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Motivation and Overview 
  

 Nowadays, it is getting more and more common to hear the words 
“nanoparticles”, “nanoscience” and “nanotechnology” not only in academic 
environments, but also in our day-to-day. In fact, the number of commercial products 
synthesized with nanoparticles, or at least those that are formed by different kinds of 
nanomaterials, increases at a vertiginous rate.  

 However, it is not easy to understand how nanoparticles work and how their 
special properties make them worthy of being used in those new developed materials. It 
is for this reason that I decided to study the very basics of this entire topic: the synthesis 
and characterization of different kinds of nanostructures. 

 Therefore, developing new synthetic routes, as well as functionalizing the 
synthesized nanocrystals so as to make them suitable for different applications, has been 
the cornerstone of this thesis. Specifically, this research work is focused on synthesizing 
metallic (gold and silver) and metal oxide (magnetite and mixed ferrite) nanoparticles, 
as well as Fe3O4@Au core-shell nanostructures. 

 Apart from the synthetic process, their characterization, mainly using TEM-
analysis techniques, has been another important part of the carried out work, as it will 
be explained in depth in this work. 
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1.1 Thesis overview 
 
According to physics, a particle is a small localized object which can be described 

by their physical properties, such as volume or mass
1. This concept is a rather general description and it may be redefined as needed by 
various scientific fields. 

 
Although there is no a specific rule to classify particles, they are usually classified 

according to their size2. In terms of particle diameter, øpart, they can be classified as 
shown in the Table 1.1.1 

    
Terminology for particle sizes 

Description Particle size 
Supercoarse  øpart > 10 µm 

Coarse 2.5 µm ≤ øpart ≤ 10 µm 
Fine 0.1 µm ≤ øpart ≤ 2.5 µm 

Ultrafine øpart ≤ 0.1 µm 
 
                        
 

Figure 1.1.1 provides a visual comparison of the size of a fine particle (1.0 µm), 
coarse particle (10 µm), and a supercoarse particle (100 µm). There is an equivalent 
difference in size between Fine and Ultrafine particles size: 

 

 

 

 

 

 
 

 

Given this classification, it is correct to talk about nanoparticles (or ultrafine 
particles) when they have, at least, one dimension lower than 100 nm.  

Nanoparticles and nanoparticulate materials exist from ancient times. Although 
some of these nanoparticles have been synthesized deliberately (or not) by humans, it is 
also likely to find some natural-synthesized nanoparticles. For instance, mineral 

Table 1.1.1.: General terminology for particle sizes. 

 

Figure 1.1.1.: Visual comparison of different particle sizes. 

       (from: http://www.epa.gov/apti/bces/module3/category/category.htm) 

. 
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nanoparticulates such as silica (SiO2) and the various forms of asbestos as well as black 
carbon are among the oldest natural nanoparticulate structures
3. In addition, other mineral oxide nanoparticles such as hematite (Fe2O3) were naturally 
formed in the ancient times and have persisted so far3. What is more, we can also find 
Fe3O4 nanoparticle chains inside the ancient bacterium called Magnetobacter, which 
allows it to orientate itself by using natural magnetic fields4.  
 

On the other hand, humans have also synthesized nanoparticles for a long time. 
Actually, it is possible to find some different nanostructures in old glasses, statues or 
pottery pieces5. However, the first mention to nanoparticles may be awarded to Michael 
Faraday, who was probably the first person who synthesized deliberately gold 
nanoparticles by reducing Na[AuCl4] with an aqueous solution of Na[AuCl4] with 
phosphorous in carbon disulfide. (Figure 1.1.2.) On February 5, 1857, Faraday 
delivered a Lecture of the Royal Society entitled “Experimental Relations of Gold (and 
other Metals) to Light” in which he exposed his conclusions about extremely finely 
divided metal particles in suspension6.   

 
 
 
 
 

 
 
 
 
 

 
 
 
 

 
 
Several years later, on 1959, Richard Feynman, an American physicist from the 

Technological Institute of California (Caltech), delivered a conference to the American 
Physical Society entitled “There’s Plenty of Room at the Bottom”, in which he pointed 
the possibility of manipulating the atoms directly one by one, with a nanometric 
precision. Subsequently, Feynman received the Physics Nobel Award in 19657. 

 
Both the scientific and technological worlds have become very interested in 

nanoparticles and other kind of nanostructures. Nowadays, some governments spend 
huge amounts of money in the study of the “Nanoworld”. For instance, the EEUU 
budget during the 2005-2010 period was about 2.500 million euros, and the current UE 
budged since 2007 has reached 3.300 million euros8. 
 

Figure 1.1.2: Faraday’s gold nanoparticle dispersion (left), TEM image from this 
nanoparticles (middle) and Faraday’s portrait (right) 

          (modified from: Edwards  P. P.; Thomas J. M.,  Angew. Chem. Int. Ed. 2007, 46, 5480-5486. ) 
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Nowadays, nanoparticles are of a great scientific interest as they are a kind of 
bridge between bulk materials and atomic or molecular structures. The bigger difference 
between these two kinds of materials lies in the fact that bulk materials have constant 
physical properties regardless of its size, while nanostructures present size-dependent 
physical properties9,10. Thus, the properties of nanoparticles change as their size 
decreases and as the percentage of atoms at the surface of a material increases and 
becomes significant in relation to those which are in the interior of the particle10. 

Thus, the resulting nanoparticle properties are sometimes mostly due to the large 
material surface area, which overcomes the small bulk material contributions. For 
instance, nanoparticle suspensions are possible because of the particle surface 
interaction with the solvent, which is strong enough to exceed density differences, 
which otherwise could result in a material either floating or forming precipitates inside 
the medium. 

Other size-dependent changes include different optical properties (i.e. gold 
nanoparticles are red and turn to dark purple when aggregate)11, or superparamagnetic 
behaviour at room temperature in magnetic materials12, among others. 

As well as size, shape is also a crucial parameter which becomes necessary to 
control when studying nanoparticle properties. Sometimes, one compound may have 
different properties when changing its nanoparticle shape13.  

As a result of all these particular properties, a lot of usefulness can be found in 
diverse branches of science such as catalysis14,15,16, nanosensors17,18, biology19, 
medicine20,21,22, or opto-electronics23,24, as well as unique technological 
applications25,26,27. These potential applications have resulted in a fast expansion of 
research in these kinds of structures. Nowadays, there is a huge interest in the 
development of synthetic protocols in order to control size, shape, morphology and 
crystallinity of metal nanoparticles. 

Basically, we can differentiate two main branches of knowledge involving all the 
different studies and applications of nanostructrures: 

-Nanoscience: It is the study of all kind of nanostructures, involving their 
properties and the processes that happen at this scale. 

-Nanotechnology: It is the search of the different applications of the studied 
nanostructures, by trying to control and manipulate them. 

So far, some different kind of nanostructures have been developed and studied in 
depth. From simple metallic28,29,30,31 or ceramic32,33,34 materials until more complex 
structures, as for example core-shells35,36,37,38, all kind of new nanostructures are being 
not only developed also applied in the mentioned areas.  

Obviously, conventional techniques used to analyze bulk materials should be 
merged with those specially designed to study the material structures at nanoscale, such 
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as scattering and transmission electron microscopy, SEM and TEM respectively. Thus, 
a large number of recently research works include studies of nanoparticle properties 
using both classical (for instance, Infra Red,IR, or Raman vibrational spectroscopy or 
classical magnetic behaviour tests) and electron microscopy techniques, among 
others39,40,41. 

However, and in spite of the enormous number of scientific works published in the 
last years, there are still several problems when trying to obtain doable and reproducible 
synthetic methods. Most of the times the described methods found in literature are so 
difficult to repeat, and sometimes the stability and properties of the synthesized 
nanoparticles change so quickly, making them useless for certain kind of future 
applications. For this reason, several works focused on solving these problems are 
appearing lately42.  

Basically, all the different methods to synthesize any kind of nanoparticles can be 
classified in two general groups:  

-Top-down: This kind of synthetic procedures involve the breaking down of large 
material pieces in order to generate the desired smaller resultant nanoparticles from them. 

-Bottom-up: Implies assembling single atoms and/or molecules so as to build 
larger nanostructures from them. 

This thesis is mainly focused on the synthesis, via bottom-up methods, and 
characterization of different kind of nanostructures, involving iron oxides and metallic 
nanoparticles. According to the problems described before, we have focused our efforts 
in trying to develop or improve different synthetic procedures, as well as studying their 
properties. 
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1.2 Gold and silver nanoparticles stabilization with thiols and 
functionalization with Rhenium carbonyls 

  

1.2.1 Gold and silver nanoparticles. General background 

Both gold and silver have played an important role in human history. In the case of 
gold, has been used around the world as a vehicle for monetary exchange, either in the 
form of gold coins or other bare metal quantities. The first references we can find about 
gold extraction date from Varna (Bulgaria) about the 5th millennium B.C.43 In the case 
of silver, some slag heaps found in Asia indicate silver was being separated from lead as 
early as the 4th millennium B.C. using surface mining44. In both cases, they have been 
considered two of the most valuable metals. 

As in ancient times materials were used for both esthetical and curative purposes, 
colloidal gold was used to make ruby glass and for coloured ceramics. An example of 
this fact is the Lycurgus Cup (Figure 1.2.1.1), which was created in the 5th to the 4th 
century B.C. Given the presence of gold colloids, it is ruby red in transmitted light and 
green in reflected light. On the other hand, silver nanocrystals have also been found in 
pottery of XVI century45,46. 

  

 

 

 

 

 

 

 
 

Since then so far, gold and silver colloids have become an interesting research topic 
for many scientists around the world. Over the 20th century, several methods for the 
preparation of gold and silver colloids have been reported and reviewed47,48,49. In the 
last ten years, both gold and silver nanoparticles have been the subject of an increasing 
number of studies50,51,52,53. 

Figure 1.2.1.1: Lycurgus’ Cup, saw in reflected light (left) and in transmitted light 
(right). 
                                  (by: http://www.nature.com/nphoton/journal/v1/n4/fig_tab/nphoton.2007.38_F1.html) 
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In order to understand the general properties of this kind of particles, it is necessary 
to study the general background of the transition-metal nanoclusters, in which gold and 
silver nanoparticles are included. 

 

1.2.2 Synthetic routes 

Nanoclusters, as aforementioned, have generated intense interest over the last two 
decades due to their unique properties which lie between those of bulk and single-
particle species54. Transition-metal nanoclusters, in particular, have many potential uses, 
including quantum computers55 or quantum dots56,57 chemical sensors58,59,60, or 
catalysis61, 62 among others. 

So far, several types of transition-metal -nanoclusters, not only formed of gold or 
silver, but also of palladium63, platinum64, ruthenium65 and others, have been 
synthesized and described in the literature.  

General studies about transition-metal nanoclusters have been done in the last 
years, both studying several synthetic routes and their common physical properties. In 
1994, Professor John Bradley classified the synthetic methods in four general groups, 
which are based on bottom-up synthetic procedures66: 

 

I. Transition metal salt reduction. 
II. Thermal decomposition and photochemical methods. 
III. Ligand reduction and displacement from organometallics. 
IV. Metal vapor synthesys. 
  
 Afterwards, in 1995, Professor Manfred Reetz added a fifth method67: 
 
V. Electrochemical synthesis. 
 
 
In all cases, the processes are based on the ‘facile deposition of metallic 

precipitates’, which means to start working with a transition-metal initial compound (a 
metal salt or metal complex) and to reduce and precipitate it in a controlled way via one 
of the mentioned methods.  

 
A part from synthesizing, it is also of a great importance to develop reproducible 

syntheses of a predetermined size, structure, shape and composition. As mentioned 
before, nanoparticle properties depend on these parameters, and transition-metal 
nanoparticles are not an exception. 
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1.2.3 Transition-metal nanoclusters. Size and shape 

A great variety of nanoclusters with different shapes can be obtained via some 
different synthetic procedures. As gold nanoparticles are relatively easy to synthesize in 
some different sizes and shapes, several studies, both theoretical and experimental, have 
been carried out in order to study the atom distribution in the gold formed 
nanoparticles68, 69. 

Despite the fact that it is almost unlikely to study the exact structure of big 
nanoparticles, it is likely to describe how atoms organize themselves when forming 
small clusters. We can talk about “full-shell” or “magic number” clusters for those 
which have a complete and regular outer geometry. These full-shell clusters are formed 
by successive metal atom shells around a single metal atom. According to this rule, it is 
possible to form the following equation70: 

 

 where, in this equation:  

 

 

Thus, full-shell metal nanoparticles, for instance gold and silver ones, usually 
follow the pattern shown in Figure 1.2.3.1 of structure and number of atoms per 
particle: 

 

 

However, for bigger or different shape nanoparticles, it is very difficult to 
determine exactly the nanoparticle structure. Moreover, those atoms which are in the 
outset shell will always be affected for all the interface phenomena, and they will also 
play a key role in the stability of the formed nanoparticle. 

 

 

Figure 1.2.3.1: Evolution of metal nanoclusters according to “full-shell”. 
(from: Aiken II J.D.; Finke R.G., J. Mol. Catal. A: Chem., 1999, 145, 1-44.) 
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1.2.4 Stabilization against aggregations 

As described before, nanoparticle surface atoms are very important when studying 
the stability and reactivity of nanoparticles. In fact, when the percentage of atoms on the 
surface of the nanoparticle increases, they become more reactive yet less stable. 
Nanoclusters are only kinetically stable, which means they must be stabilized against 
aggregation; otherwise, they will aggregate into large particles and, eventually, they will 
become bulk material so as to reach their thermodynamic point of minimal energy71. 

In order to avoid the aggregation process, stabilization must be achieved. This can 
be done in two different ways: 

- Electrostatic stabilization: It occurs by the adsorption of ions on the nanoparticle 
surface.  This adsorption generates an electrical double layer72 resulting in a Coulombic 
repulsion force between individual particles. 

- Steric stabilization: It occurs when nanoparticle surfaces are surrounded by layers of 
sterically bulky materials73, which form a steric barrier and prevent close contact 
between individual particles. 

Those two processes, which are shown in Figure 1.2.4.1, are not only necessary 
when working with metal nanoparticles but also when synthesizing almost any kind of 
nanoparticles in solution. 

 

 

 

 
 

 

  

 

There are lots of examples of both gold and silver nanoparticles synthesized in 
some different media and stabilized via one of the two mentioned methods. When trying 
to achieve electrostatic stabilization, it is common to use a kind of reductant salt, such 
as sodium citrate NaC6H7O7

74, whose ions surround the formed nanoparticles and form 
the double layer. 

On the other hand, when stabilizing nanoparticles via sterically bulky materials, 
some kind of surfactants can be used. Depending on the potential use of the resulting 

Figure 1.2.4.1: Graphic examples of Steric stabilization (left) and 
Electrostatic Stabilization (right).  

(modified from: http://www.pall.com/main/Fuels-and-Chemicals/Literature-Library-Details.page?id=5207) 
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nanoparticles, they can be surrounded by dendrimers75, polymers76, biomolecules such 
as DNA77 or proteins78 or organic ligands79. 

 

1.2.5 Stabilization with thiols 

To stabilize gold or silver nanoparticles, sulfur-containing species are among the 
most commonly used kind of ligands. Although different species with sulfur, such as 
xanthates80 or disulfides81 are sometimes used for this purpose, thiols have been the 
most extensively studied ones. This happens because of their affinity to metals like gold 
and silver. In fact, alkane thiols and other thiol-derived ligands are able to chemisorb on 
the metal surface by forming ‘metal-S’ bonds and leaving their hydrocarbon chains 
pointing outwards (Figure 1.2.5.1) which is called a self-assembled monolayer (SAM). 
In this way, they protect nanoparticles from agglomeration and reduce their surface 
activity.  

 

 

 

  

 

 
 

Some works about thiol-metal SAMs have been reported, most of them using gold 
substrates, studiyng some parameters and properties (for instance their structure, defects 
and dynamics) of these kinds of supramolecular structures. These studies have been 
carried out both for SAMs formed on solid substrates82 and on nanoparticle surfaces83,84. 

  

It deserves special attention the work reported by P.D. Jadzinsky, et al85. In this 
work homogeneous gold nanoparticles capped with p-mercaptobenzoic acid (p-MBA) 
were synthesized and crystallized, allowing the study of their exact structure via X-ray 
analysis (Figure 1.2.5.2). It is shown here that the attached thiols are organized around 
the particle in a characteristic way which minimizes the surface energy. In order to 
achieve this low-energy state, interactions between two or more thiols take place. This 
work also explains that gold-sulfur interactions depend on the position of the gold atom 
in the nanoparticle surface. 

Figure 1.2.5.1:  Illustration of the typical self-assembled monolayer (SAM) on silver 
surface. (from: http://mrsec.wisc.edu/Edetc/nanolab/Agthiol/) 
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Despite the differences between these particles shown and any other thiol-capped 
gold nanoparticles, this work contributes enormously to the understanding of thiol-metal 
SAMs. In fact, F. Gygi, et al.86 reported a theoretical study concerned in this structure, 
studying its electronic properties. 

It is generally very difficult to study the structure of nanoparticles and their surfaces 
with this grade of detail, mostly due to the difficulty of crystallize them. For this reason, 
so far, this mentioned work is a re markable exception a mong a ll the other studi es 
reported in this field.  

Apart from this example, a  la rge numb er of w orks related to the synthesis a nd 
characterization of  gold and sil ver nanoparticles using a lkane thi ols and thiol-derived 
surfactants ha ve be en reported. F or e xample: mercaptosuccinic acid ( MSA)87, 3 -
mercaptopropanoic a cid (MPA)88, p-mercaptophenol89, -bromoalkanethiols90, -
carboxylic a cid-alkanethiols91, -hidroxyl-alkanethiols92, oli go(ethyleneglycol)thiols93, 
thiol gelators94, amphiphilic thiols95, dihydrolipoic-derived acids96, phosphonic thiols97, 
sulfonic thi ols98, thi ol surfactants99, thi ol-ammonium li gands100, c hiral thiols101, a nd 
other functionalized thiols102 have also been reported.  

 

1.2.6 Functionalized thiol-stabilized nanoparticles  

Thiol-derived species with another functional group, such as a carboxylic acid, can 
both stabilize na noparticles and a ct as a c oordinating li gand a t the same time.  The 
structure of that kind of thiols consists of three main parts (Figure 1.2.6.1):  

1. A ‘Terminal Sulfur Group’, which binds the molecule to the nanoparticle 
surface through the ‘S’ atom. 

2. An alkyl or aryl hydrocarbon chain, also called ‘Spacer Group’, which separates 
both sulfur and ‘Head’ groups. By varying the length as well as the structure 

Figure 1.2.5.2:  X-ray crystal structure determination of the gold nanoparticles 
capped with p-mercaptobenzoic acid. (Modified from: P.D. Jadzinsky, et al. Science 318, 430, 2007, 430-

433) 
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(alkyl or aryl) nature of this part, it is possible to change some properties of the 
resulting stabilized nanoparticles, as well as their stability inside the medium. 

3. A ‘Head Group’ at the other end of the molecule, which is pointing outwards. 
This group plays a key role both in the stabilization and reactivity of the 
stabilized nanoparticles. For instance, it can act coordinating metallic ions.  

 

 

 

 

 

 

 

 

  

When combining the stability of gold or silver nanoparticles capped with thiols 
with the reactivity of transition metals, a new range of possible applications appears, for 
example, in catalysis103, sensors104 or biomolecular105 processes. So far, some different 
ligands have been reported in literature. Even though the most common ones are those 
which act as an N-, O- or P- donors, resulting organometallic complexes have also been 
used106. 

A large number of different functionalized ligands attached to metal nanoparticles 
and their applications after coordinating transition metals were described in a Wilton-
Ely’s review107. Of a particular interest for this thesis is the work reported by S. Wang, 
et al.108 in which gold nanoparticles stabilized with 3-mercaptopropionic acid (MPA) 
functionalized with ruthenium carbonyls were synthesized for catalysis applications. To 
obtain the resulting nanoparticles, sodium mercaptopropanoate-capped gold 
nanoparticles were mixed with triruthenium dodecacarbonyl (Figure 1.2.6.2). 

 

Figure 1.2.6.1: General structure of thiol-derived specie with a non- 
defined ‘Head Group’.  (from: http://www.sigmaaldrich.com/technical-

documents/articles/material-matters/self-assembled-monolayers.html) 

Figure 1.2.6.2: Process carried out for the synthesis reported by S. 
Wang, et al. (modified from: S. Wang; W-S Sim, Langmuir, 22 2006, 7861-7866) 
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1.2.7 Gold and silver nanoparticles capped with rhenium carbonyl species. Future 
possible radiopharmaceutical applications 

One of the goals of the present thesis is to prepare gold and silver nanoparticles 
capped with MPA and functionalized with rhenium carbonyl species for future 
radiopharmaceutical applications.  

One typical objective of radiopharmacy is the use of radiolabeled compounds for 
diagnostic and therapeutic purposes. In fact, it is very common to use rhenium and 
technetium carbonyls if this field due to their properties. In particular technetium-99m is 
a widely known γ-emitter employed for diagnosis in nuclear medicine and rhenium-188 
is a γ- and β-emitter, which makes it a good candidate for therapeutic purposes109,110,111 
(Figure 1.2.7.1). 

 

 

 

 

 

 

 

Although the use of both rhenium and technetium carbonyls have been delayed 
during a long time because of the absence of a good synthetic route, this fact changed 
due to the reports of simple methods to prepare [M(H2O)3(CO)3]+ (M=99mTc, 188Re)112, 

113, 114. Currently, a wide range of complexes are being prepared by simple substitution 
of the water molecules present in the mentioned complexes by appropriate 
ligands115,116,117,118,119,120. In addition, nanoparticles play a relevant role in 
radiopharmacy121, being used in lymphoscintigraphy for the detection of sentinel lymph 
nodes122. What is more, 188Re nanoparticles present promising applications for 
malignant tumour therapy123. Thus, by coating gold or silver nanoparticles with rhenium 
carbonyl, via convenient reaction with [M(H2O)3(CO)3]+, a new approach could be 
employed so as to synthesize new 99mTc and 188Re radiopharmaceutical colloids. 

It is mandatory to point out that both gold and silver nanoparticles, apart from being 
relatively easy to synthesize in aqueous medium, are human biocompatible species 
which should not present any kind of danger after being introduced into human 
body124,125,126. In the case of silver nanoparticles, they present a powerful antibacterial 
activity127,128, so in their case the resulting functionalized nanoparticles could combine 
both the antibacterial character of silver with the diagnostic properties of 99mTc or the 
therapeutic possibilities of 188Re. 

Figure 1.2.7.1:  General scheme about the uses and kind of   
radiation emitted by 99mTc and 188Re.  
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Specifically, the work related in chapter X relates the characterization of 
synthesized metal (gold or silver) nanoparticles stabilized with MPA and complexed 
with fac-[M(H2O)3(CO)3]+, using [Re(H2O)3(CO)3](CF3SO3) as a precursor. The 
experimental work was carried out with a mixture of Re-185 (37.4%) and Re-187 
(62.6%), which are no radioactive rhenium isotopes. (Figure 1.2.7.2)  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 1.2.7.2:  General scheme about the gold nanoparticles formation as 
well as their fictionalization process with rhenium carbonyl species. 
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1.3 Iron oxide nanoparticles 
 

1.3.1 Magnetism. Definition and general background 

Magnetism is a ph ysical phenomenon throu gh whic h certain mate rials exert 
attraction or repulsion forces over others. Certain well-known materials, such as nickel, 
iron or  cobalt and their alloys, also called ‘magnets’ show easily detectable magnetic 
properties129 . However, all materials can be influenced by a magnetic field130. 

 
The magnetic behaviour of any material depends mainly on it s own structure and, 

particularly, on it s electronic configuration133. Gi ven the fact that e lectrons are small  
magnets, the number and dist ribution of  e lectrons inside a  mate rial will de termine it s 
final magnetic properties.  

 
Basically, there are two different magnetic fields associated to electrons. The first 

one is an intrinsic magnetic field, characteristic of the electron itself131, and the second 
one is a fie ld generated b y th e or bital movement of the electron around the atomic 
nucleus132. Generally, all the resulting electron magnetic fields are randomly oriented in 
some different directions. However, unde r c ertain conditions they c an be  a ligned, 
producing a measurable total magnetic field133. 

 
Both kinds of magnetic fields generate magnetic dipoles, which have two opposite 

parts, a “North P ole” an d  a “South P ole” (Figure 1.3.1 .1). As magnetic fie lds have 
both energy and physical systems which are stabilized with low-energy configurations, 
when a magnetic dipole is under the effect of a  magnetic field, it tends to be oriented 
only with one pole  diff erent to the field, by cancelling it  a s much as possi ble and 
decreasing the energy levels of the magnetic field – magnetic dipole system136. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3.1.1: Illustration of the intrinsic magnetic field of the electron, which 
generates a magnetic dipole. Its orientation depends on the electron quantum spin, 
ms.  
                                  (by: me) 
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The total atomic magnetic moment is the sum of the entire magnetic moments of 
the individual electrons134. Normally, this magnetic moment is reduced by the resulting 
magnetic dipoles, which are prone to being opposed to others. Thus, when an atom has 
all its electronic orbitals full of paired electrons, the resulting atomic magnetic moment 
is normally cancelled. On the other hand, atoms with unpaired electrons or half full 
orbitals have a magnetic moment different from zero, which strength depends on the 
number of unpaired electrons. 

