reaction kinetic expression (r = k[CO]-1[O2]1) is fully 

consistent with a picture of a CO-saturated metal surface and oxygen activation 

on metal vacancies. The fact that the particles are fully saturated by CO may limit 

the effect of the intrinsically different surfaces exposed by the particles, thus 

contributing to the size independency of this reaction on alumima-supported 

metals. On the contrary, in the case of ceria, several studies have proposed that 

the zeroth order in CO observed for ceria-based catalysts is related to the reaction 

between CO adsorbed on the metal and O2 provided by the ceria, so that the CO 

on the metal is unable to suppress the rate of O2 adsorption.26,27 This observation 

suggests that the metal atoms at the boundary with the support should be the 

active sites for this  reaction. If so, the larger surface-to-volume ratio of small 

particles would translate to more metallic surface area, increased boundary 

length and higher activity. A more careful investigation of the present reaction 

rates reinforces this hypothesis, since the differences in the reaction rates are 

larger when the particles are small: they are maximized in the case of Pt particles 

where Medium (2.5 nm) and Small (2 nm) are in a close size range. However, 

despite the numerous elegant theoretical and experimental studies of oxygen  

back-spillover from ceria to Pt on model single crystals under low pressures,8 to 

the best of our knowledge there is no literature reports which overcome the so 

called “material and pressure gap”,28,29 experimentally demonstrating, under 
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realistic reaction working conditions, the involvement of ceria lattice oxygen in 

the CO oxidation.  

Based on the data shown above, it is unclear whether the important variable 

which is altered by particle size is the surface-to-volume ratio or the perimeter-to-

surface ratio in the metal particles. To answer this question, we utilize the model 

developed by Williams et al. to calculate the fraction of atoms located at the 

various surface sitesof a truncated cuboctahedral metal particle (surface atoms, 

perimeter atoms at the metal-support interface or corner atoms at the same 

metal-support interface.30,31 In this model, the rate of the CO oxidation should 

follow a dependence of d-0.7 with the diameter if the surface atoms are responsible 

for the activity. Dependencies of d-1.8 and d-2.9 are expected if the perimeter or the 

corner atoms, in direct contact with the support, are the active species, 

respectively. In the case of ceria-based catalysts, we study CO oxidation under 

three different reaction environments: stoichiometric, lean (excess of oxygen) and 

rich (excess of CO). Remarkably, the trends in catalytic activity (size dependence) 

are not influenced by the reaction environment for any of the catalysts (Figure 

9.11, top). The apparent activation energies are in the range 40-70 kJ mol-1 for all 

the samples and conditions. The particle size dependency observed under lean, 

stoichiometric and rich conditions indicates that, at the low temperatures, the 

metal particles are completely covered by CO. The generality of the observed 

correlation is demonstrated in Figure 9.11, bottom, where the slight scattering in 

the data results from the fact that three different metals are simultaneously 

compared. A strong correlation is found when a single metal is considered, as in 

the case of Pd (Figure 9.11, insets in the bottom). CO oxidation rates per total 

gram of metal varies as d-2.4±0.2, d-2.2±0.2 and d-1.9±0.3 for excess O2, stoichiometric and 

excess CO conditions, respectively. These values are in complete accordance with 

a model in which the active sites are those located at the perimeter of the metal 

particles in contact with the ceria support. The small trend in the dependence 

from d-2.4±0.2 to d-2.2±0.2 and to d-1.9±0.3 suggests that, under rich conditions, all of the 

perimeter atoms in contact with the support bind CO and contribute to the 

overall observed catalytic activity, while corner atoms have a higher relative 

contribution to CO oxidation under lean conditions. In fact, the O2 molecule starts 

competing with CO for the coordination at the metal atoms only under lean 

conditions, requiring two adjacent metal atoms for the dissociative 

chemisorption. Therefore its coordination on corner atoms is unfavorable, leaving 

those catalytically active sites available for CO coordination. Under rich 

conditions, instead, all perimeter atoms can contribute to the reactivity, being 

available for molecular CO adsorption. 
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Figure 9.11. Differential reaction rates of d8/CeO2 catalysts for CO oxidation (top) under a) excess O2, b) stoichiometric and c) excess CO conditions. Bottom: log-log plots of CO oxidation 

rates under the three conditions above at 80 °C against particle size. Insets are Pd data. d is the diameter of the metal particles. 
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9.3 Conclusions 

 

In conclusion, the present chapter provided a simple and flexible procedure 

for the preparation of monodisperse d8 (Ni, Pd and Pt) nanocrystals. The 

extremely precise particle size is advantageously employed to prepare catalysts 

with finely tuned metal-support interface. We definitely prove that CO oxidation 

on the d8 metals deposited on CeO2 is size-dependent, with a direct participation 

in the reaction of metal atoms at the perimeter and ceria oxygen lattice. This 

study paves the way for expanding the current knowledge of catalytic processes 

at the nanoscale by precisely tailoring the catalysts. Furthermore, it is of guidance 

for the preparation of embedded systems with tailored interface to further 

enhance the performance of the core-shell-type catalysts. 
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10. 

CONCLUSIONS 

Presented in this thesis are experimental results obtained on the preparation 

of tailored architectures based on transition metals for applications in 

heterogeneous catalysis. The major focus of these studies was the preparation of 

active and thermally stable materials for several catalytic reactions and the 

accurate study of size-activity relationships in ceria-based systems. An array of 

preparation procedures was described starting with relatively simple approaches 

to more advanced methods based on self-assembly and the preparation of 

artificial atoms. Detailed catalytic and characterization studies unambiguously 

demonstrated the properties and functions of the prepared materials as well as 

their different and improved characteristics with respect to state-of-the-art 

conventional systems. 