 
Since the difference in the electronic configuration of different elements determines 

the nature and magnitude of the magnetic atomic moments, it is possible to find 
materials with different magnetic properties. According to their magnetic behaviour, it 
is possible to sort the different materials in the following groups135: 

 
 

No magnetic materials: There is no magnetic reaction to an applied magnetic 
field. 
 

Example: Vacuum. 
 

Diamagnetic materials: Weakly magnetic materials, which tend to oppose 
themselves to an applied magnetic field, and therefore, to be repelled by a magnetic 
field. They have all their electronic orbitals full of paired electrons. 

 
Examples: Bismuth (Bi), silver (Ag), lead (Pb), water. 

 
Paramagnetic materials: Magnetic materials only attracted when in presence of an 

externally applied magnetic field. They have unpaired electrons.  
 

Examples: Air, aluminum (Al), palladium (Pd). 
 

Ferromagnetic materials: Magnetic materials that retain their magnetization in the 
absence of an external field, so that they can generate a magnetic field themselves. 
There is a tendency for the intrinsic magnetic moments of neighboring electrons to point 
all of them in the same direction. Therefore, those magnetic moments of atoms in a 
ferromagnetic material make them behave like tiny permanent magnets. When the 
external field is removed, their electrons remain together and align themselves into 
small regions with a certain degree of uniform alignment called magnetic domains. 

 
Examples: Iron (Fe), cobalt (co), nickel (Ni) or ferrites. 

 
Antiferromagnetic materials: Materials with a zero net magnetic moment. So, 

they cannot generate a magnetic field. Unlike ferromagnetic materials, there is a 
tendency for the intrinsic magnetic moments of neighboring electrons to point in 

http://en.wikipedia.org/wiki/Ferromagnetism
http://en.wikipedia.org/wiki/Magnetic_domains
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opposite directions. All of them have a characteristic ‘Neel Temperature’, above which 
every antiferromagnetic material becomes paramagnetic. 
 
                           Example: Manganese oxide (MnO). 
 

Ferrimagnetic materials: Materials that, like ferromagnetic ones, retain their 
magnetization in the absence of an external field. However, like antiferromagnetic 
materials, neighbouring pairs of electron spins point towards opposite directions. 
Despite this fact, there is more magnetic moment from one kind of electrons that point 
in one direction, than from the others, which result in a net magnetic moment different 
from zero.  
 

 Example: Magnetite (Fe3O4). 

 

 

Apart from all the described materials, there is another ‘special’ kind which just 
‘shows up’ when working with tiny nanometric materials, for they behave differently 
after reaching a certain size: 

Superparamagnetic materials: They are ferromagnetic or ferrimagnetic materials 
small enough to act as a single magnetic domain or electronic spin. They are so small 
that are affected by the thermal energy, which changes their magnetic moments. As a 
result, above a certain temperature, their response to a magnetic field is qualitatively 
similar to the expected for paramagnetic materials, but much larger. 

Example: Magnetite or ferrite nanoparticles of a certain size. 
 

The magnetic strength of a material is called magnetization, M. For bulk 
ferromagnetic materials, M is the vector sum of all the magnetic moments of the atoms 
per volume unit of the material136. Since bulk materials consist on magnetic domains, 
each one with its own magnetization vector, M decreases when the magnetization 
vectors are not aligned. So, for smaller materials, the number of domain decreases as 
well. When the length scale of material becomes smaller than a critical size, dc, there is 
just a single domain which magnetization vector coincides with M136, as is shown in 
Figure 1.3.1.3. In that case, for certain kinds of materials, they can behave as 
superparamagnets.  

Figure 1.3.1.2: Illustration of the magnetic moment orientations in ferromagnetic, 
antiferromagnetic and ferrimagnetic materials.  
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Thus, when a ferromagnet with a certain M is subjected to a magnetic field with a 
strength H, the resulting magnetization curve (Fig 1.3.4) shows that M increases with H 
until reaching a saturation value, MS. Since not all domains return to their original 
orientations when H is decreased after reaching the magnetic saturation point, the 
magnetization curve displays a hysteresis loop. Thus, when the magnetic field is 
removed, a remnant magnetization can be observed, MR. In order to remove it, a 
coercive field, HC, must be applied in the opposite direction to the initially applied 
field133. 

On the other hand, single domain magnetic materials (Fig 1.3.4), for instance iron 
oxide nanoparticles smaller than about 20 nm, have no hysteresis loop. This kind of 
behaviour is called superparamagnetic133. 

This kind of experiment, usually ruled by using a SQUID (superconducting 
quantum interference device), which is a very sensitive magnetometer used to 
measure extremely subtle magnetic fields, is very useful when trying to determine the 
magnetic behaviour of a material136. This technique will be subsequently explained, as 
well as others, in the corresponding section of this work. 

 

 

 

 

 

 

 

Figure 1.3.1.3: Illustration of a bulk material with multiple domains (right) and a 
small material with only one single domain. For the bulk material, M, results from 
the vectorial sum of all the magnetization vectors. For the small material, it coincides 
with the magnetization vector of the single domain. 
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One of the most studied groups of materials, since some of them are well-known 
magnetic materials very widespread in nature, is the family of iron oxides. 

1.3.2 Iron oxide materials. Properties and applications 

Iron oxides have been studied in depth since some of them are materials with a 
measurable magnetic behaviour, and they are also especially easy to find or produce, 
and stable enough to work with137. Their magnetic properties are given to the iron atom, 
which has a strong magnetic moment due to its four unpaired electrons in the 3d orbitals 
Thus, when crystals have iron atoms (with any of its typical oxidation state) inside its 
structure, different magnetic states can arise. 

 
Generally, the crystal structure of any kind of iron oxide can be considered as 

close-packed planes of oxygen anions with iron cations taking up some of the resulting 
octahedral or tetrahedral interstitial sites, as shown in Figure 1.3.2.1:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3.1.4: Illustration of a typical hysteresis loop produced when applying a 
magnetic field on a ferromagnet (left) and the resulting data obtained when ruling the 
same experiment on a superparamagnetic material (right).  

 

Figure 1.3.2.1: Oxygen packaging for a magnetite crystal, with oxygen atoms (in 
red) forming close-packed planes and the smaller iron cations (in black) occupying 
some interstitial sites. 
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There are some different kinds of iron oxides in nature, but the three most common 
are magnetite (Fe3O4), maghemite (γ-Fe2O3) and hematite (α-Fe2O3). Since those 
three different forms are, besides, very important technologically, they have been the 
object of many different studies so far138,139,140,141,142,143. Some of their physical and 
magnetic properties are summarized in Table 1.3.2.1141: 
 

Property Iron Oxide 
Magnetite Maghemite Hematite 

Molecular formula Fe3O4 γ-Fe2O3 α-Fe2O3 
Density (g/cm3) 5.18 4.87 5.26 

Melting point (ºC) 1583-1597 -------- 1350 
Type of 

magnetism 
 

Ferrimagnetic 
 

Ferrimagnetic 
Weakly 

ferromagnetic (or 
ferromagnetic) 

Curie temperature 
(ºK) 

850 820-986 956 

Free energy 
formation 

ΔGfº (KJ/mol) 

 
-711.1 

 
-1012.6 

 
-742.7 

Crystallographic 
system 

Cubic Cubic with a 
tegragonal 
supercell 

Rhombohedral or 
hexagonal 

Structural type Inverse spinel Defect spinel Corundum 
Lattice parameter 

(nm) 
a= 0,83 a=0,83 (cubic) 

a=0,83 ; c=2,5 
(tetragonal) 

a=0,50 ; c=1,38 
(hexagonal) 

aRh=0,54, α=55,3º 
(rhombohedral) 

 
 
 
 
 

Their different elementary cells are shown in Figure 1.3.7. In the case of magnetite 
and maghemite, both derive from a spinel (MgAl2O4) structure. Spinels are a kind of 
minerals with a general formula A2+B2

3+O4
2- , which form a cubic crystal system. As 

aforementioned, oxide anions are arranged in a cubic close-packed lattice, with the 
cations A and B occupying some or all the octahedral and tetrahedral sites in the lattice. 
In the case of magnetite, A2+ = Fe2+ and A3+ = Fe3+. In the case of maghemite, however, 
there are only Fe3+ cations inside the oxide anions lattice. On the other hand, hematite 
has a “corundum-like” (Al2O3) structure, with a rhombohedral or hexagonal crystal 
system. In that case, iron cations are taking up tetrahedral sites in the oxygen close-
packed lattice141. 

Table 1.3.2.1: Physical and magnetic properties of Magnetite, Maghemite and 
Hematite. 
                             (by: Teja A.S.; Koh P.-Y., Prog. Cryst. Growth Charact. Mater., 2009, 22-45) 
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Since each iron oxide structure is quite different from others, their possible 
applications are obviously different too. For instance, magnetite and maghemite are 
commonly used in magnetic recording tapes144,145, as a sorbents146, or even as a 
pigments147. 
 

Apart from the mentioned uses, the magnetic properties of iron oxides have been 
also widely used in a broad range of applications, as magnetic seals148,149, 
ferrofluids150,151, catalysis152,153 or even medical applications154,155. It is mandatory to 
point out, however, that synthesizing iron oxide nanoparticles with specific sizes, 
shapes, and surfaces is becoming very important in order to spread the range of 
applications of those kinds of materials. 
 
 
 
  
 
 

 

Figure 1.3.7: Illustration of the elementary cells of Magnetite (cubic), Maghemite 
(cubic with a tetragonal supercell) and Hematite (Rhombohedral or hexagonal) 
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1.3.3 Iron oxide nanoparticles. Properties, applications and general synthetic 
routes 

As aforementioned, nanoparticles have special properties owing to their size. This 
way, by combining the inherent magnetic properties of iron oxides with the special ones 
that they can achieve when their size is reduced to a nanometric scale, some new 
interesting properties and applications can be obtained.  

In this vein, many different synthetic procedures, mainly focused on synthesizing 
magnetite and maghemite nanoparticles, have been developed so far. The five most 
important, all based in bottom-up synthetic procedure, (Figure 1.3.8) are described as 
follows: 

 

  

 
 

Co-precipitation: This is the most conventional method for obtaining Fe3O4 or γ-
Fe2O3 nanoparticles. It is based on mixing ferric and ferrous ions (1:2 molar ratios) 
generally in highly basic solutions, although they may also be synthesized in acidic 
media156. The reaction can be heated or carried out at room temperature, and the 
atmosphere may be also controlled so as to avoid unexpected oxidation processes. The 
resulting nanoparticle properties will be determined by the initial reaction parameters, 
such as the reaction temperature, pH value, or the ionic strength of the media, among 
others. 
  

Even thought this is an easy method to obtain stable nanoparticles in an aqueous 
media, sometimes it is necessary to ad a surfactant to the medium in order to narrow the 
range of obtained nanoparticles157,158. 
 

Thermal decomposition: This method is based on decomposing and oxidizing iron 
precursors, such as Fe3(CO)12

159
, or Fe(acac)3

160 (acac = acetylacetonate) in an organic 
medium by using high temperatures. 

Figure 1.3.3.1: Diagram of the five main different iron oxide nanoparticles synthetic 
routes. 
 

 



  1. General Introduction 

52 
 

This method has many advantages, because it produces highly monodispersed 
nanoparticles with a narrow size distribution. However, its disadvantage is that the 
resulting nanoparticles can generally be only dissolved in nonpolar solvents161. 
 

Microemulsion: This method is based on producing a thermodynamically stable 
and homogeneous dispersion of two immiscible phases (generally water and oil) by 
using a surfactant, which molecules may form a monolayer at the resulting interface. By 
doing so, inverse micelles are formed, which internal spaces act as ‘nanoreactors’, by 
controlling the size and form of the resulting nanoparticles162,163, as shown in Figure 
1.3.3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hydrothermal synthesis: This method includes many chemical technologies used 
to form nanoparticles in a sealed reactor by applying high temperatures and high vapour 
pressure to an aqueous solution164,165. The grains formed this way have generally a good 
crystallinity, better than those formed via other methods. As a consequence, this 
synthetic method is useful when preparing iron oxide or other kinds of nanostructures 
with unusual shapes166,167. 
 

Sonochemical synthesis: This method is based on the chemical effects produced 
by the ultrasounds arising from acoustic cavitation, which are the formation, growth and 
implosive collapse of bubbles in liquid. During the cavitation process, the bubble 
implosions generate localized hotspots in which nanoparticles can be formed168. 
Sometimes, those particular conditions allow the nanoparticle synthesis under unusual 
conditions, in which it would be impossible to synthesize them169. In addition, the 
nanoparticles formed by this method may present improved properties in comparison 
with those synthesized via other methods170,171. 
 
 
 
 

Figure 1.3.3.1: Illustration of a magnetite nanoparticle formation inside an inverse 
micelle 
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1.3.4 Iron oxide nanoparticles stabilization and functionalization. Surrounding 
species 

 
In some cases, and depending on their final purpose, the synthesized nanoparticles 

must be surrounded and protected with a proper surface coater, which not only stabilize 
the resulting nanoparticles in front of aggregation, but also functionalize them so that 
they can be applied in many different fields. So far, W. Wu, et al.172 has reported the 
most accurate classification of all the different species which can be applied to protect 
and functionalize iron oxide nanoparticles. (Figure 1.3.4.1) 

 

 
 
 
 
 

Basically, Wu divided all the possible surfactants in two main groups, organic and 
inorganic materials: 
 

Organic materials: Organic materials or compounds are overall used to stabilize 
the iron oxide nanoparticle surface so as to avoid agglomeration and also to 
functionalize them, increasing their range of applications. In the case of polymers, 
which have unique physical and chemical properties, some works using natural 
(Dextran173,174 or Gelatin175,176) and synthetic polymers, such as Poly(ethyleneglycol)177 
or Poly(vinylpirrolidone)178 have been reported so far. When working with biological 
molecules, some works using proteins179,180, antibodies181 or DNA182have been 
published, showing that those species greatly improve the particles biocompatibility. 

 

Figure 1.3.4.1: W. Wu, et al. Classification of different kinds of surfractants for iron 
oxide nanoparticles. (Source: Wu W.; Jiang C., Nanoscale Res. Lett., 2008, 3, 397-415) 
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In the case of small molecules or surfactants, they can be also divided in three 
different kinds: oil-soluble, water-soluble and amphiphilic ligands. Among the most 
used oil soluble ligands, in which is based the work explained in the chapter 5 of this 
thesis, some works using oleic acid183,184 (CH3(CH2)7CH=CH(CH2)7CO2H) and/or 
oleylamine185, (CH3(CH2)7CH=CH(CH2)7NH2) have been reported so far, as well as 
procedures to turn oil-soluble nanoparticles into water-soluble type, via ligand exchange 
procedures186. 
   

Inorganic materials: Inorganic materials or compounds can be used as an 
alternative when trying to functionalize and stabilize iron oxide nanoparticles and 
control some of their properties, such as their shape, surface composition and magnetic 
properties.  
 

Basically, when functionalizing iron oxide nanoparticles with inorganic 
compounds, it is possible to protect them from oxidation properties and to scope their 
applications as well187.  

 
Both silica and metal oxides-sulphides functionalizations can supply tons of 

possible advantages and applications to the formed iron oxide nanoparticles. For 
instance, silica is a biocompatible and hydrophilic material that is able not only to bind 
various biological or synthetic ligands to its surfaces but also to allow the formation of 
more complex nanostructures by adding other kinds of particles inside the resulting 
silica coating shell188,189. On the other hand, metal oxides/sulphides can show optical 
and electrical properties (TiO2, CdSe, etc.)190,191 or magnetic properties (CoO, MFe2O4 
(M=Co, Cu, Mn...))192,193 that, combined with the initial iron oxide nanoparticles, can 
generate some new nanostructurated compounds with special properties and 
applications. 

 
In the case of metal iron nanoparticle functionalization, gold coating is something 

worthy of being empathized. Despite the fact that gold (and also silver) single-metal 
functionalization conduces to a descending of the MS value of the iron oxide, this kind 
of coating not only stabilizes the nanoparticles in solution, but also makes the resulting 
“core-shell” structure capable of binding ‘-SH’ terminated molecules, such as the 
aforementioned thiols, on its resulting surface. One of the main methods to recover iron 
oxide nanoparticles with gold is based on producing a gold salt reduction on the iron 
oxide nanoparticle surfaces194, as shown in Figure 1.3.4.2. 
 
 
 
 
 
 
 Figure 1.3.4.2: Illustration of a common procedure carried out so as to obtain 

Fe3O4@Au Core-Shell nanostructures. 
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With this purpose, some research works, trying to recover magnetite or maghemite 
nanoparticles with a gold shell have been reported so far195,196,197. However, and despite 
the fact that all authors claim to have achieved a perfect Fe3O4@Au (or Fe2O3@Au) 
Core-Shell structure, so far there are no enough TEM micrograph evidences supporting 
that fact. 

 
For those reasons, the chapter 7 of this thesis is based on studying a Fe3O4@Au 

core-shell structure formation, via direct reduction of tetrachloroauric acid, HAuCl4, on 
the Fe3O4 nanoparticle surface. 
 

1.3.5 Iron oxide nanoparticles with different sizes, shapes and properties: 

Apart from size and composition, special nanoparticles’ properties depend also on 
their shape (Figure 1.3.5.1). In fact, for ‘special-shape’ nanoparticles, those properties 
are different from those observed in their spherical counterparts. Thus, the synthesis of 
uniform nanoparticles is of great importance when trying to control their electrical, 
optical and magnetic properties198, 199.  

 
For this reason, some progresses have been made recently in the study of how 

nanoparticles’ shape and size changes when modifying experimental conditions; not 
only when changing pressure, temperature or time reaction200, but also when adding 
certain reactants or surfactants to the reaction medium201. 

 
A remarkable work reported by H. Yang, et al. explains how to obtain 

monodisperse magnetite nanocubes that by adding benzyl ether to a mixture of 
oleylamine and oleic acid202. Another important work, reported by C-J. Jia, et al. is 
based on obtaining iron oxide magnetic nanorings by modifying de pH media and the 
initial‘iron/sulphate/phosphate’203. 

 
The chapter 6 of this thesis is based on the synthesis and study of iron oxide 

nanoparticles with cylindrical shape, also called nanorods. 
 
 
 
 
 
 
 
 
 
 
 Figure 1.3.5.1: Illustration of three different forms that can be taken by iron oxide 

nanoparticles, depending on the synthetic method. 
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2.  Nanoparticle characterization techniques 

 

2.1 General background and classification 

It has been emphasized on several occasions that nanoparticles have special 
properties which make them useful for some different applications. In order to analyze 
these different properties, it is always necessary to use different kinds of techniques. 

This chapter is concerned in explaining the basics of the main kinds of techniques 
used in this thesis to characterize the synthesized nanoparticles. 

Basically, all the used characterization techniques have been classified in two main 
groups, as shown in the following diagram (Figure 2.1.1): 

  

 

Since some of the techniques described here have already been used in a great 
variety of different scientific works, their description in this section is mainly focused 
on explaining those which are relative unknown or, at least, less frequent in other fields 
apart from the typical nanoparticle characterization. 

 

 

Figure 2.1.1: Classification of the characterization techniques used in this thesis. 
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2.2 No microscopic techniques 

 

2.2.1 UV- Visible spectroscopy 

This t echnique is based on the light absorption o r reflectance spectroscopy in the  
ultraviolet-visible electromagnetic spec tral regions, in which mol ecules and other  
chemical compounds undergo electronic transitions.  

Metal nanoparticle light absorption is produced by the coherent oscillation of their 
conduction band electrons, induced by their interaction with the electromagnetic field of 
the incident light. The resultant oscillation modes are called surface plasmons. Thus, an 
absorption band results when the fr equency of  t he incident photon resonates with the 
conduction band electron oscillation, and this is known as a surface plasmon resonance 
(SPR) (Figure 2.2.1.1). 

For silver and gold nanoparticles, their plasma frequency lies in the visible part of 
the electromagnetic spectrum and, a s the resonance frequency o f this SPR strong ly 
depends on some dif ferent properties of  nanoparticles such as their siz e, shape , 
interparticle int eractions, diele ctric properties and loca l environment, some usef ul 
information can be obtained when using this technique. 

 

 

 

 

 

2.2.2 Infrared vibrational spectroscopy 

This technique is based on the light absorption spectroscopy in the infrared region 
of the electromagnetic spec trum. In thi s case, the absorption is produced when the  
wavelength of  the incident li ght matc hes one of the vibrational modes of bonds or 
molecular groups. In this vein, it is possible to analyze the chemical composition of the 
organic compounds surrounding and stabilizing the nanoparticles. 

 

 

 

Figure 2.1.1.1: Illustration of the surface plasma resonance (SPR) 
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2.2.3 X-ray Photoelectron Spectroscopy (XPS) 

This technique, a lso known a s ESCA, (E lectron Spectroscopy for  Chemical 
Analysis) is a qualitative spectroscopic technique that measures different parameters of 
solid surface materials, such as their elemental composition, empirical formula, and the 
chemical and electronic state of the elements present in the analyzed sample. Thus, this 
technique is very us eful to analyze m aterial sur faces because it c an su pply a  lot  of  
information from a great variety of different solid samples. 

This technique is based on the photoelectric effect. Thus, w hen a solid material is 
subjected to monochromatic R-X photons under high vacuum conditions, this material 
emits electrons with a certain energy kinetic energy, as shown in Figure 2.2.3.1: 

 

 

 

 

 

 

 

 

 

In thi s vein, the re sulting emitted e lectrons ha ve a  kinetic energy given b y this 
equation: 

 

 

 

Where KE is the kinetic energy of the resulting emitted electrons, hν is the energy 
of the ini tial photons, BE is the binding energy o f the a tomic orbital in which the  
emitted electrons were initially, and ф is a function of the spectrometer work. 

Since e ach e lement has a  unique group of bindi ng e nergies, this value c an be 
isolated from the equation (KE is measured, and ф and hν are fixed in the experiment) 
in order not only to identify and quantify the different elements present in the sample, 
but also to know their chemical environment. 

Figure 2.2.3.1: Illustration of the typical XPS analysis set up. 

 

Figure 2.2.3.2: Kinetic energy of the resulting emitted electrons. 
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The resulting emitted electrons during the analysis are the internal ones. However, 
apart from the typical XPS photoelectric emission, there is also an AUGER emission, 
which is given b y an X -Ray fluorescence p rocess, in which an e xcited e lectron ( L) 
relaxes itself and occupies a vacancy in a less energetic orbital (K). Thus, the difference 
of energy is given to another electron in an L orbital, which is finally emitted out of the 
atom via KLL emission. This process ha ppens with 10 -15 se conds of  de lay in 
comparison with the photoelectric emission, as shown in the following image: 

 

 

 

 

 

 

 

 

 

Despite the fact that both emissions appear in the general spectrum of the sample, it 
is the XPS emission the one usef ul to obtain infor mation about the sample surf ace 
composition. Thus, the resultant XPS spectrum is characteristic of the elements present 
in the sample and it shows the electronic structure of the material. As shown in Figure 
2.2.3.3, all the obtained spectra show the number of electrons per energy interval (CPS) 
in front of their corresponding binding energy: 

 

 

 

 

 

 

 

 

 

Figure 2.2.3.2: Illustration of XPS and AUGER processes. 

 

Figure 2.2.3.3: Illustration of the typical XPS spectrum focused in one element. 
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When there are different elements (or different chemical environments for the same 
element) in a particular zone of the spectrum, the resulting peak signal is the sum of the 
different element contributions. Thus, by mathematically analyzing the obtained signal, 
it is possible to identify (and quantify) the different element contributions, as shown in 
Figure 2.2.3.4: 

 

 

 

 

 

 

 

 

 

As a result, by analyzing XPS spectra, it is possible to obtain: 

-Quantitative data: By analyzing the peak height and width. 

-Chemical state identifi cation: By a nalyzing the peak posi tions as well as their 
space with the neighbor peaks. 

Thus, according to the XPS technique properties, it is possible to use it to measure: 

- Elemental composition of the surface (top 1-10 nm usually) 
- Empirical formula of pure materials (except for H and He, which can’t be 

detected by XPS technique) 
- Elements that contaminate a surface. 
- Chemical or electronic state of each element in the surface. 
- Uniformity of elemental composition across the top surface. 

In this thesis, XPS analysis have been carried out to analyze the surface of gold and 
silver nanoparticles capped with NaMP and functionalized with Re carbonyl species, as 
it is shown in chapter 4. 

 

 

 

 

Figure 2.2.3.4: Illustration of  a  t ypical XPS spectrum mathematically operated 
to show two different contributions to the original signal. 
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2.2.4 Mössbauer spectroscopy 

This technique is  based on the ‘Mossbauer Effect’. It wa s discovered b y Rudolf 
Mössbauer in 1957, and it is based on the free-coil resonant absorption and emission of 
gamma rays (γ-Rays) in solids.  

Given their own nature, γ-Rays are em itted and a bsorbed by t ransitions in the 
atomic nucleus. Thus, for atoms forming part of a solid, a fraction of the nuclear events 
can h appen without  important coil effects. This fact is known a s a  resonance (or 
emission – reception) effect, and the whole process is shown in Figure 2.2.4.1: 

 

 

 

 

In this vein, the resonance condition’ (Figure 2.2.4.2) is necessary for this process 
to happen.  