Initially, relatively simple procedures for the encapsulation of Pd and Au inside 

ceria layers demonstrated the promise of the embedding procedure and its 

limitations (Chapter 3). In the case of Pd catalysts, improvements in stability for 

the water-gas-shift reaction of Pd@CeO2 over a Pd/CeO2 catalyst formed by 

impregnation suggested that the formation of Pd-ceria, core-shell catalysts have 

great promise for this application. However, the need to develop core-shell 

structures that effectively prevented Pd sintering but left the Pd accessible to gas-

phase reactants was imperative. In the case of Au catalysts, very good catalytic 

activity under real PROX conditions was obtained with low metal loading (1 wt 

%). Moreover, the small deactivation observed for the embedded Au@CeO2 

catalysts after aging at 250 °C was fully reversible upon mild oxidation treatment. 

In both cases, it was clear that a correct balance between encapsulation of the 

particles and manipulation of the pore structure around them was fundamental 

to achieve materials with the desired performance and thermal stability. 
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In order to better manipulate the metal-support interface and tailor the core-

shell structure to a fine extent, we then prepared functionalized Pd and Pt 

nanoparticles with rather small average diameter and narrow size distribution 

(Chapter 4). The main focus of the chapter was to prepare particles that exposed 

on the edge of the monolayer carboxyl groups by using a functionalized 

protecting thiol (11-mercaptoundecanoic acid, MUA), useful for the subsequent 

reaction with the metal oxide precursors. A systematic study of the synthetic 

conditions applied to the production of the nanoparticles (reaction temperature, 

thiol/Pd molar ratio and reductant addition rate) as well as their morphological 

outcome has been properly addressed. The procedure was then extended, with 

minor modifications, to the preparation of MUA-Pt nanoparticles. Finally, the 

MUA-Pd nanoparticles have been scrutinized as highly efficient, easily handled 

and re-usable catalysts for Suzuki cross-coupling reaction with different aryl 

halides. 

The functionalized Pd and Pt nanoparticles were then employed for the 

successful preparation of dispersible metal@oxide core-shell nanostructures 

(Chapter 5). We showed that the method is versatile allowing the preparation of 

several combinations using Pd or Pt as metal core and titania, zirconia or ceria as 

oxide shell. The method is based on the self-assembly between the MUA-Pd or 

MUA-Pt nanoparticles and titanium, zirconium or cerium alkoxides. The core-shell 

nanostructures were effectively dispersible in a range of organic solvents without 

any sign of agglomeration. We demonstrated that the dimension of the metal 

core and the thickness of the oxide layer could be tuned and that the metal phase 

was accessible. 

The applicability of these structures for the preparation of heterogeneous 

catalysts was then demonstrated in several areas. In particular, the results showed 

that the ceria in the core-shell catalysts deposited onto alumina exhibited 

different redox properties from those found for the ceria in conventional 

catalysts, possibly due to structural changes associated with the Pd-core template 

(Chapter 6). Even when the Pd in the oxidized catalysts was accessible to gas-

phase reactants, reduction of the ceria could cause encapsulation of the Pd, 

which can in turn lead to deactivation of the catalyst for reactions like water-gas 

shift. However, these same properties can be advantageous for other 

applications, such as the case of SOFC electrodes. In addition to the high thermal 

stability of the core-shell catalysts, it was demonstrated that the synergic 

interactions between Pd and ceria increased the oxidation activity of Pd/CeO2 

catalysts with the consequence that high power densities and thermal stabilities 

have been obtained for their use as fuel cell materials under high-temperature 

reaction conditions. 

The method for the preparation of dispersible core-shell structures was then 

adapted for their deposition around Multi Wall Carbon Nanotubes (MWNTs) 

(Chapter 7). In particular, a modular procedure for the preparation of 

nanocomposites where MWNTs were embedded inside mesoporous oxide layers 

containing metal particles dispersed within was reported. We showed that the 

different materials have very promising catalytic activity for different 

heterogeneous reactions. In particular, in stark contrast with what observed with 

the Pd@CeO2 structures dispersed on alumina (Chapter 6), it was shown that the 

nanocomposites with MWNTs were much more stable under WGS conditions, 

demonstrating the importance of the support properties to tune the final 

catalytic performances. 

A further application of the dispersible Pd@CeO2 structures consisted in their 

deposition as single entities onto a modified alumina (Chapter 8). The materials 
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showed outstanding catalytic properties for methane oxidation. The synergic 

effect between the core and the shell components and the self-assembly of the 

building blocks in solution helped to form stable and active materials that 

demonstrate unusual, promoting catalytic properties. 

In a final stage, we developed a unique capability of prepared d8 metal 

particles (Ni, Pd and Pt) to study the size-activity relationships of ceria-based 

materials (Chapter 9). The extremely precise particle size was advantageously 

employed to prepare catalysts with finely tuned metal-support interface. We 

definitely proved that CO oxidation on the d8 metals deposited on CeO2 is size-

dependent, with a direct participation in the reaction of metal atoms at the 

perimeter and ceria oxygen lattice. This study is of guidance for the preparation 

of embedded systems with tailored interface to further enhance the performance 

of the core-shell-type catalysts. 

In conclusion, this thesis provided numerous methods for the preparation of 

tailored nanoarchitectures and their application in several areas of 

heterogeneous catalysis. The work was based on the precise tailoring of the 

building blocks in order to organize them trough self-assembly and 

supramolecular chemistry principles in hierarchical, final structures with defined 

metal-support interfaces. It is expected that these principles will be of guidance 

for the development of this concept and its extension to other areas, associated 

with the increasingly better ability to further tune the special properties of the 

materials presented in this thesis. 
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