 

 

 

 

Thus, as in liquid and gaseous materials atoms are almost ‘free’ inside the material 
structure, Ecoil values are higher than those in solid materials, and the Mössbauer effect 
cannot be studied properly. 

The typical methodology to use Möss bauer spe ctroscopy is based on e xposing a  
solid sample under the effect of a γ radiation, and using a detector to measure the 
radiation intensity transmitted through the sample, as shown in Figure 2.2.4.3. In order 
to achieve a ra diation a bsorption process by the sample, o ne c ondition must be  

Figure 2.2.4.1: Illustration of the resonance, or emission-reception effect. 

 

Figure 2.2.4.2: Resonance condition. 
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accomplished: the γ-Ray source and the sample atoms must be done of the same kind of 
isotopes. 

 

 

 

 

 

In thi s vein, a portion of the emitted gamma rays will ha ve the  e xact energy 
necessary to be a bsorbed b y the sample a toms, with a fe w differences given the 
chemical environment of the sample isotopes, which is what this technique analyzes. 

During the analysis p rocess, the energy of the  source gamma r ays is varied b y 
Doppler Effect, moving and accelerating the radiation source with a lineal motor. Thus, 
the resultant spectrum shows information about the percentage of energy transmitted by 
the sample (%  T ransmission) in front of the velocity of  th e ra diation source (v ), as 
shown in Figure 2.2.4.4:  

 

 

 

 

 

 

 

 

 

 

Thus, the useful information about the chemical environment of the sample nucleus 
is given by the number of the resulting peaks, their positions and their intensities, and 
these parameters are determined by three different kinds of nuclear interactions. 

Figure 2.2.4.3: Mösbauer experimental methodology. 

 

Figure 2.2.4.4: Illustration of  the typical inverse pe ak obtaine d whe n c arrying 
out Mössbauer spectroscopy. For the velocities that matc h with the resonant 
energetic levels of the sample, some of the γ-Rays are absorbed, decreasing the 
intensity of the sample transmission. 
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 Isometric or chemical shift, CS: It reflects the atomic chemical bonds. It is 
related with the electronic density of the nucleus, and it  is reflected in the 
spectrum as a shift on the inversed peaks positions. 
 

 Quadrupole Splitting, QS : It reflects the int eraction be tween the nuclear 
quadrupole and its surrounding electric field. This interaction is reflected in 
the spectrum by dividing each peak into two peaks. 

 
 Magnetic or  h yperfine S plitting, (Z eeman e ffect): It r eflects the 

interaction between the nucleus and any surrounding magnetic field. It is a 
very important effect in compounds with an internal magnetic field. 

Consequently, when analyzing, for instance, a ferric compound (such as magnetite, 
Fe3O4) the resulting spec trum will show six pe aks for e ach kind of iron inside the  
structure, as shown in Figure 2.2.4.5 . B y the way, the relative positions of the peaks 
will be also determined by the isometric shift. 

 

 

 

 

 

 

 

 

Thus, this technique can be basically applied not only in qualitative and quantitative 
analysis of  mate rials, but also on the study of  the chemical environments of c ertain 
elements inside a material. 

However, Mössbauer spectroscopy has an important limitation: not all the elements 
can be  a nalyzed via this technique, it is mandatory to find a convenient source of γ-
Rays. For instance, in the case of iron compounds, such as the iron oxide nanoparticles 
synthesized and analyzed in this thesis, it is necessary to use 57Co, which turns into 57Fe 
by emitting β-radiation. In this vein, the 57Fe can be used for the iron analysis because it 
also turns into 57Fe by emitting -rays. 

 

 

 

Figure 2.2.4.5: Typical Mössbauer spectrum for a ferric specie. 
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2.2.5 Magnetic behaviour studies: SQUID and FC-ZFC 

Given the fact that the SQUID (Superconducting Quantum Interference Device) 
magnetic studies have been described in the section 1.3 of this thesis, this section is just 
focused on explaining the FC-ZFC (Field Cooling- Zero Field Cooling) technique. 

       This technique, which also supplies useful information about the magnetic 
properties of the materials, is based on measuring the M of the sample as a function of 
T. Basically; it consists of two chief steps: the ZFC and the FC curves formation, 
which together leads to a graphic similar to the one shown in figure 2.2.5.1: 

 

 

 

 

 

 

 

 

 

 

 

First of all, the ZFC curve is formed by cooling the sample without any magnetic 
field and then applying a magnetic field small enough (about 50 Oe) to leave the inner 
magnetic moments of the material unaffected and maintaining it during the further 
heating process, in which M increases until reaching a peak that corresponds to the TB 
(blocking temperature) of the material. After reaching this point, the M decreases as a 
consequence of a misalignment of the magnetic moments also caused by the increase of 
the temperature.  

Generally, the heating process is kept beyond the material’s Tc, and then the FC 
curve is ‘drawn’ by cooling again the sample at fixed H, which leads to higher values of 
M. 

Basically, the difference between two points corresponding to the FC and ZFC 
curves at the same T may be compared with the difference of two points of the already 
explained SQUID hysteresis cycle, corresponding to the initial magnetization curve 
generated when applying a magnetic field for the first time and the M obtained for the 
same value of applied H. This comparison may be clearly observed in figure 2.2.5.2: 

Figure 2.2.5.1: Illustration of typical FC-ZFC curves produced when applying a 
magnetic field on a sample and studying how varies the Ms when changing T.  
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Specifically, the ZFC curve allows us to measure the material’s blocking 
temperature, TB, which supplies information about the nanoparticles’ distribution size. 
When combining both ZFC/FC curves, on the other hand, it can be determined the 
magnetic irreversibility range of the material. 

 

2.2.6 X-Ray diffraction 

X-Ray diffraction is based on a constructive interference of X-ray waves process 
that is produced in certain space directions. That means that the waves must be in phase, 
which happens when their trajectory difference is zero or a whole multiple of 
wavelengths.  

The directions in which this phenomenon takes place when applying an X-ray 
radiation on a material with a periodic atomic structure (crystal) can be predicted by 
Bragg’s law, which establishes that the interference is constructive when the following 
condition is accomplished: 

 

  

 

 

 

 

- n is a whole number. 

- λ is the wavelength of the X-Ray radiation.  

. 

- ϴ is the angle between the incident and the dispersed rays.  

 

crystal grid.  

  

. 

Figure 2.2.5.2: Image showing the same Ms difference taken from both SQUID and 
FC-ZFC graphics.  

 

, where  
- d is the distance between planes inside the 

crystal grid.  

  

. 
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This phenomenon can be visually illustrated in Figure 2.2.6.1: 

 

 

 

 

 

 

 

 

 

In this vein, all the constructive interferences can be registered in an X-ray 
diffractogram (figure 2.2.6.2), in which the diffraction intensity is shown as function of 
the scattering angle. Each diffractogram is taken using a specific wavelength. 

 

 

 

 

 

 

 

 

 

 

 

The positions of the resulting peaks depend on the interplanar spacing distances. 
So, the bigger is the distance between identical planes, the smaller is the value of 2θ at 
which the corresponding peak appears, and vice versa. 

Figure 2.2.6.1: Illustration of two X-ray waves in phase forming a constructive 
interference (left) and two X-ray waves in opposite phase forming a destructive 
interference (right) 
 

 

Figure 2.2.6.2: Diffractograms corresponding to diverse mixt ferrite 
nanoparticles synthesized for this thesis.  
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Thus, by carrying out X-ray diffractions from solid samples, it is possible to 
identify whether a material is crystalline or not, and in case it is, it is also possible to 
know which crystal (or mixture of crystals) we are working with. 

In this thesis, X-Ray diffraction has been carried out in order to analyze the crystal 
structure of all the synthesized nanoparticles. 

 

2.2.7 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis is based on heating a mixture to a high enough 
temperature so that one or some of the components decompose into a gas, via 
dissociating themselves into the air. During the whole process, the changes in weight in 
relation to a temperature are measured under controlled atmosphere. The resulting 
thermogram shows how the sample mass decreases while temperature increases, as 
shown in figure 2.2.7.1: 

 

 

 

 

 

 

 

 

 

 

In order to carry out these analyses properly, it is necessary to achieve a high 
degree of precision in three different measurements: weight, temperature and variation 
of temperature. 

Thermogravimetric analyses are useful to determine the composition and purity of a 
sample. In this vein, this technique uses heat and stoichiometry ratios to determine the 
percent by mass of different compounds (with different boiling points) in a mixture.   

Another technique usually combined with TGA is the Differential Scanning 
Calorimetry (DSC), which is based on comparing the difference of the amount of heat 
necessary to increase the temperature of a reference and a sample as function of the 

Figure 2.2.7.1: Example of thermograph for a hypothetical mixture. Each slope 
corresponds to a weight loss produced by the evaporation of one or more 
compounds of the analyzed mixture. 
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temperature applied to the sample and reference holders. Normally, the temperature of 
both increases linearly as a function of time throughout the experiment.  

Since the amounts of heat needed to flow to the reference and the analyzed sample 
will be different to maintain both species nearly at the same temperature when heating 
them, the resulting diagram shows the heat flow differences between the reference and 
the sample as function of the holders’ temperature, as shown in figure 2.2.7.2. 

 

 

 

 

 

 

 

 

 

 

 

Thus, DSC can be carried out in order to detect physical transformations such as 
phase transitions, because  

In this thesis, both TGA and DSC analysis have been carried out in order to 
analyze the composition of some different synthesized nanoparticles. 

 

 

 

 

 

 

 

 

 

Figure 2.2.7.2: Example of a DSC diagram obtained for a hypothetical 
compound compared with a reference.   
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2.3 Microscopic techniques 

 

2.3.1 Electron microscopy 

As mentioned in the last chapter, when studying some properties of nanoparticles 
such as their size and shape, the use of electron microscopes is a must. So far, some 
different kinds of microscopes have been designed so as to study multiple parameters of 
a large number of different samples, since organic tissues until inorganic materials. 
However, all types of electron microscope use a beam of electrons to illuminate a 
specimen and produce a magnified image. 

Independently of the type of electron microscope, in all cases their resolution power 
is far greater than light-powered optical microscopes because of electron wavelengths, 
which are about 100,000 times shorter than photon wavelengths.  

Every electron microscope uses electromagnetic and electrostatic “lenses” to 
control and focus the electron beam, generated by an electron gun, to form an image. 

As aforementioned, there are some different kinds of electron microscopes that can 
be used to different applications. However, the most representatives are Transmission 
Electron Microscope (TEM) and Scanning Electron Microscope (SEM). In both 
cases, electrons are emitted by an electron gun forming a beam which is accelerated by 
an anode-cathode device and focused by the mentioned lenses. From that point, the two 
microscopes work differently.  

Thus, in TEM the electron beam is transmitted through the specimen, which lets 
some electrons get through and scatters others out of the beam. After emerging from the 
specimen, both scattered and non-scattered electrons carry information about the 
structure of the specimen, which is magnified by the objective lens of the microscope 
and can be viewed in some different ways, for instance by projecting the magnified 
image onto a phosphor-coated viewing screen or recording the image in a CCD (charge-
coupled device) camera and displaying the image on a computer monitor.  

On the other hand, SEM microscopes produce images bathing the sample with a 
focused electron beam which is scanned across an area of the specimen. Once the 
electrons hit the specimen, some of them lose energy via different mechanisms. This 
lost energy turns into heat, light or X-ray emission, or other kinds of alternative forms. 
All the resultant emissions have information about the properties of the sample surface, 
for instance its composition and form. 
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The schematic structure of TEM and SEM microscopes are shown in Figure 
2.3.1.1: 

 

 

 

 

 

 

 

 

 

So as to analyze the nanoparticles synthesized in this thesis, several electron 
microscopic techniques have been carried out using in almost all cases TEM (Figure 
2.3.1.2), both in the “Servei de Microscopia de la UAB” and in the “Center for Electron 
Nanoscopy”, during three months of stay in Denmark. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1.1: Internal structure of TEM (left) and SEM (right) microscopes.   

 

Figure 2.3.1.2: Pictures taken from the two different TEM microscopes, 
Tecnai and Titan used during the three months stay carried out for this thesis. 
In the first one, electrons are accelerated at 200 KV, meanwhile Titan 
accelerates them at 300 KV. 
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There is a variation of TEM called Scanning Transmission Microscope (STEM) in 
which the electron beam is focused into a narrow spot which scanned over the specimen 
in the same way than SEM does, but in this case the observed electrons are those that 
have gone throu gh the specimen, just  li ke in classical TEM. In thi s way, STEM is 
useful (and n ecessary) when c arrying out certain mi croscopic techniques, such as Z-
Contrast.  

Given the fact that some of the TEM techniques used in this thesis require a certain 
degree of knowledge about the microscope operation, it is mandatory to explain how it 
works more in depth: 

Basically, this explanation can be divided in two parts:  

- The microscope assembly. 
- The electron scattering process. 

 

The microscope assembly 

 
Despite diff erent kinds of  TEM can be  buil t depending on the final analytical 

purposes and the  diff erent samples they a re s upposed to work with,  the g eneral 
transmission electron microscopy assembly consists of: 

 

 
 
I) Electron sources: 

 
In order to ‘illuminate’ the specimen, it is very important to have a reliable source 

of electrons with enough brightness and electron beam coherency. Right now, there are 
basically two types of commercial sources: thermionic and field-emission sources. The 
first one s are tungsten filaments or lanthanum hexaboride ( LaB6) c rystals, which fr ee 
electrons when heated, and the second ones (also called ‘guns’) consist of fine tungsten 
needles, and produce electrons when a large electric potential is applied between them 
and an anode.  
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Apart from the different working systems, there are other important differences 
between the two kinds of sources. For instance, tungsten and LaB6 thermionic sources 
are far cheaper than field-emission sources. On the other hand, field-emission sources 
give more monochromatic electrons and produce brighter and more coherent electron 
beams. In any case, both kinds of electron sources are always situated on the top of the 
microscope column. 

 
Figure 2.3.1.3 shows schematic diagrams of a thermionic and a field-emission 

source. 

 
 
 
 
In the thermionic sources a high voltage is placed between the cathode and the 

anode (the LaB6 or W piece works as a cathode). The resultant electric field focuses the 
electrons into a crossover d0 which is the actual source for the lenses in the TEM 
illumination system. 

In the case of the field-emission guns, the FE works as a cathode respect to two 
anodes. The first one provides the extraction voltage to pull electrons out of the tip, 
while the second one works like an electrostatic lens to produce a crossover.  

 
 
 
 
 
 
 
 
 

Figure 2.3.1.3: Schematic diagram of a thermionic electron gun (left) and a 
Field-Emission gun (right) 
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II) Lenses and apertures: 

So as to keep the electron beam focused as it travels through the microscope 
column, both before and after hitting the specimen, it is necessary to use 
electromagnetic lenses, which are the TEM’s equivalent of the glass lenses in a visible 
light microscope (VLM). However, and despite this resemblance, both kinds of lenses 
show very important differences. 

In VLMs, it is necessary to move the glass lenses in the focused light axis in order 
to control the illumination intensity and to focus the image. Besides, as the focal length 
of a glass lens is fixed, it is necessary to change lenses to change de magnification. By 
contrast, the TEM’s lenses positions are fixed but it is possible to change all the 
parameters (illumination intensity, focus and magnification) by changing the strength of 
the lenses. Since in most cases the TEM’s lenses are electromagnetic, that means 
changing the electric current inside the lens. 

As shown in Figure 2.3.1.4, an electromagnetic lens is formed mainly by two parts. 
The first one is a cylindrically core of soft magnetic material, such as iron, with a hole 
in the middle. This structure is called polepiece. There are two polepieces in most 
lenses, and the distance between them is called gap, which magnitude is important when 
focusing the electron beam. The second one consists of a coil of copper wire which 
surrounds each polepiece. When a current passes through the coil, a magnetic field is 
created inside the lens, controlling and focusing the electron beam.  

 

 

Since electromagnetic lenses are not perfect, they suffer from spherical and 
chromatic aberrations which limit their capability to collect and control all the electrons 
from the beam and their wavelength as well. Therefore, it is necessary to control these 
aberrations by inserting limiting apertures that select electrons closest to the optic axis, 
because these are least affected by the lens aberrations. Basically, apertures are formed 
by a single metal diaphragm with “holes”, and work as shown in figure 2.3.1.5. 

Figure 2.3.1.4: Schematic diagram of an electromagnetic lens (left) and 
picture taken from a real electromagnetic lens (right) 
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III) Vacuum pumps: 

Having a good vacuum system is very important in order to avoid specimen 
contamination and also to control electron scattering inside the microscope, which 
happens also in presence of gases. For these reasons, TEM’s vacuum usually reaches a 
10-5 Pa pressure. Depending on the sample and the experiment requirements, however, 
it is possible to reach a 10-7 Pa pressure in ‘High Vacuum TEMs’ (HVTEMs) 

In order to create a vacuum inside the microscope, some different kinds of pumps 
can be used and combined, such as mechanical, diffusion, ion, turbomolecular and 
cryogenic pumps. Mechanical, diffusion and turbomolecular pumps are based on 
pulling in air from one end and expelling it from the other. However, ionic and 
cryogenic pumps work differently. Ionic pumps emit electrons that ionize air molecules 
and attract them to a cathode, and cryogenic pumps, on the other hand, use cold surface 
areas to remove air molecules from ambient pressure. 

Generally, a TEM possesses at least two different pumping systems: the first one 
creates the vacuum inside the column, and the second one evacuates the camera and the 
screen chamber. The whole vacuum system is controlled by a computer, and the TEM 
is permanently under vacuum, except when it is being repaired. 

 

 

 

 

 

Figure 2.3.1.5: Schematic diagram illustrating how a diaphragm let some 
electrons through the aperture and restricts others, depending on their angular 
spread. 
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IV) Grids, specimen holders and stages: 

The first think that must be taken into consideration when preparing a TEM 
experiment is how to transform the sample to study into an appropriate microscope 
specimen. Depending on the kind of sample, some different preparatory techniques may 
be used. The optimal specimen must be thin enough to allow some electrons to get 
through it. For instance, when working with a bulk material, it has to be reduced to a 3-
mm diameter disc (or smaller) with electron-transparent regions. However, all the 
samples prepared during this thesis are nanoparticles that can be dispersed in aqueous or 
organic media. Therefore, in all cases, the specimens have been prepared just by placing 
a nanoparticle dispersion drop on a special TEM grid and evaporating all the solvent so 
as to keep the nanoparticles fixed on the grid surface. 

All the used grids are formed by copper and they are recovered by a thin carbon 
monolayer, on which the nanoparticles are fixed after evaporating all the solvent. 
Basically, two variations of these grids have been used: the first kind of grid has a 
continuous carbon monolayer surface, and the second one, called ‘holly carbon’ has 
some hollows on the carbon monolayer. ‘Holly carbon’ grids are useful to study big 
particles, because they improve the contrast of the image in the regions (hollows) where 
there is no carbon. Figure 2.3.1.6 shows the form of a Cu grid, with a continuous 
carbon and a ‘holly’ carbon recovering. 

 

 

 

 

 

 

 

 

 

Once the specimen has been properly prepared, to insert the specimen into its 
corresponding place inside the TEM column, it is necessary to use two special 
components, the holder and the stage.  

Basically, the holder is a rod that keeps the specimen attached and introduces it 
inside de microscope column. It also allows tilting or rotating the specimen and, 
depending on the kind of holder, it is also possible to work with the specimen under 
different conditions, by changing it during the TEM analysis. For instance, it is possible 

Figure 2.3.1.6: Picture illustrating the two different Cu grid supports used in 
this thesis. The first one “A” has a continuous carbon surface, and the second 
one, “B” has a carbon with hollows surface. 
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to heat or c ool it, or  to  pe rform other c hanges. Independently of  the kind of  holder , 
everyone has some common parts that are shown in figure 2.3.1.7.  

 

 

 

 

 

 

It is very important to use a cold trap or cold finger, which keeps the sample holder 
stage cold and c ryo-pumps the re gion that surrounds the spe cimen. B y doing so, it 
‘cleans’ the sample ho lder a nd generates a p re-vacuum just be fore inserting the  
specimen inside the microscope column.  

The stage is a part of the TEM that works as an ‘entrance’ to the holder. It includes 
airlocks to allow the insertion of th e spe cimen holder int o de  va cuum with minimal 
increase in pressure inside other microscope areas. 

Sometimes, after placing the specimen into de holder, it may be useful to introduce 
it int o a  plasma  c leaner, which is useful both to remove specimen the surface 
hydrocarbon contamination and also to modify the surface itself. Basically, it consists of 
a m ixture of  ions and e lectrons that br eak t he c arbon-hydrogen bo nds. All the 
specimens studied during  the stay in  the Center for  Elec tron Nanoscopy ( Denmark) 
were treated with a plasma cleaner which plasma was formed by a mixture of 25 %  of 
oxygen and 75% of argon. Figure 2.3.1.8 shows a picture of the used plasma cleaner. 

 

 

 

 

 

 

Figure 2.3.1.7: Schematic il lustration of  the main pa rts of  a  holde r. The  
specimen is placed at the end of  it , supported by a drilled cup and hold by a 
clamping ring or a screw. The ‘O-ring’ seals the part of the holder that is inside 
the column vacuum. 

 

Figure 2.3.1.8: Picture of  the plasma c leaner used to clean the surface o f all 
the specimens analyzed via TEM. 
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V) Electron imaging and recording: 
 

Since human eyes are not sensitive to electrons, it has been necessary to develop 
different devices capable of translating the electron-intensity distributions generated by 
the specimen into visible-light distributions, which can be clearly observed by humans.  

Basically, two different kinds of devices are used in a TEM so as to treat the 
electron-intensity signals: viewing screens and electron detectors. 

The TEM viewing screens are placed nearly at the bottom of the microscope 
column, below the projector lenses and above the electron detector camera. It can be 
formed by zinc sulfide, ZnS, or phosphor, P, which emit light with a wavelength inside 
the optical region of the electromagnetic spectrum when hit by the electron beam. 

As it will be explained in the next sections, electrons can be scattered (or not) in 
different directions, depending on the way in which they interact with the specimen. 
Thus, electron detectors can be placed in different positions inside the microscope, 
depending on which kind of electrons are being analyzed. However, the most common 
electron detector that can be found in a standard TEM is the charge-coupled device 
(CCD) detectors, which are becoming the more usual instruments for real-time TV 
recording of images and diffraction patterns (DPs), as well as other techniques, such as 
‘Electron Energy Loss Spectroscopy’ (EELS) and ‘Energy-Filtered TEM’ (EFTEM) as 
it will be explained in the following sections. Basically, CCDs are devices that store 
charge generated by electron beams or lights. The device itself may have millions of 
pixels, which act as individual capacitors that can accumulate more or less charge 
proportionally to the intensity of the incident radiation. The stored charge in each pixel 
is then fed into an amplifier and digitized, creating a digital image of the electron (or 
light) incident pattern. 

As aforementioned, additional microscope assemblies can be added in order to 
increase the number of techniques that can be carried out with the TEM. 

 

The electron scattering process 

It is thanks to the electron scattering process (which takes place when the electron 
beam hits the specimen) that it is possible to obtain TEM images and DPs. In fact, non-
scattering objects are invisible. Thus, when working with electron microscopy 
techniques, understanding the basics of the electron scattering processes becomes a 
must. First of all it is important to understand that electrons can be referred as particles 
or as waves. Therefore, depending on the situation, it may be easier to think of electrons 
either as one thing or the other to explain the scattering processes properly. 

 Scattered electrons can be mainly separated into those that suffer ‘elastic’ and 
‘inelastic’ scattering. It is called elastic scattering when the electron does not lose 
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energy after hitting the specimen. On the other hand, inelastic scattering occurs when 
the electron does lose energy after the hitting process. 

According to the wave nature of electrons, they can be scattered ‘coherently’ and 
‘incoherently’. In the first case, the scattered electrons remain in phase step, meanwhile 
in the second case there is no phase relationship between them. Usually, scattered 
electrons are coherent and inelastic electrons are incoherent. 

Finally, the scattering process may end up in different angular distributions. 
Depending on the angle of scattering with respect to the incident to the beam and the 
specimen (which is normal to the beam) there may be ‘forward scattering’ when the 
scattering angle is < 90º and ‘backward scattering’ when this angle is > 90 º.  

Apart from the scattered electrons that belong to the initial electron beam, other 
electrons can be emitted from the specimen due to excitation processes happened when 
the incident beam hits it. Those are called ‘Secondary Electrons’ (SEs)  

Figure 2.3.1.9 shows graphically the different kinds of electron scattering that may 
take place when hitting a thin specimen, like the ones that can be studied in the TEM. 

 

 

 

 

 

 

 

 

 

 

 

Elastically scattered electrons are, by far, the major contrast sours in TEM images 
and diffraction patterns. However, inelastically scattered are also equally important. The 
main point is that each electron that comes from the specimen carries information about 
it that can be processed in order to study the specimen in depth, as it will be explained 
as follows. 

 

Figure 2.3.1.9: Diagram showing the different kinds of electron scattering 
from a thin specimen. 
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2.3.2 Bright field TEM (BF TEM) 

This is the most common technique used when working with TEM microscopes. 
As mentioned before, when the electron beam is transmitted through the specimen, 
some electrons are scattered and some are not. Those that pass through the sample 
without being scattered or those that have been forward elastically scattered with a 
small angle of deviation interact with the phosphorous-coated screen or with the CCD 
camera producing a signal of certain intensity. In this vein, the resulting contrast image 
is generated by the spatial distribution of the elastically scattered electrons. In other 
words, thick regions of the specimen, or regions containing atoms with high atomic 
number will appear dark, while thin regions or regions containing no atoms or atoms 
with low atomic number will appear bright, forming a two dimensional projection of the 
sample down the optic axis, as shown in Figure 2.3.2.1 [Ref]. 

 

 

 

 

 

 

 

 

As shown in this image, gold nanoparticles (with a higher electron density) appear 
as darker spots, meanwhile the rest of the image, corresponding to the carbon grid used 
as a surface where to place the nanoparticles appears brighter, because of the lower 
electron density of the carbon. 

 
The key step is to use the objective aperture so as to select electrons that have 

suffered more or less than a certain angular deviation. When doing BF TEM, this 
aperture allows electrons with small (or zero) deviation to form the contrast image. 
However, it is also possible to obtain ‘Dark Field’ (DF TEM) images, by only allowing 
some of the elastically scattered electrons with a bigger angle to form the contrast 
images. In this case, regions of the specimen with the fewest atoms or electron density 
will appear darker and vice versa. 

 
In this thesis, Bright field TEM images have been taken from all nanoparticles 

synthesized in this thesis, in order to observe their size and shape distribution. 
 
 

Figure 2.3.2.1: BF TEM image taken from gold nanoparticles dispersible in 
organic medium, supported on a carbon grid.  
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2.3.3 Electron diffraction 

Electron diffraction is usually carried out using a TEM microscope, and it is used 
to study matter by firing electrons at the specimen and obtaining an interference pattern. 
In this case, contrast is formed by the angular distribution of the small angle elastically 
scattered electrons that hit the viewing screen or the CCD camera. In fact, electron 
diffraction is by far the most important scattering phenomenon that takes place in the 
TEM, and it is of a great utility to study the structure of different crystalline materials 
since it determines the spacing of planes and gives a great amount of crystallographic 
information about those materials. 

 
 In this vein, electron diffraction can be considered the TEM analogous of X-Ray 

diffraction. Despite the fact that that X-ray photons interact with matter in a different 
way than electrons, it is possible to explain the electron diffraction process mainly using 
Bragg’s Law for those electrons that have been scattered and deviated from the electron 
beam in an angle < 5º. Therefore, in those cases, the electron beam will be diffracted by 
the crystallographic planes in the way shown in Figure 2.3.3.1: 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both ‘A’ and ‘B’ are typical DP images supposedly taken from real specimens. ‘A’ 

corresponds to a single crystal DP with a specific orientation respect to the electron 
beam axis. In this case each diffraction plane family appears as a pair of spots around a 
central spot which is formed by the non-diffracted electrons. The larger is the 
interplanar spacing, the nearest to the central spot will appear the corresponding plane 
spot, and vice versa. ‘B’ corresponds to a DP taken from a big group of crystals (i.e. 
nanoparticles) all with a random orientation respect to the beam axis. In this case, each 

Figure 2.3.3.2: Illustration of how incident electrons are diffracted by the 
crystallographic planes of the specimen and how this process results into 
diffraction patterns. 
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different orientation of any crystal gives a couple of spots with a corresponding distance 
from the central spot but at different orientation in the image. As a result of the sum of 
all the different pairs of spots, circle-like fringes are formed in the final DP, each one 
corresponding to one plane family. 

 
This technique procedure is carried out in a very similar way than for BF TEM 

analyses. In the case of electron diffraction, however, the diffraction pattern can be 
observed onto the screen instead of the image by manipulating the intermediate 
magnetic lenses of the microscope and therefore changing the distance of the back focal 
plane in which the diffraction pattern is formed, making this coincide with the 
projection lens view plane, as shown in Figure 2.3.3.2: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Apart from changing the intensity of the intermediate lens, it is also necessary to 

remove the objective aperture so as to allow all the scattered electrons to form the 
corresponding diffraction pattern. However, by doing so, the formed DP contains 
electrons from the whole area of the specimen that is being illuminated by the beam. As 
a consequence, the obtained pattern becomes useless because the direct (not-scattered) 
beam is too intense and it saturates the DP. In order to solve this problem, an ‘electron 
diffraction aperture’ is placed in the plane of an imaging lens, creating a virtual aperture 
at the plane of the specimen. 

 
 
 
 
 

Figure 2.3.3.2: Visual diagram showing the differences between “Image” and 
“Diffraction” working modes of the TEM.  
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2.3.4 Z-contrast (or HAADF) 

As aforementioned, Z-contrast can only be applied when working in STEM mode. 
When performing STEM it is also possible to obtain ‘Bright Field’ or ‘Dark Field’ 
images, depending on which electrons are being selected to form the image. However, 
no apertures but detectors are used in this mode to discriminate between electrons in 
function of their deviation angle. The way in which different electrons are detected is 
shown in Figure 2.3.4.1: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

When images are formed with electrons scattered at small angles (< 5º) what 
generates the contrast is the mass-thickness of the different specimen regions. However, 
at higher angles (> 5º), it is possible to detect scattered beams which (low) intensity 
depends only on the atomic number (Z) of the atoms that conforms the specimen. Those 
beams carry information useful both to generate detailed images with atomic resolution 
formed by the ‘Z-contrast’ and to obtain elemental information about the specimen. 
Since the first ADF detectors used to collect both Bragg and non-Bragg scattered 
electrons, in order to analyze only non-Bragg scattered electrons, an ADF detector with 
a large central aperture was necessary. The resulting detector is called ‘High Angle 
Annular Dark Field’ (HAADF). 

Therefore, Z-contrast (or HAADF) is a technique capable of obtaining atomic 
resolution images in which the different regions of the specimen appear darker or 
brighter depending on the atomic number (Z) of the atoms that form it. 

 

 

Figure 2.3.4.1: Illustration of the on-axis Bright Field ‘BF’ detector and the 
off-axis ‘Annular Dark Field’ (ADF) detector that can be used to create the 
two different kinds of STEM images. 
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2.3.5 Energy-dispersive X-Ray Spectroscopy (EDX or XEDS) 

Apart from elastic and inelastic scattered electrons, X-ray photons are also 
generated when the electron beam strikes the specimen. Since each element originates 
an X-ray with a specific energy, it is possible to analyze the chemical composition of 
the specimen via using an X-ray energy-dispersive spectrometer (XEDS or EDX). By 
adding this assembly to the TEM it is converted into an ‘Analytical Transmission 
Electron Microscope’ (ATEM). The whole process is exemplified in figure 2.3.5.1:  

 

 

 

 

 

 

 

 

 

 

The XEDS uses silicon, Si, as a semiconductor so as to transform the energy of X-
ray into electric signals. Specifically, when X-rays hit the semiconductor, electrons are 
transferred from the valence to the conduction band, creating thousands of electron-hole 
pairs. Since the number of the created electron holes is directly proportional to the 
energy of the X-ray photon and this energy depends on the element in which the X-ray 
has been generated, it is possible, as aforementioned, to analyze the chemical 
composition of the specimen.  

All the information received by the spectrometer is processed by a computer and 
transformed into a spectrum, which shows the number of electric counts as function of a 
range of energies, measured in KeV. 

 

2.3.6 Energy Electron Loss Spectroscopy (EELS) 

EELS consists of analyzing the energy distribution of electrons that have gone 
through the specimen, which may have suffered elastic or inelastic scattering. 

The analyzed electrons carry an enormous amount of information about the 
chemical and electronic structure of the specimen atoms. Thanks to them, it is possible 

Figure 2.3.5.1: Diagram showing the X-ray emission originated when striking 
the sample with an electron beam. All different kinds of electron scattering 
from a thin specimen are also shown as broken arrows. 
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to know not only its atomic composition, but also the valence state and the chemical 
environment of its different atoms.  

So as to collect and analyze those electrons, a special assembly (situate below the 
microscope column) is required. Firstly, the electrons go through a magnetic prism, 
which acts both as a spectrometer and as a lens by deflecting them through ≥ 90º 
according to their energy, in a similar way than glass prisms work with visible white 
light. In this vein, those that have lost energy are deflected further than those that have 
not. After going through a projector, a spectrum is formed in the dispersion plane, as 
shown in Figure 2.3.6.1: 

 

 

 

 

 

 

 

 

 

The resulting EELS spectra show the number of electron counts (intensity) as 
function of the energy loss of the electrons, as shown in Figure 2.3.6.2: 

 

 

 

 

 

 

 

 

EELS is told to be an EDX’s complementary technique, since both supply 
information about the chemical composition of the specimen. In fact, EELS works 
better with light (with small Z) elements meanwhile EDX does it with heavier elements, 

Figure 2.3.6.1: Diagram showing how the EELS assembling works, and its 
comparison with a glass prism working.  

 

Figure 2.2.4.5: Typical EELS spectrum. 
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which makes them complementary. It is worth mentioning, however, that EELS is 
different from EDX in some important points, since EELS can detect and quantify all 
the elements in the periodic table, and it also has better spatial resolution and analytical 
sensitivity. On the other hand, EELS is a very demanding experimental technique, 
because it requires very thin specimens to work as well as deeper physics background 
than EDX. 

 

2.3.7 Energy-filtered TEM (EFTEM) 

This technique is basically a direct application of EELS. It is a powerful AEM 
technique since it creates elemental maps, which are specimen images (or diffraction 
patterns) that show the spatial layout of a selected element in a specific specimen 
region. 

EFTEM is basically carried out by using a slit to select (or to filter out) electrons 
with a specific energy that come through the spectrometer, and using a CCD camera to 
form the corresponding image or DP, as shown in Figure 2.3.7.1: 

 

 

 

 

 

 

 

 

 

 

Despite not being as commonly used as EFTEM, XEDS can also be used in order 
to create elemental maps from specific regions of the specimen. However, in this thesis, 
only EFTEM images have been taken from some of the synthesized nanoparticles. 

 

 

 

 

Figure 2.3.7.1: Diagram showing how the EFTEM technique works, by using 
an energy-selecting slit. 
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2.3.8 Electron holography 

Since electrons can be considered not only as particles but also as waves, they have 
amplitude and phase. After hitting the specimen, the electron wave can change both 
parameters giving rise to image contrast. 

Despite the fact that normally both amplitude and phase contrast contribute to an 
image, when working in different TEM modes, special conditions are selected so that 
one kind of contrast dominates over the other. In this vein, when working with BF and 
DF images, what predominates is the amplitude contrast. However, when doing electron 
holography, the phase contrast prevails. 

Phase contrast is generated when more than one beam contributes to the image. In 
other words, it arises due to the phase differences between different electron waves 
scattered through the specimen, forming an interference patter from which an a 
hologram can be formed. Figure 2.3.8.1 shows a hologram formed by two light (laser) 
beams, one of which hits an object: 

 

 

 

 

 

 

 

 

 

When working inside TEM, however, the necessary assembly is a bit different. In 
order to do electron holography, a region of the beam must hit the specimen, while the 
other must not. At some point, inside the column, a wire called ‘Fresnel Biprism’ 
(which can be made of glass fiber coated with Cr or Au) splits the beam in two parts, 
generating two ‘pseudo beams’ with a phase difference between the one that has hit the 
beam and the one that has not. Both resulting ‘pseudo beams’ overlap each other in a 
specific part of the viewing screen (or digital camera) and form a resulting interference 
pattern from which a resulting hologram can be obtained. 

In order to visualize this procedure better, the whole process is properly shown in 
Figure 2.3.8.2. 

 

Figure 2.3.8.1: Diagram showing how to obtain a hologram by using two 
different beams, one that hits an object and other that does not. 
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Apart from the setup differences, electron holography also differs from classical 
optical holography in the fact that electrons interact with the specimen atoms in a 
different way than photons do. One important example of this fact can be observed 
when carrying out electron holography on magnetic specimens. In that case, it is 
possible to study the magnetic behaviour of this kind of materials by analyzing how the 
phase of the electrons changes after hitting the specimen. 

In case of magnetic materials, the resulting phase shift is mainly due to two 
different factors of the specimen: its ‘mean inner potential’ and its ‘magnetic 
contribution’. The main objective when running this technique consists of decreasing its 
mean inner potential in order to equal the phase shift to the magnetic contribution, and it 
can be done by taking two images from the same region of the specimen, before and 
after turning it over. Since the mean inner potential does not depend on the orientation 
in which the electron beam hits the specimen and the magnetic contribution does 
depend on it, after taking both images and resting the differences of phase, the resulting 
value will be only given to the change in the magnetic contribution. 

Obviously, all that treatment has to be done via computer analysis after a TEM 
session. Depending on both the specimen nature and the accuracy of the analysis, it may 
take days or even weeks to complete the study for a single sample. 

In this thesis, electron holography has been carried out on iron oxide nanorods so as 
to study their magnetic behaviour, as it will be properly explained in the corresponding 
chapter. 

 

 

 

Figure 2.3.8.1: Schematic diagram of the setup for electron holography.  
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3. Thesis objectives 

 

3.1 General description and objectives of the thesis 

 

This doctoral thesis has been done inside the research group “Partícules 
Inorgàniques amb Lligands F uncionals”. The main field of research is based on 
developing new s ynthetic routes to obtain meta llic a nd meta l oxide nanoparticles, as 
well a s fully characterizing them via  mi croscopic and non -microscopic a nalytical 
techniques. 

Specifically, the chief objectives of this Thesis are the following ones: 

 

 Synthesis of  metallic (gold or  silver) w ater-dispersible na noparticles and to 
functionalize them with rhenium c arbonyl species, making them use ful for 
further assays in the field of radio pharmacy. 
 

  Synthesis of  magnetite, F e3O4, a nd mi xed fe rrites MFe2O4 (M= C o, M n, C u, 
Zn) na noparticles, easy and c heap e nough to make them a ttractive for  f urther 
analysis and applications in materials’ science. 
 

 Formation of  magnetite na nostructures with no spher ical shapes, such a s 
nanorods, in order to study how the magnetic (and other) properties are affected 
by the influence of the shape. 
 

 Development of  a reproducible synthetic method to obtain either wa ter or  
organic-media dispersible Fe3O4@Au core-shell nanostructures as well to study 
and verify the presence of the magnetite cores inside the gold shells. 
 

 Characterization of  all the synthesized na nostructures via using  the correct 
microscopic a nd no microscopic tec hniques in or der to study th eir main  
properties. 
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4. Gold a nd s ilver na noparticles fu nctionalized with sod ium 3-
mercaptopropanoate. C oordination with rhen ium ca rbonyl 
complexes 

This chapter explains the synthesis, functionalization and characterization of gold 
(and sil ver) na noparticles capped with sodium 3 -mercaptopropanoate (NaMP) and 
functionalized with rhenium c arbonyl complexes. In all cas es, the re sulting 
nanoparticles have been completely characterized via different techniques, be fore and 
after carrying out the rhenium carbonyl coordination on the surface of the nanoparticls. 
The rhe nium c arbonyl complexes used in this work ha ve also been s ynthesized a nd 
characterized, by following a synthetic procedure previously reported in the literature. 

The discussi on of  the  re sults obtained whe n c arrying out the n anoparticles 
characterization is also explained in detail in this chapter. 

 

4.1 General description of the carried out work 

 

Water disper sible gold a nd sil ver nanoparticles coated with sodium 3 -
mercaptopropanoate NaMP ligand have been prepared by a modification of  a  method 
previously d escribed in the li terature, via  metal sa lts reduction b y using the  sodi um 
borohydride, NaBH4, as a redactor agent: 

[AuCl4]- + 3 [BH4]-  Au0 + 4 Cl- + 
2
3

 [B2H6] + 
2
3

H2 

Ag+ + [BH4]-  Ag0 + 
2
1

 [B2H6] + 2
1

H2 

Consequently, NaMP-coated meta l nanoparticles have been obtained b y the  
reduction of  HAuCl4 or AgNO3 dissolved in e thanol with freshly dissolved NaBH4 in 
cold water in the presence of  a n e xcess of MPA (6 e q. MPA /1eq [ AuCl4]-). The se 
reactions have been carried out with an excess of NaBH4 (1 eq. [AuCl4]- / 9 eq. NaBH4; 
1 eq. Ag+ / 3 eq . NaBH4) so as to guarantee an enough basic medium to stabil ize the 
carboxylic group in the anionic form (pH = 6-7 for Au and pH = 7-8 for Ag). 

Nanoparticles ha ve be en se parated from the reaction mi xture via  centrifugation, 
dispersed in pure water and purified with dialysis against water. NaMP-coated gold and 
silver na noparticles have been isolated a s black solids, both dispersible in water. In 
these metal aggregates, the bifunctional ligand 3-mercaptopropanoate is bonded to the 
nanoparticle surface through the S atom whereas the anionic carboxylate group remains 
uncoordinated and strongly interacts with water making nanoparticles hydrophilic. With 
the aim of complexing the carboxylate groups to fac-[Re(CO)3]+ metal fragments, the 
reaction be tween NaMP-Au and NaMP-Ag nanoparticles a nd [Re(H2O)3(CO)3]+ has 
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been performed in water. Mi xtures of NaMP-coated meta l nanoparticles and the 
rhenium carbonyl compound have been stirred during 24h at room temperature leading 
to red or  yellow colored solut ions containing dispe rsions of rhenium carbonyl 
functionalized g old a nd sil ver nanoparticles ReMP-Au and ReMP-Ag respectively. 
Excess of wa ter-soluble r eagents and inor ganic sa lts have be en removed fr om the 
solution by me ans of 24 h dial ysis in  wa ter. Centrifugation, filtration and ethanol a nd 
dichloromethane washing led to black solids of ReMP-Au and ReMP-Ag. These new 
nanoparticles are very dispersible in water but insoluble in alcohols and hydrocarbons. 

 

4.2 Experimental procedure 

 

4.2.1 Materials and reactants 

HAuCl4·H2O (Aldrich, ≥49% Au basis), AgNO3 (Aldrich, >99%), NaBH4 (Fluka, 
>96%), 3 -mercaptopropionic a cid (MPA) (A ldrich, 99+%), R e2(CO)10 (Strem 98%) , 
Br2 (Fluka  99.5% ), Ag(O3SCF3) (Strem 99%), All reactions were carried out in either 
Millipore water, absolute ethanol (AR grade), d iethyl ether (A R grade), Hexane (A R 
grade) or dichloromethane (AR grade). 

 

4.2.2 Synthesis of sodium mercaptopropanoate (NaMP)-Capped Au   
nanoparticles 

The s ynthesis of NaMP-capped Au na noparticles was performed by following a  
previously reported pr ocedure b y W ang et al .1, with some modifications. To a  
vigorously stirred solution containing 308 mg (0.89 mmol, 1 equiv.) of HAuCl4 and 0.5 
mL of  3 -mercaptopropionic acid (4.44 mmol, 5 equiv.) in 100 mL of absolute ethanol 
were added, a t 0ºC und er a N 2 atmosphere a nd vig orous sti rring, 5 m L o f a wa ter 
solution containing 306 mg  of  Na BH4 (8.1 mm ol, 9 equiv.). The resulting pH a fter 
addition was 6-7. The black precipitate was collected by centrifugation and washed with 
absolute e thanol and diethyl ether. Then, it  was dispersed in water to form an intense 
red suspension, and purified by dialysis against pure water for 24h to remove residual 
inorganic i ons. The dial yzed suspension was concentrated and dr ied at 45 ºC  unde r 
reduced pressure. Finally, about 237 mg NaMP-capped Au nanoparticle powder were 
obtained. The obtained powder is easily dispersible in water to form a stable intense red 
solution.  
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4.2.3 Synthesis of sodium mercaptopropanoate (NaMP)-Capped Ag   
nanoparticles 

The synthesis of NaMP-capped Ag nanoparticles was adapted and modified from 
the procedure mentioned before1, replacing HAuCl4 by 152 mg (0.89 mmol, 1 equiv.) of 
AgNO3 and using only 102 mg of NaBH4 (2.7 mmol, 3 equiv.) obtaining a resulting pH 
value of 7-8. Finally, about 156 mg NaMP-capped Ag nanoparticle powder were 
obtained. The obtained powders are also easily dispersible in water to form a stable 
intense yellow solution. 

 

4.2.4 Synthesis of Rhenium carbonyl initial complex [fac-
Re(H2O)3(CO)3](CF3SO3) for further coordination on nanoparticles’ 
surface 

The synthesis of this complex was carried out according to the reported method 
using [Re(CO)5(CF3SO3)]2 as a precursor. 

 

4.2.5 Reaction of Sodium Mercaptopropanoate (NaMP)-Capped Au 
Nanoparticles with [fac-Re(H2O)3(CO)3](CF3SO3) 

140 mg of the NaMP-Capped Au nanoparticles were suspended in 100 mL of a 
water solution containing (3.25·10-2 mmol) of [fac-Re(H2O)3(CO)3] (CF3SO3), under a 
N2 atmosphere. The mixture was stirred for 24 h at room temperature and then purified 
by dialysis against pure water for 24h to remove residual inorganic ions. The dialyzed 
suspension was concentrated and dried at 45 ºC under reduced pressure. 145 mg of 
black product were obtained. This black product is dispersible in water to form a stable 
intense red solution. 

 

4.2.6 Reaction of Sodium Mercaptopropanoate (NaMP)-Capped Au 
Nanoparticles with [fac-Re(H2O)3(CO)3](CF3SO3)  

The reaction of sodium mercaptopropanoate (NaMP)-Capped Ag nanoparticles 
with [Re(H2O)3(CO)3](CF3SO3) was carried out exactly by the same procedure 
described for the gold nanoparticles using in that case 140 mg of the NaMP-Capped Ag 
nanoparticles, and protecting the mixture reaction from light. 105 mg of black product 
were obtained. This black product is also easily dispersible in water to form a stable 
intense yellow solution. 
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4.3 Characterization and result discussion 

 

The resulting (gold and silver) nanoparticles characterization, as well as the 
obtained data discussion is described in this section. The characterization itself has been 
carried out via seven different analytical techniques: 

- Transmission electron microscopy (TEM) Bright Field microphotographs. 
- Infrared and Raman vibration spectroscopy. 
- Powder X-Ray diffraction. 
- Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) 
- UV-Visible spectroscopy. 
- Z-Potential analysis. 
- X-ray photoelectron spectroscopy surface analysis (XPS) 

 

4.3.1 TEM Bright Field microphotographs 

Nanoparticle morphologies have been observed by using a Jeol 2011Gen 
transmission electron microscope (TEM) operating at an accelerating voltage of 200 
kV. 

TEM microphotographs of NaMP-Au and NaMP-Ag and the corresponding 
particle size distribution histograms are shown in Figure 4.3.1.1 and Figure 4.3.1.2.  

 

 
 
 
 
 
 
 

Figure 4.3.1.1:  TEM images and particle size distribution of (A1,A2) 
NaMPAu and (B1,B2) ReMPAu nanoparticles. 
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Images of NaMP-Au show polydispersed nearly spherical particles with an average 
diameter of 3.8 ± 1.4 nm. The corresponding images of NaMP-Ag show polydispersed 
nanoparticles of average size 2.4 ± 0.9 nm. After complexing gold and silver 
nanoparticles with rhenium species, the particle size increases until 4.2 ± 1.8 nm and 3.2 
± 1.0 nm for ReMP-Au and ReMP-Ag respectively. All the obtained sizes, as well as 
their respectively distributions, are shown in Table 4.3.1.1. 

 
A1 
 Without Re Carbonyls With Re Carbonyls 

NP Au 3.8 ± 1.4 nm 4.2 ± 1.8 nm 
NP Ag 2.4 ± 0.9 nm 3.2 ± 1.0 nm 

 
 
 
 
  

These results suggest that core size of gold nanoparticles remained nearly identical 
when 3-mercaptopropanoate surface monolayer was bonded to rhenium carbonyl metal 
fragments and that capping molecules are not bulky enough to be observed in TEM 
images. Silver nanoparticles coordinated with Rhenium carbonyl result in aggregation 
as shown in TEM microphotographs and UV- spectra. The obtained values are also 
consistent with the estimate particle size calculated from Schrerrer’s equation2 on the 
line widths of the XRD peaks.  

 

 

 

Figure 4.3.1.2:  TEM images and particle size distribution of (A1,A2) 
NaMPAg and (B1,B2) ReMPAg nanoparticles. 
 

 

Table 4.3.1.1:  Nanoparticle sizes of gold and silver nanoparticles before 
and after carrying out coordination with the rhenium carbonyl species. 
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4.3.2 X-ray powder diffraction 

Powder X-ray diffraction (XRD) patterns have been recorded on A Philips XPERT 
diffractometer (PW3020), with Cu anode, graphite monochromator, working at 40 kV, 
50 mA, and sample holder spinning has been used. 
 

The X-ray powder diffraction patterns of sodium 3-mercaptopropanoate capped 
NaMP-Au and NaMP-Ag and rhenium carbonyl ReMP-Au and ReMP-Ag capped 
nanoparticles are shown in Figure 3. Typical peaks assigned to (111), (200), (220) and 
(311) planes for face centered-cubic gold and silver are observed2,3. (Table 4.3.2.1) 

 
Observed  

planes 
NaMP-Au 

nanoparticles 
ReMP-Au 

nanoparticles 
NaMP-Ag 

nanoparticles 
ReMP-Ag 

nanoparticles 
(111) Observed Observed Observed Observed 
(220) Observed Observed Observed Observed 
(200) Observed Observed Observed Observed 
(311) Observed Observed Observed Observed 

 
 
 
 

As expected, the XRD peaks appear broadened compared to those of bulk gold and 
silver due to the very small size of particles. This result is in agreement with previous 
studies with thiol capped gold and silver nanoparticles. The obtained X-ray powder 
diffraction patterns are shown as follows (Figure 4.3.1.3): 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 4.3.2.1:  XRD patterns of (A) NaMPAu and ReMPAu and (B) NaMPAg 
and Re MPAg. 

 

Table 4.3.2.1:  Observed diffraction planes in gold and silver NaMP 
capped nanoparticles, before and after rhenium carbonyl complexation. 
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4.3.3 Visible-UV spectroscopy 

 
         UV-Visible spectra have been recorded on a Hewlett Packard: model 8453. 
 
 

Figures 4.3.3.1 shows the UV-visible spectra of water dispersions of NaMP-Au 
and NaMP-Ag nanoparticles before and after coating with the rhenium carbonyl 
species. 

 
 
 
 
 

 
 

 
 

 
 
 
 
 
  
 
 

The NaMP-Au sample displays a clear absorption at 525 nm while after being 
complexed with rhenium carbonyl species shows a broad band centered at 527 nm. 
Concerning to NaMP-Ag nanoparticles, a peak at 417 nm assigned to Ag surface 
plasmon resonance is observed in the spectrum, while after being complexed with the 
rhenium carbonil specie shows a broad band centered a 440 nm. (Table 4.3.3.1)  

 
 NaMP-Au NaMP-Ag 

Before Re coordination 525 nm 527 nm 
After Re coordination 417 nm 440 nm 

 
 
 
 

UV-visible spectra of water dispersions of rhenium containing nanoparticles show 
some differences with respect to NaMP-Au and NaMP-Ag samples. In both cases the 
distinctive plasmon resonance absortion of NaMP-Metal is shifted to slightly lower 
energy when the rhenium carbonyl specie is coordinated to the surface of the 
nanoparticles. This result matches with increasing core size of nanoparticles upon 

Figure 4.3.3.1:  UV-Visible spectra of water dispersions of NaMP-Au, NaMP-
Ag, ReMP-Au and ReMP-Ag. 

 

Figure 4.3.3.1:  Maximum peak values obtained in the UV-Visible spectra of 
water dispersions of NaMP-Au, NaMP-Ag, ReMP-Au and ReMP-Ag. 
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coordination, pa rticularly evident in  sil ver nanoparticles, resulting from loss of  
repulsion charge in the surface and then in aggregation of the particles in solution. 

 
 

4.3.4 XPS Analyses 

XPS experiments have been performed in a PHI 5500 Multitechnique System (from 
Physical Electronics) with a  monochr omatic X-ray sour ce (Aluminum K  line of  
1486.6 eV energy and 350 W), placed perpendicular to the analyzer axis and calibrated 
using the 3d5/2 line of Ag with a full width at half maximum (FWHM) of 0.8 eV. The 
analyzed a rea was a c ircle of 0.8  mm  diame ter, a nd the selected re solution for  the  
spectra was 187.5 eV of Pass Energy, 0.8 eV/step for the general spectra and 23.5 eV of 
Pass Energy, and 0.1 eV/step for  the spectra of  the different elements. All 
Measurements were mad e in an ult ra-high vacuum (UHV) chamber pr essure be tween 
5x10-9 and 2x10-8 torr. 

 

4.3.4.1 General information obtained from the synthesized nanoparticles 

The composition of surface coating was deduced from XPS spectra of  MPA-Au, 
MPA-Ag, ReMP-Au and ReMP-Ag. This sp ectroscopy gives information a bout 
binding e nergies of  in ner shell electrons of  all the elements expected in those 
functionalized nanoparticles that in clude the Au  and Ag meta l core, C , O, S and R e. 
Details of peak positions and the relative amounts of different atomic species are listed 
in Table 4.3.4.1 , whic h shows XPS spectra of  Re-MPA functionalized Au and A g 
nanoparticles. Binding energy values were corrected by adjusting the Au 4 f7/2 peak at 
84.0 eV and the Ag 3d5/2 peak at 368.2 eV for Au and Ag nanoparticles, respectively. 
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O (1s) C (1s) S (2p3/2 
2p1/2) 

Au (4f5/2 
4f1/2) 

Ag (3d3/2 
3d5/2) 

Re (4f5/2 
4f7/2) 

NaMP-
Au 

533.9 
(30)b 

 

530.5 
(70)b 

288.7 (12)b 

 
287.2 (16)b 

 
284.1 (72)  

163.3 
(47)b 

 
162.0 
(53)b 

 
87.8 (45) 

 
84.0 (55) 

  

NaMP-
Ag 

533.7 
(41)b 

 

531.4 
(59)b 

289.3 (32)b 

 

287.9 (19)b 

 

284.7 (49) 

164.6 
(56)b 

 
163.3 
(44)b 

  
374.1 (42) 

 
368.2 (58) 

 

ReMP-
Au 

534.8 
(57)b 

 

530.8 
(43)b 

287.9 (26)b 

 

286.1 (16)b 
 

284.1 (58)b 

163.6 
(53)b 

 
162.2 
(47)b 

 
87.8 (46) 

 
84.0 (54) 

  
43.5 (47) 

 
41.6 (53) 

 
ReMP-

Ag 
534.2 
(59)b 

 
531.4 
(41)b 

288.7 (23)b 
 

286.9 (15)b 
 

284.9 (62)b 

163.7 
(72)b 

 
162.4 
(28)b 

  
374.5 (42) 

 
368.2 (58) 

 
44.4 (46)  

 
42.2 (54) 

a Deconvoluted components of photoemission bands. 
b Relative peaks areas in brackets as percentages. 

 

4.3.4.1 Au (4f) and Ag (3d) analysis: 

 
 
The XPS spectra of NaMP-Au and NaMP-Ag samples show emission peaks of Au 

or Ag core and those corresponding to NaMP. The Au 4f5/2 and Au 4f7/2 peaks at 87.8 
and 84.0 eV, shown in Figure 4.3.4.1, correspond to those of metallic gold4 and the Ag 
3d3/2 and Ag 3d5/2 peaks at 374.1 and 368.2 eV, shown in Figure 4.3.4.2, are typical of 
metallic silver5. The absence of signals from Au(I) and Ag(I) indicates that there is no 
metal sulfide on the nanoparticle surface6,7. 

 
 
 
 
 
 
 
 

 

Table 4.3.4.1:  XPS binding-Energy Positions of Elements Present with 
Nanoparticle Samplesa. 
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The XPS spectra of the ReMP-Au and ReMP-Ag show the corresponding Au  
4f5/2 and Au 4f7/2 peaks at 87.8 and 84.0 eV, shown in Figure 4.3.4.1.3, in agreement 
with the metallic gold4 44 and the Ag 3d3/2 and Ag 3d5/2 peaks at 374.5 and 368.2 eV, 
shown in Figure 4.3.4.1.4, which are typical values of metallic silver6. 
 
 

Figure 4.3.4.1.1:  XPS of NaMP-Au, corresponding to 4f5/2 and 4f7/2 from Au 
region. 

 

Figure 4.3.4.1.2:  XPS of NaMP-Ag, corresponding to 3d3/2 and 3d5/2 from Ag 
region. 
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Figure 4.3.4.1.3:  XPS of ReMP-Au, corresponding to 4f5/2 and 4f7/2 from Au 
region. 
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Figure 4.3.4.1.4:  XPS of ReMP-Ag, corresponding to 3d3/2 and 3d5/2 from Ag 
region. 
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4.3.4.2 Re (4f) analysis 

Additional photoelectron signals at 43.5 and 41.6 eV in ReMP-Au and 44.4 and 
42.2 eV in ReMP-Ag (Figure 4.3.4.2.1) samples corresponding to Re 4f5/2 and 4f7/2 

energy levels show the presence of rhenium in these nanoparticle samples8. These 
values are also in agreement with Re 4f binding energy peaks in cationic Re(I) 
tricarbonyl complexes [Re(bpy)(CO)3L]+, where L is a phosphine or phosphinite 
monodentate ligand9, and do not show any peak attributed to metallic Rhenium. Some 
authors suggested that XPS is not sufficient to distinguish Re(0) and Re(I)10,] but higher 
oxidation states for Re can be well-differentiated since Re 4f peaks shift to higher 
binding energy when oxidation processes occurs10. 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.4.3 O (1s) analysis 

The O 1s XPS spectra can be deconvoluted into an intense band at 530.5, 531.4 eV 
and a broad weak band at 533.9, 533.7 eV respectively for NaMP-Au and NaMP-Ag 
(Figure 4.3.4.3.1), that fits with two chemically distinct oxygen atoms at nanoparticles 
surface. In the case of alanine adsorbed on Au, peaks at 533.6 and 532.1 eV have been 
assigned to the two different bonding environments of the O atoms in the carboxylic 
group of the MPA [Ref]. In a recent study, the carboxylic O 1s emission peak of 3-
MPA capped Au nanoparticles has been observed at 531.3 eV [Ref]. Taking into 
account that nanoparticles were synthesized in water it must not be excluded the 
possibility of having adsorbed O species derived from H2O on the Au surface. A recent 
XPS study of oxygen-containing layers made on stepped Au(111) film electrodes from 
aqueous solutions has assigned peaks at 532-533 eV to adsorbed O species (which 
include H2O) [Ref]. In the case of NaMP-Au and NaMP-Ag nanoparticles, the energy 
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Figure 4.3.4.2.1:  XPS of ReMP-Au and ReMP-Ag, corresponding to 4f5/2 and 
4f7/2 from Ag region. 
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separation of O 1s peaks of NaMP-Au and NaMP-Ag samples (3.9 and 2.3 eV, 
respectively) and their emission energies suggest that peaks at 533.9 and 533.7 eV 
correspond to O-adsorbed species and peaks at 530.5 and 531.4 eV to O-carboxylic 
atoms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The corresponding O 1s XPS binding energy photoemission peaks of Re capped 
nanoparticles (Figure 4.3.4.3.2) exhibit similar shapes to the ones observed in NaMP-
Au and NaMP-Ag samples. These peaks can be deconvoluted into two different peaks: 
the most intense at 534.8, 534.2 and the weaker one at 530.8, 531.4 eV, respectively. As 
well as in the case of 3-MPA protected nanoparticles, this would mean that the most 
intense peaks correspond to overlapping signals of carboxylic and CO groups and the 
weaker broad peak can be assigned to O-adsorbed species. These results contrast with 
those obtained for Au nanoparticles encapsulated in Ru carboxylate shells where peaks 
corresponding to carboxylic and CO groups were clearly distinguished and assigned1. 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

4.3.4.4 S (2p) analysis: 
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Figure 4.3.4.3.1:  XPS of NaMP-Au (left) and NaMP-Ag (right), corresponding 
to 1s from O region. 
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Figure 4.3.4.3.2:  XPS of ReMP-Au (left) and ReMP-Ag (right), corresponding 
to 1s from O region. 
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4.3.4.4 S (2p) analysis 

 
The S 2p region shows a signal that can be deconvoluted in two different peaks at 

163.3, 162.0 eV for NaMP-Au and 164.6, 163.3 eV for NaMP-Ag, respectively that 
correspond to the contributions of the 2p3/2 and 2p1/2 levels (Figure 4.3.4.4.1) as would 
be expected for sulfur atoms in the thiolate form bonded to metal surface nanoparticles7. 
These values are clearly different to the binding energies of the parent thiol1. The 
absence of S 2p peaks compatible with sulfide (S2-) ions confirms that no metal sulfide 
is present on the nanoparticles’ surface7.  
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

On the other hand, the S 2p region shows a signal similar to that obtained for the 
NaMP-Au and NaMP-Ag samples. That signal can also be resolved in two peaks at 
163.6, 162.2 eV for ReMP-Au and 163.7, 162,4 eV for ReMP-Ag, respectively. These 
that can be assigned to the contributions of 2p3/2 and 2p1/2 levels, that correspond to 
sulfur atoms forming a thiolate bond to the metal surface of the nanoparticles. As can be 
observed for NaMP-Ag and NaMP-Au nanoparticles, there are not evidences 
suggesting the presence of S 2p peaks typical of sulfide S2- ions on the nanoparticles’ 
surface. 
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Figure 4.3.4.4.1:  XPS of NaMP-Au (left) and NaMP-Ag (right), corresponding 
to 2p from s region. 

 

176 174 172 170 168 166 164 162 160 158 156

2600

2800

3000

3200

3400

3600

3800

4000

4200

4400

4600

C
P

S

Binding Energy (eV)

 Au+Re_S(2p)

174 172 170 168 166 164 162 160

1000

1500

2000

2500

3000

3500

4000

C
P

S

Binding Energy (eV)

 Ag+Re_S(2p)

Figure 4.3.4.4.2:  XPS of ReMP-Au (left) and ReMP-Ag (right), corresponding 
to 2p from s region. 
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4.3.4.5 C (1s) analysis 

The C 1s region shows an intense peak centered at 284.1 and 284.7 eV, for NaMP-
Au and NaMP-Ag respectively, and a smaller broad photoemission that can be resolved 
into two peaks at 288.7, 287.2 and 289.3, 287.9 eV, respectively (Figure 4.3.4.5) 
Photoemission at higher binding energy can be ascribed to the most deficient carbon 
atoms bonded to carbonyl and hydroxyl oxygen atoms (-COOH/-COO-)11 [Ref]. The 
lower binding energy peak can be assigned to aliphatic carbon atoms of 3-MPA capping 
molecules11. 

 

 

 

 

 

 

 

 

The most informative region is that corresponding to C 1s emission. The resolved 
peaks of ReMP-Au samples fit with three maxima at 287.9, 286.1 and 284.1 eV that are 
assigned to carboxylic, carbonylic and aliphatic carbons respectively, in accordance 
with values reported in the literature. Same energy emission deconvoluted peaks are 
found for ReMP-Ag samples at 288.7, 286.9 and 288.0 eV, respectively. The 
corresponding COO/CO atomic carbon ratios calculated from the integrated areas are 
essentially equal to 1:0.7 for Au and Ag core nanoparticles. Assuming that samples 
contain Re(CO)3 groups the COO/Re atomic ratio is ca. of 1:0.25 which is in 
accordance with the presence of non-coordinated carboxylic groups as suggested by the 
IR spectra of the samples, which are shown in the section 4.3.7 of this chapter. 
Photoemission peaks in the S 2p region are essentially similar to those of 3-MPA 
capped nanoparticles. 
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Figure 4.3.4.5.1:  XPS of NaMP-Au (left) and NaMP-Ag (right), corresponding 
to 2p from s region. 
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4.3.5 TGA Analyses 

The thermal behavior of the samples has been studied with thermal analysis 
techniques. Termogravimetric (TGA 7, Perkin Elmer) measurements have been carried 
out in continuous heating regimes (2 K/min) under Ar atmosphere. 

Figure 4.3.5.1.1 shows TGA curves of pure NaMPA, NaMP-Au, 
[Re(H2O)3(CO)3](SO3CF3) and ReMPAu and Figure 4.3.5.1.2 shows TGA curves of 
pure NaMP, NaMP-Ag, [Re(H2O)3(CO)3](SO3CF3) and ReMP-Ag during the heating 
from 30 to 400 ºC. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3.5.1.1:  TGA curves of (a) NaMP-Au, (b) ReMP-Au, (c) NaMPA and 
(d) [fac-Re(H2O)3(CO)3] 
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Figure 4.3.4.5.2:  XPS of ReMP-Au (left) and ReMP-Ag (right), corresponding 
to 2p from s region. 
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The pure NaMPA decomposes at approximately at 125 ºC while the decomposition 

temperatures of ReMP-Au and NaMP-Ag are around 200 ºC, indicating the thermal 
stability of NaMPA is improved after capping Au and Ag nanoparticles. Before the 
onset decomposition temperature, both TGA curves of NaMP-Au and NaMP-Ag have 
a slope while that of pure NaMPA is fixed. Water is expected to be contained in 
NaMP-Au and NaMP-Ag nanoparticles and likely presented as hydration water in 
NaMP-Au and NaMP-Ag nanoparticles in accord with the results of TEM and FTIR 
characterizations of NaMP-Au and NaMP-Ag nanoparticles. The total mass loss of 
NaMP-Au and NaMP-Ag nanoparticles at 350 ◦C amounts to 20 % and 15 %, 
respectively. Taking into account 45% residues of pure NaMPA molecules at 350 ◦C 
and assuming the residues of NaMPA are equivalent to the loss of NaMPA in NaMP-
Ag and NaMP-Au, the content of the gold core in NaMP-Au nanoparticles and that of 
the silver core in NaMP-Ag nanoparticles is more than 60% and 70%, respectively. 

 

 

 

 

 

 

 

 

 

Figure 4.3.5.1.2:  TGA curves of (a) NaMP-Ag, (b) ReMP-Ag, (c) NaMPA and 
(d) [fac-Re(H2O)3(CO)3] 
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4.3.6 Vibrational studies 

Infrared spectra o f the samples have b een r ecorded on a  IR TENSOR27, Bruker, 
ATR:SPECDC MKII Golden Gate.  

 

Vibrational studies have been recorded for MPA, NaMPA, NaMP-Au, NaMP-Ag, 
[fac-Re(CO)3(H2O)3] (R e carbonyl), ReMP-Au and ReMP-Ag species. The most  
characteristic bands of the analyzed compounds, corresponding to ʋ(OCO)as, ʋ(OCO)sim and 

ʋ(CO) signals, are shown on Table 4.3.7.1: 

 

 MPA NaMPA NaMP-
Au 

NaMP-
Ag 

Re 

carbonyl 

ReMP-
Au 

ReMP-
Ag 

ʋ(OCO)as 1560 cm-1 1700 cm-1 1561 cm-1 1561 cm-1 ------ 1547 cm-1 1558 cm-1 

ʋ(OCO)sim 1391 cm-1 1404 cm-1 1404 cm-1 1390 cm-1 ------ 1379 cm-1 1389 cm-1 

ʋ(OCO) 169 cm-1 296 cm-1 157 cm-1 171 cm-1 ------ 168 cm-1 169 cm-1 

ʋ(CO) ------ ------ ------ ------ 1995 cm-1 2008 cm-1 2011 cm-1 

ʋ(CO) ------ ------ ------ ------ 1846 cm-1 1863 cm-1 1869 cm-1 

 

 

 

Figure 4.3.7.1 and Figure 4.3.7.2  show the IR spectra of MPA ligand in the basic 
form ( NaMPA), MPA gold and sil ver nanoparticles ( MPA-Au and MPA-Ag) and  
rhenium carbonyl capped gold and silver nanoparticles (ReMPAu and ReMP-Ag). 
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Table 4.3.7 .1: Infrared spec tra of  ( a) NaMP-Au, (b)  ReMP-Au, (c ) [fac-
Re(H2O)3(CO)3](CF3SO3) and (d) NaMPA. 

 

Table 4.3.7.1:  Values of the most characteristic bands of the studied compounds. 
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The most  c haracteristic ba nds of MPA compounds a re those corresponding to 

asymmetric and symmetric vibrational stretching modes of the carboxylic OCO group. 
Stretching (OCO) a bsorptions at 1560 (vs) a nd 1391 (vs)  c m-1 distinctive of  the 
anionic c arboxylate functionality a re obs erved in the IR spectrum of  NaMPA. Th e 
protonated f orm o f MPA displays (OCO) b ands at 1700 (vs)  a nd 14 04 (m)  c m-1 
respectively. IR spec tra of MPA functionalized gold and silver n anoparticles display 
stretching (OCO) bands at 1561 (vs) and 1404 (m)  (MPA-Au), and at 1561 (vs) and 
1390 (m)  ( MPA-Ag) c m-1 respectively, c orresponding to  anionic C OO- groups. A  
medium absorption at 1700 cm-1 suggests that some of carboxylic groups are protonated 
(COOH). IR spectra of ReMP-Au and ReMP-Ag show strong absorptions assigned to 
the fragment “Re(CO)3” and carboxylic groups. S tretching (CO) ba nds of 
[Re(CO)3(H2O)3]+ pr ecursor appear at  1995 ( vs) and 1846 (vs)  c m-1, whic h a re 
expected for a fac-M(CO)3 group. The IR spectrum of ReMP-Au shows (CO) bands 
at 2011 (vs) and 1869 (s,  br) cm-1, and (OCO) bands at 1703 (m, br), 1552 (s, br) and 
1392 (s, br ) cm-1, respectively. On the oth er hand, ReMP-Ag displays sim ilar 
absorptions (CO) a t 2013 (vs)  and 1880 (s, br) c m-1, a nd (OCO) a t 1696 (m, br), 
1561 (s, br) and 1390 (s, br) cm-1, respectively. 

 
 With respect to meta l-carbonyl (CO) bands, it can be deduced that both ReMP-

Au and ReMP-Ag samples contain a  fac-Re(CO)3 fragment pr obably c oordinated to 
carboxylate ends. The most  energetic absorption may be assigned to  the A vibrational 
mode and lower energy broad bands to the E vibrational mode of the fac-Re(CO)3 group 
considering an approximate C3v local symmetry.  

 
 
 

Figure 4.3.7 .2: Infrared spec tra of  (a ) NaMP-Ag, (b) R eMP-Ag, (c) [ fac-
Re(H2O)3(CO)3](CF3SO3) and (d) NaMPA 
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The carboxylate (COO -) g roup c an coordinate metals in different forms: η1-
monodentate (I),  η 2-bidentate (II) or μ, η 2-bidentate (III) (Figure 4.3.7.3) which can 
be distinguished by the extend of asym(OCO) - sym(OCO) shift. Experimentally, it  
is shown that (II) < (III) ≈ (uncoordinated COO-)  <  (I), consequently, values 
are good criteria to assign a mode of coordination to carboxylate ligands. IR spectra of 
rhenium coated nanoparticles exhibit three (OCO) absorptions that c an be assigned to 
two t ypes of c arboxylic gr oups: unc oordinated –COOH groups and rhe nium-
coordinated anionic carboxylate ligands. W hereas ba nds a t 1703-1696 c m-1 are 
representative of protonated (COOH) carboxylic groups, bands at 1552-1561 and 1392-
1390 c m-1 with = asym(OCO) - sym(OCO) o f 160 and 171  c m-1, re spectively, a re 
characteristic o f μ, η 2-bidentate carboxylate li gands and a re in  a greement with other 
carboxylate meta l complexes described in the literature12. A shoulder of  sym(OCO) 
band around 1600 cm-1 suggests the presence of absorptions due to uncoordinated COO- 
or monodenta te carboxylic g roups. The wa ter dispersion of rhe nium c arbonyl capped 
gold and silver nanoparticles together with the anionic charge deduced from Z-potential 
support the existence of uncoordinated anionic COO- on the nanoparticle surface. 

 

 
 

 
 
 

These IR data is consistent with the for mation of hexacoordinated fac-Re(CO)3 
complexes bridged by carboxylate anionic ligands. The coordination sphere of Re atoms 
can be  completed by a H 2O li gand from the precursor oc tahedral Re c omplex 
[Re(H2O)3(CO)3]+ or b y a  c arboxylic e nd of  re sidual metal surface bonde d 3-MPA 
capping ligands (Figure 4.3.7.4). 

 

 

 

 

Figure 4.3.7 .3: Possible coordination for ms between the carboxylate (COO -) 
group from MPA and different metals, as for example “Re”: 1-monodentate (I), 

2-bidentate (II) or µ, 2-bidentate (III). 
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As a conclusion, and according to the data obtained with this IR study, the most 
probably “metal-MP-Re(CO)” nanoparticle structure (both in case of silver and gold) 
can be represented as is shown in Figure 4.3.7.5: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.7.4: Coordination sphere of Re atoms formed during functionalization 
of Au or Ag nanoparticles with Re tricarbonyl groups. 

 

 

Figure 4.3.7.5: Most probably structure for the synthesized gold (or silver) 
“Re(CO)-MP” capped nanoparticles, according to the obtained IR data. 
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4.4 Summary 

In thi s work, four  diff erent kinds of  water-dispersible nanoparticles have be en 
synthesized: 

 Gold nanoparticles capped with NaMP. (NaMP-Au) 
  

 Gold nanoparticles capped with NaMP and coordinated with rhenium carbonyl 
species. (ReMP-Au) 
 

 Silver nanoparticles capped with NaMP. (NaMP-Ag) 
 

 Silver nanoparticles capped with NaMP and coordinated with rhenium carbonyl 
species. (ReMP-Ag) 
 

In a ll c ases, the s ynthesized na noparticles ha ve be en fully characterized via 
different techniques. 

 
 As a re sult of  thi s characterization, it  ha s been concluded that rhe nium spec ies 

remain coordinated to COO- carboxylic groups fr om MPA by th e for mation of 
hexacoordinated fac-Re(CO)3 complexes bridged by carboxylate anionic ligands. Since 
some carboxylic remain uncoordinated, the resulting nanoparticles can be dispersed on 
aqueous media. 
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5. One-pot synthesis of stable colloidal solutions of MFe2O4 
nanoparticles using oleylamine as both solvent and stabilizer. 

This chapter explains the synthesis, stabilization and characterization of magnetite, 
Fe3O4, and magnetic mixed spinel ferrites, MFe2O4 (M= Mn, Cu, Zn, Co) made on a 
nanometric scale. In all cases, the resulting nanoparticles have been fully characterized 
via different techniques, such as transmission electron microscopy. Two different 
heating methods (solvothermal and microwave-assisted) have been used to synthesize 
the magnetite, manganese and cobalt ferrites, as long as zinc and copper ferrites have 
been synthesized only via the solvothermal heating method. 

The discussion of the results obtained when carrying out the nanoparticles 
characterization is also explained in detail in this chapter.  

For those kinds of ferrites synthesized via two different methods, the resulting data 
obtained when characterizing the resulting nanoparticles is also contrasted in this 
chapter. 

 

5.1 General description of the carried out work 

Non-polar media dispersible MFe2O4 ferrites and magnetite nanoparticles have 
been synthesized by modifying a method previously described in the literature via on-
pot thermal decomposition of iron and other metal acetylacetonates, Fe(acac)3 and 
M(acac)2 (M= Co, Mn, Cu and Zn) respectively, in oleylamine, which works both as a 
reaction medium and as a capping ligand, producing stable colloidal dispersions, as 
shown in figure 5.1.1.1: 

 

 

 

 

 

 

 

 

 

 Figure 5.1.1.1: Synthetic procedures to obtain A) Fe3O4 and B) MFe2O4 oleylamine 
capped nanoparticles. 
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Given the fact that the heating process has resulted to be a key factor when trying to 
obtain stable nanoparticles, controlling it has been a must during all the experimental 
procedure. 

Therefore, two different heating systems have been used in order to heat the 
‘acetylacetonate-oleylamine’ reaction mixture and consequently to obtain the desired 
nanoparticles: 

- Solvothermal method: This method consists of heating the reaction mixture by 
placing it inside a reflux setup and heating the whole system until it reaches an 
optimal temperature.  
 

- Microwave-assisted method: In this case the heating process is based on using a 
microwave device to heat the reaction mixture. 

 

Figure 5.1.1.2 shows two pictures taken from a reflux setup and a microwave 
device used to carry out the magnetic nanoparticles: 

 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
For both types of heating systems, it has been studied how reaction time and 

temperature affect to the resulting particles. 
 
Once synthesized, nanoparticles have been magnetically separated from the 

reaction mixture and washed using ethyl ether and ethanol, obtaining in all cases a 
magnetic dark powder that can be easily dispersed in non-polar media, such as hexane, 
toluene, chloroform, and dichloromethane. 

 
 
 

Figure 5.1.1.2: Pictures corresponding to a reflux setup (left) and a microwave 
device (right) used to carry on the different nanoparticles’ synthesis. 
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5.2 Experimental procedure 

5.2.1 Materials and reactants. 

 Iron (III) acetylacetonate (Aldrich, 99,9 %), Cobalt (II) acetylacetonate (Aldrich, 
97 %). Manganese (II) acetylacetonate (Aldrich), Copper (II) acetylacetonate (Aldrich, 
99,9 %), Zinc (II) acetylacetonate (Aldrich, 99,9 %), Oleylamine (Panreac), Hexane 
(Panreac PA), Methanol (Panreac) and Ethanol (Panreac) were used as purchased 
without further purification. 

 

5.2.2 Solvothermal synthesis of hexane colloidal dispersion of Fe3O4 magnetite 
nanoparticles 

Fe3O4 nanoparticles were prepared via solvothermal decomposition of metal 
acetylacetonates in oleylamine. 0,350 g of Fe(acac)3 (1.0 mmol) were added to 25 ml of 
oleylamine in a 100 ml round bottomed flask equipped with a condenser, a magnetic 
stirrer, a thermograph, a and heater. The initial red solution was heated, and it turned 
dark brown when the vessel mixture reached 120 ºC. After keeping the temperature 
reaction at 120 ºC for 20 minutes, it was then increased until 220 ºC (or 280 ºC) with a 
heating rate of 1 ºC / 1 min. After 1,5 or 3 hours (depending on the case) of reaction, the 
final mixture was cooled until it reached room temperature. The obtained Fe3O4 

nanoparticles were then separated from the reaction medium by successive additions of 
ethanol (3x25 ml) and diethyl ether (3x25 ml) and magnetic precipitation. The separated 
nanoparticles were re-dispersed in hexane (with a certain volume in order to obtain the 
desired concentration of Fe3O4), forming a room temperature stable red-brown 
dispersion. The resulting nanoparticles may also be re-dispersed in toluene, chloroform 
or dichloromethane. 

 

5.2.3 Solvothermal synthesis of hexane colloidal dispersion of MFe2O4 (M= Co, 
Mn, Cu, Zn) ferrite nanoparticles 

MFe2O4 (M= Co, Mn, Cu, Zn) nanoparticles were also prepared via solvothermal 
decomposition of metal acetylacetonates in oleylamine. 0.236 g of Fe(acac)3 (0.67 
mmol) and 0.33 mmol of M(acac)2 (which molecular weight of each acetylacetonate 
varies depending on M) were suspended in 25 ml of oleylamine in a 100 mL round 
bottomed flask equipped with a reflux setup, in the same way than for Fe3O4 previously 
synthesized nanoparticles. The initial red solution was heated, and it turned dark brown 
when the vessel mixture reached more or less 120 ºC, depending on the M 
acetlylacetonate. After keeping the temperature reaction at 120 ºC for 20 minutes, it was 
then increased until 220ºC (or 280ºC) with a heating rate of 1 ºC / 1 min. After 1.5 or 3 
hours (depending on the case) of reaction, the final mixture was cooled at room 
temperature. MFe2O4 nanoparticles were then separated exactly in the same way used 
for Fe3O4 nanoparticles separation. The separated nanoparticles were re-dispersed in 
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hexane (with a certain volume in order to obtain the desired concentration of MFe2O4), 
forming a room temperature stable red-brown dispersion. The resulting nanoparticles 
may also be re-dispersed in toluene, chloroform or dichloromethane. 

 

5.2.4 Microwave-assisted synthesis of hexane colloidal dispersion of Fe3O4 
magnetite nanoparticles 

Fe3O4 nanoparticles were prepared via microwave-assisted decomposition of metal 
acetylacetonates in oleylamine. 0,350 g of Fe(acac)3 (1.0 mmol) were added to 25 ml of 
oleylamine in a 35 ml glass vessel specially designed for microwave heating processes. 
At this point, the microwave heated the reaction mixture from room temperature until 
220 ºC, 250 ºC or 280 ºC within 15 to 20 minutes and then kept at this temperature 
during 15, 20, 30, 45 or 60 minutes, under a controlled pressure of 10 atmospheres and 
with continuous stirring. After finishing the reaction, the resulting brown-dark 
dispersion was treated exactly in the same way than for all the other synthesized 
nanoparticles, by using ethanol and diethyl ether as separating agents and carrying on 
magnetic separation. The resulting nanoparticles may also be re-dispersed not only in 
hexane but also in toluene, chloroform or dichloromethane. 

 

5.2.5 Microwave-assisted synthesis of hexane colloidal dispersion of MFe2O4 
(M= Co, Mn, Cu, Zn) ferrite nanoparticles 

MFe2O4 (M= Co, Mn, Cu, Zn) nanoparticles were also prepared via microwave-
assisted decomposition of metal acetylacetonates in oleylamine. 0.236 g of Fe(acac)3 

(0.67 mmol) and 0.33 mmol of M(acac)2 (which molecular weight of each 
acetylacetonate varies depending on M) were suspended in 25 ml of oleylamine in a 35 
ml glass vessel specially designed for microwave heating processes. At this point, the 
microwave heated the reaction mixture in an identical way than for the microwave-
assisted Fe3O4 nanoparticles. The separation process was also the same than for all the 
other cases and, again, the resulting nanoparticles may be re-dispersed not only in 
hexane but also in toluene, chloroform or dichloromethane. 
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5.3 Characterization and result discussion 

The resulting ferrite nanoparticles characterization, as well as the obtained data 
discussion are described in this section. The characterization itself has been carried out 
via seven different analytical techniques: 

- Transmission electron microscopy (TEM) and high resolution electron 
microscopy (HRTEM) Bright Field microphotographs. 

- Fourier Fast Transformation image analysis. 
- Electron diffraction. 
- Powder X-Ray diffraction. 
- Energy-dispersive X-Ray Spectroscopy (EDX) 
- Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) 
- Infrared spectroscopy. 
- SQUID and FC/ZFC magnetic studies. 

 

5.3.1 TEM Bright Field microphotographs 

Transmission Electron Microscope (TEM) images were obtained on a Philips 
Tencai 20 at an accelerating voltage of 200 kV. 

Transmission Electron Microscopy (TEM) images taken from different 
solvothermal synthesized nanoparticles are presented in figure 5.3.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.1.1: TEM images taken from the Fe3O4 and MFe2O4 oleylamine-capped 
nanoparticles synthesized at 220 ºC with 3 h of annealing time using the solvothermal 
method. 
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It may be observed in this figure how in all cases the synthesized nanoparticles 
show a low aggregation and a relative narrow size distribution. All the different 
nanoparticle sizes obtained when varying the reaction temperature and the time reaction 
are shown in Table 5.3.1.1.: 

 Temperature (ºC) Time (min) Size (nm) 
 

Fe3O4 
 

220 60 7.5 ± 1.7 
220 90 12.4 ± 2.2 
220 180 15.5 ± 2.6 
280 180 11.1 ± 2.4 

 
CoFe2O4 

 

220 60 5.1 ± 0.9 
220 90 6.9 ± 1.2 
220 180 9.8 ± 1.4 
280 180 9.5 ± 2.1 

 
MnFe2O4 

 

220 60 6.7 ± 1.3 
220 90 6.5 ± 1.0 
220 180 9.8 ± 2.0 
280 180 8.2 ± 1.6 

 
CuFe2O4 

220 90 6.9 ± 1.4 
220 180 8.7 ± 3.1 
280 180 8.8 ± 2.2 

ZnFe2O4 220 180 6.8 ± 2.0 
280 180 7.0 ± 1.4 

 

 

 

The results show that reaction time is by far more influent than temperature in the 
nanoparticles growth. In fact, for time values inferior than 60 minutes in the cases of 
Fe3O4, CoFe2O4 and MnFe2O4 or than 90 and 180 minutes in the cases of CuFe2O4 and 
ZnFe2O4, respectively, no nanoparticles formation were observed, regardless of the 
applied temperature. It is also worth mentioning that when temperature is increased 
from 220 to 280 ºC, no growth, but a decrease of the nanoparticles size is observed. 

Another significant piece of information arises when comparing the Fe3O4 size 
average (for any time and temperature) with any kind of mixed ferrite. As it can be 
observed, magnetite nanoparticles tend to be bigger than others. This fact may be 
explained by the partial Fe (III) to Fe (II) reduction that takes place during the Fe3O4 
formation, which does not take place in the case of mixed ferrites. When Fe3O4 is 
synthesized, the Fe(acac)3 molecules decompose and release the Fe (III) cations, which 
gather and form Fe (III) oxide nuclei that are partially reduced to Fe (II), forming the 
typical Fe3O4 spinel structure, which is stable and grows forming the resulting 
nanoparticle. On the other hand, no Fe (III) reduction occurs since M (II) cations are 
already in the reaction medium when the initial nuclei are formed, given the 
decomposition of M(acac)2. Therefore, since Fe3O4 formation requires the Fe (III) to Fe 

Table 5.3.1.1:  Nanoparticle sizes obtained with the solvothermal method 
when working at different temperatures and for different annealing times. 
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(II) reduction, this process is slower than for any kind of MFe2O4 and so is its nuclei 
formation. In this vein, in the case of Fe3O4, fewer nuclei are formed during the heating 
process, allowing the formation of bigger nanoparticles. 

Despite their narrow size distribution, nanoparticles synthesized via solvothermal 
method, especially those that have been heated during 3 h at 280 ºC, show a wide range 
of different shapes, as can be observed in Figure 5.3.1.2:  

 

 

 

It can be observed in this figure how in all cases nanoparticles have lost their 
spherical-like shape, becoming more irregular. As shown in Table 5.3.1.1, nanoparticle 
size standard deviation increases for larger annealing times and higher reaction 
temperatures. However, the way in which the initial acetylacetonates are heated is by far 
the most important factor when synthesizing magnetite or mixed ferrite nanoparticles. 
In fact, whether the initial reaction mixture is heated faster than 1 ºC/min and the 
temperature is not kept at 120 ºC (temperature in which the initial acetylacetonates 
decompose) during 20 minutes, the resulting nanoparticles show an enormous size and 
shape dispersion, and they usually form unstable dispersions in any organic medium, 
precipitating after few minutes or even seconds. 

As described in literature1,2, the final nanoparticle shape strongly depends on how 
the capping agent, as well as the medium3, interacts with its surface. Thus, when an 
anisotropic capping process takes place over the nanoparticles surface, its growth may 
be either eased or hindered in certain plane directions, allowing the crystal to form 
different shapes. On the other hand, a perfect isotropic capping process leads to a 
spherical-like nanocrystal. Since oleylamine acts as a capping agent, it limits and 
controls the nanoparticles growth and, therefore, their final size and shape. In other 
words, when the initial reaction mixture is properly heated, it allows oleylamine to 
surround and cap the nanoparticle surface and to force it to grow in a spherical-like 
shape. 

Figure 5.3.1.2: TEM images taken from the Fe3O4 and MFe2O4 (M= Co, Mn) 
oleylamine-capped nanoparticles synthesized at 280 ºC with 3 h of annealing time 
using the solvothermal method. 
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Figure 5.3.1.3 shows the effect of not keeping the reaction temperature during 20 
minutes after reaching the 120 ºC at which acetylatetonates decompose starting the 
nucleation process and increasing T until 220 ºC faster than 1 ºC/min, not giving time to 
oleylamine to “control” the nanocrystal growth properly. Larger time (3h) and 
temperature (280 ºC) conditions also ease anisotropic growth to occur via Ostwald 
ripening effect4,5 in which the biggest generated crystals grow at expense of the smaller 
ones due to the difference of energy among them. 

` 

 

 

Since the heating process has resulted to be a key factor when carrying out the 
nanoparticle synthesis reaction, a microwave-assisted heating process has been carried 
out with magnetite, and MFe2O4 (M= Co, Mn) mixed ferrites so as to study how this 
method affects the final nanoparticle size and shape. 

Therefore, Fe3O4, CoFe2O4 and MnFe2O4 have also been synthesized via 
microwave-assisted heating method. Figure 5.3.1.4 shows some TEM images taken 
from those synthesized particles: 

 

 

Figure 5.3.1.4: TEM images taken from the Fe3O4 and MFe2O4 oleylamine-capped 
nanoparticles synthesized at 250 ºC with 20 min of annealing time using the 
solvothermal method. 

 

Figure 5.3.1.3: TEM images taken from multi-shaped and unstable Fe3O4 
nanoparticles synthesized by increasing the temperature reaction at a rate faster than 
1 ºC/min and without keeping the reaction temperature at 120 ºC during 20 minutes.  
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All the different nanoparticle sizes obtained when varying the reaction temperature 
and the time reaction for the nanoparticles synthesized via microwave-assisted method 
are shown in Table 5.3.1.2.: 

 Temperature (ºC) Time (min) Size (nm) 
 

 
 

Fe3O4 
 

220 15 ------------ 
220 20 ------------ 
220 30 ------------ 
250 15 5,8 ± 1,2 
250 20 5,8 ± 1,1 
250 30 6,6 ± 1,2 
250 45 6,8 ± 1,3 
250 60 6,9 ± 1,2 
280 20 7,1 ± 1,1 
280 60 8,5 ± 1,5 

 
 
 

CoFe2O4 
 

220 15 ----------- 
220 20 ----------- 
220 30 ----------- 
250 15 3,7 ± 0,6 
250 20 4,1 ± 0,7 
250 30 4,3 ± 0,6 
250 45 5,4 ± 1,2 
250 60 6,2 ± 0,8 
280 20 6,4 ± 1,0 
280 60 6,8 ± 1,3 

 
 
 

MnFe2O4 
 

220 15 ----------- 
220 20 ----------- 
220 30 ----------- 
250 15 ------------ 
250 20 3,7 ± 0,5 
250 30 4,1 ± 0,7 
250 45 4,2 ± 0,8 
250 60 4,6 ± 0,9 
280 20 5,3 ± 1,0 
280 60 6,1 ± 1,2 

 

 

 

The first important fact that arises when comparing this table with the previous one 
is that it is possible to reduce the reaction time considerably via using this heating 
method instead of the solvothermal one. Despite the fact that no nanoparticles may be 
obtained at 220 ºC, when working at 250 or 280 ºC it is possible to obtain nanoparticles 
for reaction times of 15 or 20 minutes. Another important piece of data is that in all 
cases, the size average standard deviation of the microwave-assisted method 
nanoparticles is much smaller than for the solvothermal ones. In fact, microwave-

Table 5.3.1.2: Nanoparticle sizes obtained with the microwave-assisted method 
when working at different temperatures and for different annealing times. 
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assisted nanocrystals are far more spherical-like than their solvothermal analogous, as it 
is shown in Figure 5.3.1.5: 

 

 

 

Therefore, microwave heating controls the final shape and further dispersion 
stability of the growing nanoparticles by supplying energy to the reaction mixture in a 
more homogeneous way than solvothermal heaters do. It is worth mentioning that 
despite the fact that the heating rate is way faster than the used for solvothermal 
synthesis (in all cases the 250 or 280 ºC are reached in less than 20 minutes) no 
irregular forms are obtained. On the other hand, since reaction time has been 
significantly decreased when using this heating method, no important size changes may 
be observed between nanoparticles synthesized in 20 minutes from others synthesized in 
1 hour. In fact, when using this method, temperature seems to be slightly more 
important than annealing time when trying to increase the nanocrystals size. 

The HRTEM study on Fe3O4, MnFe2O4 and CoFe2O4 nanocrystals (Figure 
5.3.1.6) shows their single crystalline structure. Fourier Fast Transformation images 
corresponding to the HR bright field images are in agreement with the planes of the 
general spinel-like structure of the synthesized nanoparticles: 

 

 

 

 

 

 

Figure 5.3.1.5: TEM images taken from Fe3O4, CoFe2O4 and MnFe2O4 
nanoparticles synthesized via microwave-assisted method at 250 ºC during 20 
minutes of annealing time.  
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5.3.2 Electron and X-ray diffraction 

Electron diffraction patterns were obtained on a Philips Tencai 20 at an accelerating 
voltage of 200 kV. X-ray powder diffraction (XRD) patterns of the samples were 
recorded with a Rigaku D diffractometer equipped with a rotating anode and a CuKα 
source (λ= 0.154056 nm) 

Both solvothermal and microwave-assisted nanoparticles’ crystal structures have 
been studied using electron and X-ray diffraction. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.1.5: HRTEM images taken from a) Fe3O4, b) CoFe2O4 and c) MnFe2O4 
nanoparticles synthesized via microwave-assisted method at 250 ºC during 20 
minutes of annealing time and their respective FFT images. 
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Figure 5.3.2.1 shows three electron diffraction patterns taken from microwave-
assisted synthesised magnetite, cobalt and manganese ferrite nanoparticles:  

 

 

 

 

 

 

 

 

 

 

 

 

For both solvothermal and microwave synthesized nanoparticles, the observed 
planes match with those expected for magnetite and mixed ferrite structures (spatial 
group Fd3m), which have the following Miller’s Indexes: (2 2 0), (3 1 1), (4 0 0), (4 2 
2), (5 1 1), (4 4 0) and (6 2 2). 

As well as electron diffraction, XRD diffractograms carried out for both 
solvothermal and microwave synthesized nanoparticles show the characteristic Bragg 
peaks expected for a spinel-like structure: (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 
0), as shown in Figure 5.3.2.2: 

Figure 5.3.2.1: Bright field TEM images of A) Fe3O4, B) CoFe2O4 and C) MnFe2O4 
microwave synthesized nanoparticles and their respective diffraction patterns. 
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Therefore, it  can be  concluded by analyzing XRD and e lectron diffraction results 
that both solvothermal a nd mi crowave s ynthesized na noparticles have spinel-like 
structures that match with the expected results for Fe3O4 and MFe2O4 (M= Co, Mn, Cu, 
Zn). How ever, in the c ase of  Fe3O4, it  c annot be  c oncluded via electron or X -ray 
diffraction if the resulting nanoparticles are formed only by magnetite, by a mixture of 
magnetite and maghemite (γ-Fe2O3), or even entirely by maghemite. Since X-ray and 
electron di ffraction patterns of ma ghemite and ma gnetite are indi stinguishable, it  is  
undoable to confirm/deny this fact.  

 

5.3.3 Electron-dispersive X-Ray Spectroscopy (EDX) 

Energy-dispersive X-ray spectra have been obtained at 200 kV using Titan and FEI 
Tecnai F20 field emission gun (FEG) TEMs.  

All the acquired spec tra have been tak en f rom different re gions (with or without  
particles) of the spec imens, both for  solvo thermal and microwave s ynthesized 
nanoparticles. 

 

 

 

Figure 5.3.2.2: X r ay diffraction patterns fo r oleylamine stabil ized nanoparticles 
synthesized via solvothermal method. The main Bragg peaks of the spinel structure 
are identified. 
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 Figure 5.3.3.1 shows representative spectra obtained from microwave synthesized 
Fe3O4, MnFe2O4 and CoFe2O4 nanoparticles: 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Intensity peaks corresponding to Be, C, Cu, Fe, O and Co or Mn (in the cases of 
mixed ferrites) have been found and quantified when analyzing the specimen. In all 
cases, as expected, the signals corresponding to C, Be and Cu have been obtained 
because of the grid in which the specimen has been prepared, and O values are not 
accurate because possible CO2 and H2O adsorbed molecules on the specimen’s surface. 
Thus, they have been obviated from the specimen analysis, focusing just in Fe, Si, and, 
depending on the mixed ferrite, Co or Mn signals. All their relative amounts are shown 
in table 5.3.3.1: 

 
 
 
 
 
 

 

Figure 5.3.3.1: Representative spectra acquired from A) Fe3O4, B) CoFe2O4 and C) 
MnFe2O4 microwave-synthesized nanoparticles at 250 ºC during 20 minutes of time 
reaction. 
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 Fe (% At) Co (% At) Mn (% At) Si (% At) 
Fe3O4 250 ºC  

20 min 
86.8 ± 5.0 ----------- ----------- 13.2 ± 5.0 

Fe3O4 280 ºC  
20 min 

92.6 ± 2.6 ----------- ----------- 7.4 ± 2.6 

CoFe3O4 250  
ºC 20 min 

    60.5 ± 4.3 31.5 ± 2.1 ----------- 8.0 ± 0.0 

CoFe3O4 280  
ºC 20 min 

    62.3 ± 1.1   27.7 ± 1.2 ----------- 10.0 ± 2.1 

MnFe3O4 250  
ºC 20 min 

    59.5 ± 6.5 ----------- 30.9 ± 3.7 9.6 ± 1.1 

MnFe3O4 280  
ºC 20 min 

    57.7 ± 3.2 ----------- 29.5 ± 2.0 12.8 ± 4.8 

 
 
 
 
 

Basically, two important pieces of data arise from that table. In the first place, it can 
be seen that every mixed ferrite has two iron atoms for each cobalt (or manganese) 
atom, which matches with the stoichiometric formulas expected for those kinds of 
compounds, MFe2O4 (M= Co or Mn). On the other hand, it has been found an 
unexpected silicon contamination in all the prepared specimens, being around a 10 % of 
silicon in each specimen (relative values calculated just taking into account just Fe, Co, 
Mn and Si atoms). Since it has been described in literature that silicon cations may 
strongly affect the magnetic properties of ferrites6,7,8, it has been studied whether silicon 
atoms are inside the synthesized nanoparticles or surrounding them. With that purpose, 
part of the black powders obtained during the synthetic process have been washed five 
times with ethanol so as to remove the oleylamine capping the nanoparticles without 
destroying the already formed nanocrystals and, therefore, to make sure that the silicone 
atoms are around and not within the synthesized particles. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Table 5.3.3.1: Relative amounts (in atomic %) of Fe, Co, Mn and Si found in 
different samples of microwave-synthesized mixed ferrite nanoparticles. 
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Figure 5.3.3.2 shows an EDX spectrum obtained from MnFe2O4 microwave 
synthesized nanoparticles after being cleaned with ethanol: 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
As shown in the spectrum, the amount of silicon has significantly decreased after 

carrying out the cleaning process. Table 5.3.3.2 shows the differences in atomic % of 
Fe, Mn and Si after and before cleaning up the synthesized nanoparticles: 

 Fe (% At) Co (% At) Mn (% At) Si (% At) 
MnFe3O4 250  

ºC 20 min before 
    59.5 ± 6.5 ----------- 30.9 ± 3.7 9.6 ± 1.1 

MnFe3O4 250  
ºC 20 min after 

    61.9 ± 5.2 ----------- 37.1 ± 4.2 0.4 ± 1.1 

 
 
 
 
 

From these data, it can be assumed that a high % of the silicon found in the sample 
is surrounding and not inside the nanoparticles structure. Thus, their effect in the 
magnetic properties of nanoparticles, in case there were, would not be significant. The 
same silicon amount reduction has taken place when cleaning the other synthesized 
nanoparticles with ethanol. 

 
The source of the silicon contamination has been identified also via EDX as the 

commercial iron (III) acetylacetonate. In fact, silicon traces were heterogeneously 
dispersed among the reactant. No silicon traces, however, have been found in the rest of 
used acetylacetonates. 

 
 

Figure 5.3.3.2: Representative spectrum acquired after drying the synthesized 
powder five times with ethanol and removing all the remaining oleylamine. This 
spectrum corresponds to the MnFe2O4 microwave-synthesized nanoparticles at 250 
ºC during 20 minutes of time reaction. 

 

Table 5.3.3.2: Relative amounts (in atomic %) of Fe, Mn and Si found in the same 
sample before and after cleaning it up five times with ethanol.  
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5.3.4 Thermogravimetric analysis (TGA) and differential scanning calorimetry 
(DSC) 

Thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC) 
were performed under oxygen atmosphere at a heating rate of 5°C/min going from room 
temperature up to 800 °C using a NETZSCH STA 449 C analyzer. 

The presence of oleylamine on the nanoparticles surface is supported by 
thermogravimetric analysis (TGA). Figure 5.3.3.1 shows the TGA corresponding 
curves of the Fe3O4 (a) and CoFe2O4 (b) solvothermal synthesized nanoparticles, 
respectively. In both images of the figure, a mass loss can be observed between 300-
450°C. This fact can be attributed to a decoordination of the oleylamine from the 
nanoparticle surface, indicating that, in both cases, nanoparticles are formed by a 20 % 
mass of oleylamine surrounding the spinel (magnetite or mixed ferrite) nanocrystal. In 
addition, in the case of Fe3O4 (a), the differential scanning calorimetry (DSC) shows a 
signal around 700 ºC, indicating a phase change from Fe3O4 to α-Fe2O3, which is an 
oxidative exothermic process. This fact suggests that, even in case there were a mixture 
of Fe3O4 and α-Fe2O3 in the original formed nanoparticles, a part of the synthesized 
nanoparticles are formed by magnetite; otherwise, the exothermic peak at 700 ºC would 
not appear. 

 

 

 

 

 

 

Figure 5.3.4.1: TGA analysis of Fe3O4 and CoFe2O4 synthesized via solvothermal 
method during 3 hours at 220 ºC. 
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In all the other solvothermal or microwave-synthesized nanoparticles, the resulting 
TGAs show a loss  of  about 20-30 % in weight between 2 00-400 ºC  a nd, for  F e3O4 
nanoparticles, DSC results show an e xothermic pe ak a round 600 ºC , sugg esting a 
magnetite-maghemite phase change, as shown in figure 5.3.4.2:. 

 

 

 

 

 

 

 

 

 

Apart from TGA analysis, the presence of oleylamine on the nanoparticles surface 
is also supported by IR-spectra, as is shown in the following section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3.4.2: TGA analysis of  F e3O4 and MnF e2O4 synthesized via mi crowave 
heating method during 3 hours at 220 ºC. 
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5.3.5 Infrared (IR) measurements 

Fourier transform infrared (FT-IR) spectra were recorded on a Bruker IR Tensor 27 
ATR:SPECDC MKII Golden Gate. 

As mentioned in the previous section, IR spectra confirm the presence of amino 
ligands on the nanoparticles surface. As can be observed in Figure 5.3.4.1, peaks at 
1376, 1527 (N-H), 2849 and 2917 cm-1 (C-H) confirm the presence of oleylamine. 

3500 3000 2500 2000 1500 1000 500

0,4

0,5

0,6

0,7

0,8

0,9

1,0

1,1

1,2

1,3

T
ra

n
s
m

it
ta

n
c
e

 (
%

)

Vavenumber (cm
-1
)

 Fe
3
O

4
@Oleylamine

 Oleylamine

 

  

 

Since oleylamine has been confirmed via both TGA and IR data analysis, the 
percentage of mass loss measured with the TGA has been used to correct all magnetic 
analyses, which are explained in depth as follows. 

  

Figure 5.3.5.1: Infrared spectra of (black line) Fe3O4@Oleylamine MW synthesized 
nanoparticles and (red line) Commercial Oleylamine. 
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5.3.6 Magnetic measurements 

Magnetic properties of the MFe2O4 nanoparticles have been measured on a SQUID 
magnetometer. Hysteresis loops measurements have been performed up to 70 KOe at 
two different temperatures: 10 K and 300 K. Complementarily, zero-field cooled and 
field cooled measurements have been carried out at 50 Oe of applied magnetic field. 

As aforementioned, the absolute values of magnetization have been obtained after 
correcting the weighted nanoparticles mass with the mass loss associated to the organic 
ligands observed by TGA. 

Since nanoparticles’ size and shape may strongly affect their resulting magnetic 
behaviour and it has been observed how these characteristic vary depending on the used 
heating method, this section is focused on studying the different magnetic behaviours 
between the solvothermal and the microwave-synthesized nanoparticles. 

In this vein, solvothermal-synthesized nanoparticles magnetic study is explained as 
follows: 

Figure 5.3.6.1. (left) shows the hysteresis loops of CoFe2O4 synthesized at 280 ºC 
during 3 hours of reaction. Two different measurements at two different temperatures 
are presented. At 10 K, the nanoparticles show clearly a ferrimagnetic behaviour with a 
coercitivity field of 12.5 kOe, while at 300 K (over the blocking temperature), the 
nanostructures act like superparamagnetic.  Despite the high available external magnetic 
field (70 KOe), the sample is not completely saturate and magnetic hysteresis persists 
up to very high magnetic fields, indicating a very strong magnetic anisotropy. 
Extrapolating the high field magnetization it has been obtained a saturation value for the 
magnetization of CoFe2O4 nanoparticles of 82 emu/g.  
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Figure 5.3.5.1: Magnetic hysteresis loops for oleylamine stabilized MFe2O4 
nanoparticles. (a) Loops for CoFe2O4 particles at 10 K and 300 K. (b) Loops at 10 K 
for MFe2O4 (M=Mn, Fe, Cu, Zn) nanoparticles. 
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Figure 5.3.6.1. (right) shows the magnetic hysteresis loops at 10 K of MFe2O4 
(M= Mn, Fe, Cu, Zn) nanoparticles also synthesized at 280 ºC during 3 h of reaction. 
The obtained values of saturation and coercitivity corresponding to these particles are 
shown in Table 5.3.6.1. 

 Ms (emu/g) μoHc (Oe) 
Fe3O4 76 290 

MnFe2O4 116 80 
CoFe2O4 82 12500 
CuFe2O4 33 250 
ZnFe2O4 41 50 

 

 

 

All these values are in good agreement with the expected ones for bulk 
ferrimagnetic analogous materials. In the case of ZnFe2O4 nanoparticles it can be seen 
that there is a high-field susceptibility and magnetization does not saturate. This fact 
indicates that a non-collinear ferrimagnetic structure has been developed instead of the 
antiferromagnetic one typical of ZnFe2O4 ferrites. Extrapolating to zero it has been 
estimated a saturation magnetization of 40,6 emu/g. This value indicates a strong 
redistribution of Zn2+ and Fe3+ among the A and B sites of the spinel structure. This 
feature, observed by other groups as Beji et al.9 is in accordance to different studies 
which explain that the cation distribution in the zinc ferrite spinel is dependent on 
multiple factors, such as the synthetic methodology10, crystal size at nanoscale10, 
annealing temperature11, etc., affecting principally to the magnetic behaviour of the 
nanoparticles synthesized12. Cation distribution among the tetrahedral and octahedral of 
the ZnFe2O4 crystallographic sites is under study jointly with a deeper study of their 
magnetic properties. 

Field-cool and zero field-cool analysis demonstrate that the blocking temperature 
(TB) is below room temperature in all cases, indicating that all MFe2O4 nanoparticles are 
superparamagnetic at room temperature and ferrimagnetic at low temperature, as shown 
in figure 5.3.6.2. 

 

 

 

 

 

 

Table 5.3.6.1: Magnetization Saturation (Ms) and coercivity field (µoHc) for the 
different magnetic synthesized nanoparticles. 
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Additional analyses have been performed in order to confirm the TGA observation 
of the existence of an oxidative process. Magnetic measurements for the Fe3O4 
nanoparticles before and after a thermal treatment (from room temperature to 800ºC), 
have been carried out and are presented in figure 5.3.5.3. In this case, an 
antiferromagnetic behaviour is observed. 

 

 

 

Figure 5.3.6.2: FC/ZFC analysis for different ferrite nanoparticles synthesized: a) 
MnFe2O4; b) Fe3O4; c) CoFe2O4; d) CuFe2O4; e) ZnFe2O4. As it can be observed, the 
blocking temperature is lower than room temperature in all cases. 

 

 

Figure 5.3.6.3: Magnetic hysteresis loops and x-ray diffraction pattern of Fe3O4 
nanoparticles before and after a thermal treatment (heat until 800ºC). Note the 
antiferromagnetic behavior after the thermal treatment 
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When studying the magnetic behaviour of the microwave-synthesized 
nanoparticles, on the other hand, the following results were observed: 

As it is shown in table 5.3.6.2, very similar Ms values were observed when 
comparing both microwave and solvothermal-synthesized nanoparticles, which is in 
agreement with all the already studied results, since both kinds of nanoparticles do not 
differ neither substantially in size nor in shape. Specifically, the ‘microwave’ studied 
nanoparticles correspond to those obtained after 20 minutes of reaction at 250 ºC. 

 Ms for MW NPs Ms for Solvothermal NPs 
      Fe3O4 77 emu/g 76 emu/g 

CoFe2O4 89 emu/g 82 emu/g 
MnFe2O4 118 emu/g 116 emu/g 

 

 

 

Figure 5.3.6.4 shows the hysteresis loops corresponding to the MW studied 
samples: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.3.6.1: Magnetization Saturation (Ms) and coercivity field (µoHc) for the 
different magnetic synthesized nanoparticles. 
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Figure 5.3.6.4: Magnetic hysteresis loops corresponding to Fe3O4, CoFe2O4 and 
MnFe2O4 microwave-synthesized nanoparticles. All measurements were taken at 10 
K. 
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5.4   Summary 

In thi s work, magnetite, as  well as  some mixed fe rrite nanoparticles ha ve be en 
synthesized via heating metallic acetylacetonate complexes in oleylamine, which works 
both as a solvent and capping agent. The heating process has been carried out via two 
different ways: 

 Solvothermal method. 
  

 Microwave-assisted method. 
 

It has been concluded that the heating process is a key factor when trying to obtain 
stable na noparticle disp ersions. Thus, the reaction tempe rature must  be  incr eased 
linearly (at 1 ºC / min for solvothermal heating) in order to allow oleylamine to properly 
control the nanoparticles’ growth. Microwave assisted method highly decreases the 
reaction time since it  provides energy to  the reaction s ystem in a more  homogeneous 
and controlled way.  

In a ll c ases, the s ynthesized na noparticles ha ve be en full y c haracterized via  
different techniques. 

As a r esult of  thi s characterization, it  ha s been c oncluded that the for med 
nanoparticles are indeed surrounded by oleylamine, which allows them to be perfectly 
dispersed in organic solvents such as he xane or  tol uene, a nd a lso that nanoparticles 
show a narrow size and shape distribution. The microwave heating method has shown 
to be better at keeping the spherical shape of nanoparticles. The solvothermal heating, 
on the other hand, allows obtaining a wider nanoparticle size average, although for large 
times and higher tempe rature conditions it lea ds to less stable dispersions and more  
anisotropic nanoparticle shapes. 

 

 

 

 

 

 

 

 

 

 



  5. Mixed ferrite nanoparticles 

161 
 

5.5 Related literature 

                                                           
1
 Zhang L.; He R.; Gu H.-C., Mater. Res. Bull., 2006,  41, 260-267.  

 
2
 Taniguchi T.; Nakagawa K.; Watanabe T.; Matsushita N.; Yoshimura M., J. Phys. Chem. C, 2009, 113, 

839-843. 
 
3
 Jia C-J., J. Am. Chem. Soc., 2008, 130, 16968-16977. 

 
4
 McNaught A.D.; Wilkinson A., IUPAC. Compendium of Chemical Terminology – Gold Book, Blackwell 

Scientific Publications: Oxford, 1997. 
 
5
 Kuo C. L.; Hwang K. C., Chem. Mater., 2013, 25, 365-371. 

 
6
 Paulsen J. A.; Lo C.C.H.; Snyder J.E.; ring A.P.; Jones L.L.; Jiles D.C., IEEE Trans. Magn., 2003, 39, 3316-
3318. 

 
7
 Uzma G., Eur. Phys. J. Appl. Phys., 2010, 50, 30302p1-30302p4. 

 
8
 Shinde S. S.; Jadhav K. M., J. Mater. Sci. Lett., 1998, 17, 849-851.  

 
9
 Beji Z., Thin Solid Film, 2010, 518, 2592-2598. 

 
10

 Li F. S.; Wang L.; Wang J.B.; Zhou Q.G.; Zhou X.Z.; Kunkel H.P.; Williams G., J. Magn. Magn. Mater, 

2004, 268, 332-339. 
  
11

 Blanco-Gutie V., Jimenez-Villacorta F.; Bonville P.; Torralvo-Fernandez M.J.; Saez-Puche R., J. Phys. 

Chem. C, 2011, 115, 1627-1634. 
 

12
 Braestrup F.; Hauback B.C.; Hansen K.K., J. Solid State Chem., 2008, 181, 2364-2369. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  5. Mixed ferrite nanoparticles 

162 
 

                                                                                                                                                                          
 



                                                           6. Goethite – Hematite nanorods TEM transformation 

163 
 

 

 

Chapter 6 

Synthesis a nd c haracterization o f 
Goethite n anorods. T EM ‘ In-situ’ s tudy 
of the phase change f rom G oethite t o 
Hematite 

 

 
Contents 

6.1 General description of the carried out work...........................................................165 

6.2 Experimental procedure..........................................................................................167 

6.2.1 Materials and reactants.................................................................................167 

6.2.2 Synthesis of Hexa-μ2-acetato-triaqua-μ3-oxo-triiron(III) nitrate acetic acid 
solvate, [Fe3O(OCOCH3)6(H2O)3]·NO3......................................................167 

6.2.3 Hydrothermal synthesis of goethite nanorods..............................................167 

6.2.4 Modified hydrothermal synthesis of goethite nanorods...............................168 

6.3 Basic information of all the different iron oxide species found (and formed) during 
the sample analyses.......................................................................................................169 

 

 

 

 



                                                           6. Goethite – Hematite nanorods TEM transformation 

164 
 

6.4 Characterization and results discussion..................................................................171 

6.4.1 TEM Bright Field microphotographs...........................................................171 

       6.4.2 Electron and X-ray diffraction.....................................................................178 

6.4.3 Mössbauer spectroscopy...............................................................................180 

6.4.4 Magnetic measurements (SQUID, FC-ZFC and Electron holography)........181 

       6.4.5 Energy-dispersive X-ray spectroscopy (EDX).............................................184 

       6.4.6 Energy Filtered Transmission Electron Microscopy (EFTEM)....................186 

       6.4.7 Nanorods synthetic procedure carried out using [Fe3O(OCOCH3)6(H2O)3]·NO3  

as a source of iron (III) and without adding any source of iron (II)............187 

6.5   Summary...............................................................................................................189 

6.6   Related literature...................................................................................................190 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                           6. Goethite – Hematite nanorods TEM transformation 

165 
 

6. Synthesis and characterization of Goethite nanorods. TEM ‘In-situ’ 
study of the phase change from Goethite to Hematite 

 

This ch apter ex plains the s ynthesis an d ch aracterization o f water-dispersible 
goethite F eO(OH) nanorods c apped w ith ethylenediamine (en) as  w ell as t heir 
transformation in to h ematite nanorods vi a e ffect of  t he TEM electron b eam. The 
synthesized nanorods have been characterized via different techniques, both before and 
after undergoing the electron-beam transformation. 

Both t he di scussion of  t he da ta obt ained w hen c arrying out  t he nanorods 
characterization and their ‘ in-situ’ tr ansformation s tudy are a lso explained in  detail in  
this chapter. 

 

6.1 General description of the carried out work 

 

Water-dispersible goethite nanorods coated with ethylenediamine (en) ligand, have 
been prepared via hydrothermal synthesis by following a method previously described 
in literature1. However, the i nitial pur pose w hen c arrying out  t his s ynthesis w as t o 
obtain m agnetite na norods s o as t o s urround t hem w ith a  gold shell a nd t o f orm a 
Fe3O4@Au core-shell structure. In fact, according to literature, this synthetic method is 
supposedly ba sed on f orming the magnetite nanorods b y dissolving iron ( II) a nd 
iron(III) salts in water and adding ethylendiamine, which works as a capping agent and 
also provides a basic medium necessary to form the iron oxide. The reaction itself takes 
place when heating the initial mixture at 180 ºC during 20 h inside an autoclave device. 
The performed procedure, as described in literature, is shown in figure 6.1.1.1: 

 

 

 

Figure 6.1.1.1: Synthetic procedure with which it was supposed to obtain magnetite 
nanorods. 
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Nevertheless, as it is  e xplained in  th is c hapter, by p erforming th is r eaction n ot 
magnetite yet goethite nanorods are obtained, mixed with other magnetite and goethite 
particles that show different sizes and shapes, as pictured in figure 6.1.1.2. 

 

 

 

All t he obt ained na noparticles have b een s eparated v ia centrifugation an d 
subsequently washed with a mixture of water and ethanol, obtaining a water-dispersible 
black powder, as shown in figure 6.1.1.3. 

 

 

 

 

 

 

 

 

 

It is mandatory to point out that this reaction has been carried out thrice, and in 
all the cases t he r esulting s ynthesized n anorods were formed b y goethite. A lso in  a ll 
cases t he goethite-hematite na norod t ransformation ha s be en obs erved when studying 
those particles under the electron beam of the TEM.  

 

 

 

Figure 6.1.1.2: Sketch showing the actual reaction products obtained when carrying 
out the synthetic procedure described in literature. 

 

Figure 6.1.1.3 : Pictures c orresponding t o t he a utoclave s etup ( left) t he obt ained 
water-dispersible pow ders ( middle) a nd t he f inal obt ained water-dispersion 
nanoparticles (right).  
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6.2 Experimental procedure 

 

6.2.1 Materials and reactants 

Fe(NO3)3·9H2O (Aldrich, ≥98%), FeSO4 (Aldrich, ≥99,5%), Ethylenediamine 
(Aldrich, ≥99%), NaOH (Aldrich, ≥97,0%), Acetic acid (Fluka, 99,5%),  A ll reactions 
were carried out in Millipore water, and the resulting nanoparticles were washed with 
Millipore water and absolute ethanol (AR grade) 

 

6.2.2 Synthesis of Hexa-μ2-acetato-triaqua-μ3-oxo-triiron(III) nitrate acetic 
acid solvate, [Fe3O(OCOCH3)6(H2O)3]·NO3 

[Fe3O(OCOCH3)6(H2O)3]·NO3, which works as an iron (III) source for the further 
iron oxide nanoparticles synthesis, was prepared by following a procedure similar than 
the o ne d escribed i n l iterature b y S .Yao, et  al .2. 1,21 g  ( 3,0 mmol) of 
[Fe3O(OCOCH3)6(H2O)3]·NO3 were di ssolved in 15 ml of water a nd 12  m l of N aOH 
1M (13,2 mmol) were added dropwise t o produce a  brown precipitate, t hen 25 m l of  
acetic acid were added to the mixture, turning the brown precipitate into an intense red 
solution. It was s tirred under reflux for 3  h  and the resulting red solution was filtered 
and cooled to room temperature. Finally, it was dried using a vacuum line and 2,09 g of 
a red solid were obtained.    

 

6.2.3 Hydrothermal synthesis of goethite nanorods 

The synthesis of goethite nanorods was performed, as aforementioned, by following 
a pr eviously r eported pr ocedure b y Dong et a l1. 0,67 m mols of  
[Fe3O(OCOCH3)6(H2O)3]·NO3 and 1,0 m mols o f F eSO4 were di ssolved i n 20 m  of  
deoxygenated M illipore w ater. O rganic b ase ethylenediamine w as a dded t o t he 
previously prepared solution until reaching pH=10.6 under vigorous magnetic stirring. 
The resulting solution was then put into a 50 ml. Teflon-lined autoclave. The autoclave 
was sealed and maintained at 180 ºC during 20 h, and then cooled to room temperature. 
The r esulting n anoparticles w ere s eparated v ia c entrifugation an d w ashed w ith a 
mixture of  M illipore water a nd a bsolute ethanol t hree t imes a nd t hen d ried us ing a  
vacuum l ine. F inally, 0, 132 g  o f a  bl ack s olid powder w ere obt ained. The r esulting 
nanoparticles that form this black powder are totally water-dispersible. 
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6.2.4 Modified hydrothermal synthesis of goethite nanorods 

The s ynthesis of  goethite na norods w as pe rformed, b y modifying the previously 
explained procedure, us ing i n t his c ase onl y a  s ource of  i ron ( III), s o a s t o a void 
obtaining ma gnetite n anoparticle.  1 ,67 m mol of  [Fe3O(OCOCH3)6(H2O)3]·NO3 were 
dissolved in 20 m of deoxygenated Millipore water. Organic base ethylenediamine was 
added t o t he pr eviously pr epared s olution unt il r eaching pH =10.6, under vi gorous 
magnetic s tirring. T he resulting s olution w as t hen put  i nto a  50 m l. T eflon-lined 
autoclave. T he autoclave w as s ealed a nd m aintained a t 180 ºC  dur ing 20  h, a nd t hen 
cooled t o r oom t emperature. T he r esulting na noparticles w ere s eparated vi a 
centrifugation and washed with a mixture of Millipore water and absolute ethanol three 
times a nd t hen d ried us ing a vacuum l ine. F inally, 0,127  g o f a  brown solid pow der 
were obt ained. T he r esulting na noparticles t hat f orm t his br own powder a re t otally 
water-dispersible. 
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6.3 Basic information of all the different iron oxide species found (and 
formed) during the sample analyses 

Basically, as i t has been mentioned before, three different i ron oxide phases have 
been f ound du ring t he a nalysis of  t he s ynthesized s pecimen: m agnetite, goethite and 
hematite, w hich have been ‘ in-situ’ formed as a  r esult o f goethite’s TEM-assisted 
transformation, as shown in figure 6.3.1.1: 

 

 

 

As it has been explained in Chapter 1, magnetite (Fe3O4) and hematite (α-Fe2O3) 
are t wo of  t he m ost c ommon ki nds of  i ron ox ides in na ture. M agnetite, a s 
aforementioned, has a cubic crystallographic system formed by both iron (II) and iron 
(III) c ations in side its  o xygen-formed la ttice s tructure3, a nd i t s hows a f erromagnetic 
behaviour, yet m agnetite na noparticles m ay pr esent a  s uperparamagnetic be haviour i f 
they are small enough4,5, as shown in figure 6.3.1.2: 

 

 

 

 

  

 

Figure 6.3.1.1: Sketch s howing t he di fferent r eaction pr oducts obs erved a fter 
studying and TEM changing the synthesized nanoparticles. 

Figure 6.3.1.1: Image showing the cubic crystallographic structure of magnetite and 
its magnetic behavior. Its molecular formula, as well as its atomic percentage of iron 
and oxygen inside the structure is also shown. 
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Goethite (α-FeOOH) and hematite (α-Fe2O3), on t he ot her ha nd, a re iron ( III) 
oxides w ith different c rystallographic s ystems a nd also different ma gnetic properties. 
Thus, g oethite ha s a n or thorhombic s tructure a nd m agnetically b ehaves a s a n 
antiferromagnetic material with a Neel Temperature of 130 ºC, while hematite shows a 
hexagonal crystallographic system and  i t i s weakly ferromagnetic1. Another important 
difference between goethite and hematite lies in the fact that goethite is a hydrated iron 
(III) oxide, which means that it has water molecules inside its crystallographic structure, 
meanwhile hematite does not6.

The main characteristics and differences between goethite and hematite are shown 
in figure 6.3.1.2:

Figure 6.3.1.2: Images showing t he or thorhombic a nd he xagonal c rystallographic 
structures of  goethite a nd hematite, respectively, a nd their respective ma gnetic 
behavior. T heir m olecular f ormulas, a s w ell a s t heir m olecular pe rcentages of  i ron 
oxide and water are also shown. 
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6.4 Characterization and result discussion 

The r esulting goethite nanorods (as w ell as  t he o ther s ynthesized p articles) 
characterization, their ‘ in-situ’ transformation into hematite nanorods and the obtained 
data discussion are described in this section. The whole study has been carried out via 
the following characterization techniques: 

- Transmission electron m icroscopy ( TEM) an d h igh r esolution e lectron 
microscopy (HRTEM) Bright Field microphotographs. 

- Fourier Fast Transformation image analysis. 
- Electron diffraction. 
- Powder X-Ray diffraction. 
- Mössbauer spectroscopy. 
- EF-TEM analysis. 
- Electron holography. 
- SQUID and FC/ZFC magnetic studies 

 

6.4.1 TEM Bright Field microphotographs 

Transmission Electron Microscope (TEM) images were obtained on a Philips 
Tencai 20 at an accelerating voltage of 200 kV. 

TEM images t aken f rom the s ynthesized n anoparticles s pecimen are shown i n 
figure 6.4.1.1:  

 

All images show rod-like nanoparticles with a wide average length of 42.2 ± 18.5 
nm and a narrow avegare witdh of 10.7 ± 3.5 nm. As it can be observed, despite the fact 
Figure 6.4.1.1: TEM images and particle length (left) and width (right) distribution 
of the obtained goethite nanorods. 
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that the synthesized nanorods show normal-like Gaussian distributions for both length 
and width measurements, they are quite length-polydispersed yet width-monodispersed. 
This f act suggests t hat et hylenediamine controls a nd restricts b etter the na norods 
thickness growth than their length growth.   

HR TEM images taken from these nanorods (figure 6.4.1.2) show the typical (1 0 
1) interplanar d-spacing expected for goethite in the nanorods length axis direction, as it 
has been described in literature7,8. 

 

 

 

 

 

 

 

 

 

 

 

As a forementioned, w hen f ocusing the e lectron beam on t he na noparticles with 
certain in tensity a nd during 5 s econds or  m ore, t hey und ergo a  t ransformation i nto 
hematite nanorods. As a consequence, a clear degradation and hollow formation on the 
nanorod s tructure m ay be obs erved. Similar processes, p roduced b y other e nergy 
sources, such as simply heating9,10 at hydrothermal conditions, have also been described 
in lite rature. In f act, Gualtieri, A . F ., et al .6, explained the g oethite-hematite 
transformation f or b ulk materials as a p rocess i n w hich t he f ollowing changes t ake 
place: 

- There i s a m igration o f hydroxyl (OH-) an ions, as  w ell as  Fe3+ and H + 
cations. 

- As a  r esult of  t he cation m igrations, F e3+ occupies ½  o f t he o ctahedral 
cavities in  goethite and 2 /3 in  h ematite. Sometimes it is  p ossible to o btain 
Fe-defective hematite. 

- There is a change of the crystal structure from orthorhombic to hexagonal 
- There is a water loss during the process that leads to the voids formation and 

the crystal degradation. 

Figure 6.4.1.2: HR TEM  images s howing s ome g oethite na norods i n w hich i t i s 
possible t o s ee t he pl ane w hose M iller i ndex i s (1 0 1) along th e p articles a xis 
direction. 
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The nanorod degradation process has been followed in real time by taking different 
TEM images from the same nanorods within a few seconds of difference, as shown in 
figure 6.4.1.3:

This s equence of  i mages s hows how  t he (1 0  1) goethite planes t hat can  be  
identified at t= 0 s become less visible at t= 5 s and disappear at t= 10 s. Apart from the 
typical g oethite planes d isappearance, bot h crystal de gradation a nd hol low f ormation 
may be observed.

Once t ransformed i nto he matite, t he r esulting na norods ha ve a lso be en 
characterized via ana lyzing bot h TEM and HRTEM images. For al l t he ana lyzed 
particles, two main d-spacings of 2, 7 Å and 3, 7 Å corresponding to hematite planes (1 
0 4) and (0 1 2) respectively, can be identified, as shown in figure 6.4.1.4:

Figure 6.4.1.3: HR T EM ima ges s howing the  g oethite-hematite tr ansformation 
produced by the electron beam effect at different times: 0, 5 and 10 seconds.

 

Figure 6.4.1.4: TEM i mages s howing t he h ematite f ormed n anorods a nd t heir 
hematite-expected d-spacings. Both hollows and degradation effects can be observed.
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Via HRTEM studies, it has been possible to unequivocally determine the resulting 
phase of the transformed nanorods via generating Fourier Fast Transformation images, 
as shown in figure 6.4.1.5:

By measuring the respective light spot distances from the (0 0 0) in the reciprocal 
space, as well as the angle between the different spots, both (1 1 0) and (1 0 4) hematite 
planes c orresponding t o t he bl ue a nd green marked s ignals, respectively, h ave be en 
identified. Afterwards, the direction in which the electron beam hit the crystal, which is 
(-4 4 1) , has be en calculated via a pplying c ross ve ctor, us ing t he t wo previously 
obtained planes. The third plane, whose corresponding spot is marked with an orange 
circle, has been identified as  (0 -1 4) by comparing the FFT image with a theoretical 
pattern obtained from a simulated hematite structure, shown in figure 6.4.1.6:

Figure 6.4.1.5: HRTEM BF micrograph of a  he matite na norod a nd t he 
corresponding FFT image taken from the selected zone of the specimen.

 

Figure 6.4.1.6: Comparison between the obtained FFT (left) and i ts corresponding 
simulated pattern (right).
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All t he pl anes da ta obs erved i n t his i mage ha ve be en s ummarized i n table 
6.4.1.1: 

 Spot distance from (0 0 0) Interplanar distance Plane vector 
P1 7.711 1/nm 2.5 Å (1 1 0) 
P2 7.511 1/nm 2.6 Å (1 0 4) 
P3 7,511 1/nm 2.6 Å (0 -1 4) 

 Angle between P1 and P2 58 º 
 Angle between P1 and P3 58 º 
 Direction of the e- beam (-4 4 1) 

 

 

After identifying a ll the d ifferent p lanes, the o rientation o f the unitary cell in side 
the structure h as be en also s tudied, s howing t hat i ts ‘ z’ a xis i s pe rpendicular t o t he 
length axis of the nanorod, as shown in figure 6.4.1.7: 

 

 

 This procedure has been carried out on some nanorods after being transformed by 
the electron beam ef fect and in al l cases hematite has been confirmed as the resulting 
crystal structure. However, it has been observed that the orientation of the unitary cell 
that f orms t he c rystal may va ry de pending on  t he na norod. In figure 6.4.1.8 , fo r 
instance, it can be observed how the crystal that forms the nanorod has the ‘z’ axis of its 
unitary cel l is oriented parallel to  its  length ax is. T his f act s uggests t hat de spite t he 
constant relation be tween t he or ientation of  bot h g oethite a nd he matite uni tary cells 
reported so f ar in l iterature6 for p revious goethite-hematite tr ansformation s tudies, the 
nanorods de gradation m ay a ffect to th e f inal o rientation o f th e c rystal f orming th e 
particle.   

 

 

Figure 6.4.1.7: Determination o f th e u nitary c ell o rientation in side th e h ematite 
nanorod. 

 

Figure 6.4.1.1: Data obtained from the FFT corresponding to a single nanorod. 
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As af orementioned, ot her ki nds of  p articles h ave be en obs erved vi a BFTEM 
analysis apart from goethite nanorods. As it can be observed in figure 6.4.1.9, there is a 
few number of goethite nanoparticles with rectangular or rhombus-like shape that also 
undergo a degradation process under the effect of the electron beam. 

 

 

 

 

 

 

 

 

Apart f rom goethite s ynthesized na noparticles, t he TEM study has s hown t he 
presence of multishaped nanoparticles that are not affected by the electron beam, which 
implies that they are no t f ormed b y goethite. Given t he fact t hat t he bl ack pow der 
resulting from the synthetic procedure show magnetic properties (see section 6.4.4) that 
don’t match with those expected for either goethite or hematite, and according to both 
electron and X -ray diffraction r esults, they ar e formed b y magnetite o r ma ghemite. 
However, since those particles appear mainly forming aggregation clusters, is has been 
undoable to study them via HRTEM analysis. Thus, it has been necessary to analyze 
their crystallographic structure via electron diffraction. Figure 6.4.1.10  shows a TEM 
image taken from the non-goethite rounded nanoparticles. 

Figure 6.4.1.8: Determination of the unitary cell orientation inside another hematite 
nanorod. 

 

Figure 6.4.1.9: BFTEM i mages s howing t he t ransformation pr ocess o f di fferent-
shaped na noparticles t urning f rom g oethite t o he matite unde r t he e lectron be am 
effect. 
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As it can be observed in both images, some goethite nanoparticles have been found 
in all the other kinds of particles attachments.  

The results suggest that the synthetic method described in literature leads basically 
to t wo di fferent ki nds of  na noparticles: goethite na norods ( which t urn i nto he matite 
under t he e ffect of  t he electron be am) a nd m agnetite multiple-shaped na noparticles, 
which tend to aggregate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4.1.10: Different i mages s howing an attachment of  t he ot her k ind of  not  
electron beam-sensitive nanoparticles found during the TEM analysis of the sample.  

 



                                                           6. Goethite – Hematite nanorods TEM transformation 

178 
 

6.4.2 Electron and X-ray diffraction 

Electron diffraction patterns were obtained on a Philips Tencai 20 at an accelerating 
voltage of  200  kV . X-ray pow der diffraction ( XRD) p atterns o f t he s amples w ere 
recorded with a  R igaku D di ffractometer equipped with a rotating anode and a CuKα 
source (λ= 0.154056 nm) 

The s ynthesized na noparticles ha ve be en s tudied taking both X -ray and el ectron 
diffraction p atterns f rom t he w hole obt ained p roduct or  f rom s pecific regions of  t he 
prepared specimen, respectively.  

X-ray di ffraction ha s be en c arried out  i n or der t o de termine a ll t he pr edominant 
crystallographic structures in the synthesized product. X-ray patterns have been carried 
out on  different co mmercial goethite a nd ma gnetite samples, a s w ell a s on t he 
synthesized nanoparticles, obtaining the diffraction patterns shown in figure 6.4.2.1: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

As s hown i n t he f igure, t here i s a  m ixture of  b oth m agnetite and goethite in t he 
prepared sample, since both kinds of peaks may be observed in the complete diffraction 
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Figure 6.4.2.1: Different i mages s howing a n a ttachment of  t he ot her ki nd of  no t 
electron beam-sensitive nanoparticles found during the TEM analysis of the sample.  
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pattern, especially in the case of magnetite. No important hematite peaks, however, have 
been de tected i n t he s ample, w hich ba cks t he h ypothesis t hat a ll t he he matite f ound 
during t he TEM analyses w as t he r esult o f t he el ectron b eam-induced goethite’s ‘ in 
situ’ transformation. 

 In t he c ase o f electron d iffraction, s ome an alyses h ave b een c arried o ut fro m 
different pa rts of  t he pr epared s pecimen, mainly focusing a ll e fforts in  analyzing the 
crystallographic structure of the electron beam non-sensitive nanoparticles that tend to 
form aggregates.  

Three electron diffraction patterns taken from different regions of the specimen are 
shown in figure 6.4.2.2: 

 

 

 

 

In both A) and B) cases, the found planes match with those expected for magnetite 
and he matite c rystal s tructures. P articularly i n A ), t he s ignals c orresponding t o 
magnetite pl anes a ppear m uch m ore i ntense i n t he di ffraction pa ttern t han t hose 
corresponding to hematite. In the case of C), however, the hematite planes predominate 
clearly. That fact suggests that the irregular nanoparticles that form the aggregates are 
indeed formed by magnetite or maghemite. On the other hand, no goethite planes have 
been found in any electron diffraction pattern due to the fact that all particles have been 
transformed when carrying on the diffraction procedure. 

 

 

Figure 6.4.2.2: Bright fi eld TEM images of A ) a r egion w ith ag gregated 
nanoparticles, B ) a  r egion w ith le ss aggregated n anoparticles mix ed w ith v isible 
goethite nanorods and C) a region only with hematite nanorods. 
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Table 6.4.2.1 shows all the different planes obtained via electron diffraction from 
different regions of the analyzed specimen: 

Crystallographic 
structure 

Interplanar distance Plane family 

 
 

Magnetite  
 

(or maghemite) 
 
 

2,95 Å (2 2 0) 
2,87 Å (1 1 1) 
2,51 Å (3 1 1) 
2,09 Å (4 4 0) 
1,70 Å (4 2 2) 
1,61 Å (5 1 1) 
1,46 Å (4 4 0) 

 
Hematite 

3,85 Å (0 1 2) 
2,20 Å (1 1 3) 
1,82 Å (0 2 4) 

 

 

The results obtained via both X-ray and electron diffraction are in agreement with 
those obtained when carrying out TEM and HRTEM microscopy analyses, since they 
confirm t he p resence o f m agnetite ( or ma ghemite) and goethite in t he X-ray p atterns 
that h ave b een t ransformed into h ematite when f ocusing t he e lectron beam w hen 
performing electron diffraction. It has also been confirmed that the observed aggregates 
are mainly f ormed by attached ma gnetite ( or maghemite) n anoparticles w ith a f ew 
goethite nanorods ‘trapped’ inside the particle aggregates. 

 

6.4.3 Mössbauer spectroscopy 

57Fe Mössbauer spectra were obtained with conventional Mössbauer spectrometers 
in the constant acceleration mode. The sources were 57Co in Rh and a foil of α-Fe was 
used f or cal ibration o f t he s pectrometer at  r oom t emperature. S pectra o btained at  
temperatures be tween 8 0 K  a nd r oom t emperature w ere r ecorded i n a  l iquid ni trogen 
cryostat. Spectra obtained between 20 and 80 K were recorded in a closed cycle helium 
refrigerator. All the spectra w ere r ecorded in a zero m agnetic field. Mössbauer 
spectroscopy has been carried out in order to identify and quantify all the different iron 
species i n t he s ynthesized pr oduct. T he s pectrum a cquired a t l ow t emperature ( 20 K ) 
consists of a s extet w ith r elatively n arrow lines; meanwhile t he s pectrum acq uired at  
room t emperature ( 295 K) b ecomes mo re complex, s howing mu ltiple s ignals th at 
correspond to a mixture formed by a 60 %  of magnetite and a 40 %  of goethite. Both 
different spectra are shown in figure 6.4.3.1:  

Figure 6.4.2.1: Different planes found in the obtained electron diffraction patterns. 
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The results are in agreement with those obtained via X-ray diffraction as well as all 
the previous described results, showing that the carried out synthetic procedure leads to 
a mix ture o f ma gnetite a nd g oethite n anoparticles. G iven th e f act th at n o h ematite 
signals ha ve be en f ound ne ither via X -ray di ffraction nor  M össbauer s pectroscopy, i t 
may b e concluded t hat all t he he matite found when pe rforming TEM and el ectron 
diffraction analysis is ‘in situ’ synthesized by the effect of the electron beam. 

 

6.4.4 Magnetic measurements (SQUID, FC-ZFC and Electron holography) 

Magnetic p roperties o f the r esultant r eaction m ixture h ave b een m easured o n a 
SQUID magnetometer. Hysteresis loops measurements have been pe rformed up t o 70  
KOe at 10 K.  

Phase i mages have b een obtained FEI Titan 80 -300 f ield-emission-gun T EM 
operated at 300 kV and treated using a special software called “Semper”. 

Figure 6.4.4.1 shows the magnetic hysteresis loop at 10 K taken from the resulting 
powder obtained via the described synthetic method. As it can be seen, the synthesized 
nanoparticles present a clear magnetic response, whose coercivity f ield has a  value of 
0,6 kOe, w hich me ans th at n ot a ll th e p articles th at f orm th e s ample a re 
superparamagnetic, making necessary a magnetic study at nanometric scale. 

  

 

 

  

Figure 6.4.3.1: Mössbauer spectra obtained at 20 K  ( left) and at 295 K  (right) in a  
zero magnetic field. 
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Concurrently t o m acroscopic m agnetic s tudies, electron hol ography h as be en 
performed s o a s t o s tudy the m agnetic be haviour of  t he di fferent pa rticles separately.
Figure 6.4.5.1 , s hows t he Bright-Field TEM i mages of goethite n anorods and its  
corresponding phase image:

As i t may be  observed, nanorods show no r esponse t o t he magnetic f ield applied 
during the technique performance. That happens because neither goethite nor  hematite 
have magnetization levels high enough to generate any response to the technique, since 
they bot h are a ntiferromagnetic ma terials. Magnetite/maghemite n anoparticles, on the 
other hand, clearly p resent magnetic response to the applied f ield, as shown in figure 
6.4.5.2:

Figure 6.4.4.1: Magnetic h ysteresis l oop t aken from t he s ynthesized na noparticles 
powder (left) and enlargement from the central region of the hysteresis loop showing 
a remanent coercivity field (right)

Figure 6.4.5.1: BF a mplitude i mage t aken f rom i solated na norods ( left) a nd pha se 
image taken from the same region.
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The magnetic signal obtained when treating these images is Ф= 0,042 rad/spacing, 
and the c alculated magnetization value obt ained from the  ma gnetically a ctive 
nanoparticles is 0.54 T , which matches with the theoretical value of magnetite, 0.60 T  
and ove rtakes t he t heoretical va lue of  m aghemite, 0.2 T . T herefore, a nd de spite t he
possible interferences that may arise from the carbon grid and the surrounding goethite 
nanorods, it can be concluded that the particles found apart from the described nanorods 
are formed by magnetite. 

Figure 6.4.5.2: Amplitude and phase images of two different regions of the specimen 
with both nanorods and magnetite/maghemite nanoparticles attached to them.
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6.4.5 Energy-dispersive X-ray spectroscopy (EDX) 

Energy-dispersive X-ray spectra have been obtained at 200 kV using Titan and FEI 
Tecnai F20 field emission gun (FEG) TEMs.  

All t he acq uired s pectra h ave b een t aken f rom t hree d ifferent kinds of  specimen 
regions:  

- Regions showing magnetite nanoparticle aggregates. 
- Regions showing isolated (or partially mixed with magnetite nanoparticles) 

goethite nanorods. 
- Regions showing no nanoparticles. 

Figure 6.4.5.1 shows a representative spectrum obtained from each kind of region: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intensity pe aks c orresponding t o B e, C , C u, F e, O  a nd S i ha ve be en f ound and 
quantified when an alyzing t he s pecimen. In all cas es, as  ex pected, the s ignals 
corresponding t o C , B e a nd C u have be en obt ained because o f t he g rid in w hich the 
specimen has b een p repared. T herefore, t hey h ave be en obvi ated from t he s pecimen 

Figure 6.4.5.1: Representative s pectra acq uired f rom d ifferent r egions o f t he 
specimen. 



                                                           6. Goethite – Hematite nanorods TEM transformation 

185 
 

analysis, f ocusing just i n F e, O  and S i s ignals, whose r elative amounts a re s hown i n 
table 6.4.5.1: 

 Fe (Atomic %) O (Atomic %) Si (Atomic %) 
Magnetite aggregates 14.4 ± 2.7 61.2 ± 2.1 3.7 ± 0.9 

Goethite nanorods 5.3 ± 1.5 40.8 ± 5.0 1.6 ± 0.4 
Particles-free regions  0.1 ± 0.1 12.9 ± 1.4 1.3 ± 0.4 

 

 

 

As it may be observed, the amounts of both iron and oxygen increase significantly 
when analyzing regions with goethite nanorods or  magnetite a ggregates, especially in 
the case of the attached magnetite regions, in which the nanoparticle density is higher. 
This r esult is  in  a greement w ith th e f act th at b oth g oethite a nd ma gnetite a re ir on 
oxides. T he O /Fe ratio, on t he ot her ha nd, doe s not  m atch ne ither w ith t he 
stoichiometric ratio expected for goethite, FeOOH (2O/1Fe) nor for the ratio expected 
for magnetite, Fe3O4 (4O/3Fe). In fact, the oxygen/iron ratio is always higher than the 
expected for those iron oxides and i t changes depending on t he specimen region. This 
fact, as well as the presence of almost an atomic 13 % of oxygen in the regions with no 
particles, s uggests t hat t here i s ox ygen i n t he s ample that doe s not  f orm pa rt of  t he 
nanoparticles structure; i t possibly comes from O2, H2O or CO2 molecules at tached to 
the carbon grid or adsorbed on the nanoparticles. 

Another important piece of information arises when analysing the silicon found in 
the sample. Given the fact that none of the used reactants has silicon, its presence can 
only be explained by a degradation of the glass vessel in which the reaction was carried 
out. Since it was repeated several times at a b asic pH (= 10,5), heating and stirring the 
reaction mixture under pressure during 20 hours, it is likely that a part of the inner wall 
of the vessel may has been affected. However, as it can be seen in all cases, silicon has 
been found in all the analyzed regions, and its atomic percentage barely increases when 
studying a region with nanoparticles. This fact suggests that silicon is likely dispersed in 
the aqueous medium with the nanoparticles and not inside them.  

So a s to  s tudy th e elemental d istribution in  th e s pecimen, en ergy f iltered 
transmission electron microscopy (EFTEM) has also performed on the same specimen.   

 

 

 

 

 

Table 6.4.5.1: Relative a mounts ( in a tomic % ) of F e, O  a nd S i f ound i n di fferent 
regions of the specimen. 
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6.4.6 Energy Filtered Transmission Electron Microscopy (EFTEM) 

Different elemental maps have been obtained at 200 kV using Titan and FEI Tecnai 
F20 field emission gun (FEG) TEMs. 

Iron, oxygen, carbon and silicon maps, as well as the BFTEM image corresponding 
to the same region of the analyzed specimen are shown in figure 6.5.5.1: 

 

 

  

It c an b e cl early de duced b y c omparing the BF image w ith t he i ron a nd ox ygen 
maps that t he m ain p arts o f t he p articles are i ndeed f ormed b y both Fe and O , as  
expected for iron oxide nanoparticles. Carbon map, on t he other hand, shows i ts more 
intense s ignal a t t he l eft pa rt of  t he i mage, c orresponding t o the c arbon g rid t hat 
supports t he na noparticles. It also s hows t hat n anoparticles a re s urrounded b y a t hin 
shell of carbon, which is likely formed by the ethylenediamine used as a capping agent 
during the synthetic procedure. Silicon also seems to be surrounding but not forming the 
nanoparticles, s ince no hom ogeneous di stribution m ay be  obs erved i n t he c rystal 
structures. On the contrary, it s eems to be attached to some crystallographic defects or 
to t he r imes of  some na noparticles. This d ata, a s well a s t he obt ained v ia pe rforming 
EDX, suggests that silicon is dispersed in the aqueous medium with the nanoparticles, 
but not forming part of their crystal structure. 

Table 6.4.5.1: BF and EF TEM  images t aken from a  region of  the specimen with 
goethite nanoparticles. 



                                                           6. Goethite – Hematite nanorods TEM transformation 

187 
 

6.4.7 Nanorods s ynthetic pr ocedure carried o ut using 
[Fe3O(OCOCH3)6(H2O)3]·NO3 as a s ource of  i ron ( III) an d without adding any 
source of iron (II) 

The synthetic procedure described in section 6.2.3 was carried out as an attempt to 
obtain isolated goethite nanorods, avoiding  the formation of magnetite without adding 
iron (II) to the medium. After performing TEM analyses to the resulting nanoparticles, 
two different kinds of particles were observed, as shown in figure 6.4.7.: 

 

  

All images show rod-like nanoparticles with a wide average length of 378 ± 185 nm 
and a r elatively narrow average width of 148.0 ± 20.9 nm. In al l cases those particles 
are surrounded by smaller ones with an average size of 5.1 ± 1.2 nm.  

In order to determine the crystalline structure of both kinds of nanostructures, HR-
BFTEM microphotographs w ere t aken an a nalyzed vi a obt aining l ocal FFT images, 
which are shown in figure 6.4.7.2. This study resulted hindered by the fact that all the 
regions of the sample resulted to contain very concentrated regions of nanoparticles for 
performing s uch a  s tudy, a nd m oreover t hey were covered b y t he s maller p articles 
mentioned be fore. T hose t iny s tructures, w hich appear all a round t he pr epared TEM 
grid (regions yellow encircled in the figure), could be studied and characterized more in 
depth. Displayed in the figure some examples of these particles may be found oriented 
along different zone axes, showing a crystalline structure compatible with maghemite, 
γ-Fe2O3, and incompatible with other Fe2O3 species, such as goethite or hematite. In this 
case, it may be assured with no doubt that the obtained crystallographic structure of the 
smaller particles is maghemite and not magnetite, since neither any source of iron ( II) 
nor any reducing agent had been added to the reaction medium. 

 

 

 

Figure 6.4.7.1: BFTEM i mages t aken f rom t he m odified s ynthetic pr ocedure 
described in section 6.2.3. 
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Figure 6.4.7.2: HR T EM i mages t aken f rom t he obt ained na nostructures vi a 
modifying the original nanorods synthetic procedure. 
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6.5   Summary 

In t his w ork, goethite nanorods ha ve b een s ynthesized vi a h ydrothermal m ethod 
using a s ource o f i ron III and e tylenediamine in an aqueous medium. After analyzing 
the obtained product via different characterization techniques, it has been found that it is 
formed by: 

• Goeghite nanorods. 
  

• Magnetite multi-shaped nanoparticles forming big aggregates. 
 

The w hole pr epared s pecimen ha s be en s tudied vi a a dvanced TEM techniques, 
such as  HR TEM  analysis, EFTEM images and el ectron h olography, as  w ell as 
macroscopic techniques, like Mössbauer spectroscopy, X-Ray diffraction and magnetic 
SQUID and FC-ZFC studies. 

 
As a result of  this characterization, i t has been observed that, by the effect of  the 

TEM electron be am, g oethite na norods unde rgo a t ransformation i nto he matite 
nanorods. During this process, crystal degradation takes place.  

 
It has been therefore concluded that the synthetic procedure described in literature 

does not lead to magnetite nanorods, as  i t has been claimed by Dong Q., et al., but  to 
goethite n anorods and magnetite m ultishaped nanoparticles t hat t end t o a ggregate 
themselves. In this vein, the TEM images that they show in  their manuscript actually 
correspond to the formed goethite nanorods, and the magnetic results they carried out in 
the w ork, w hich resulting d ata ma tch w ith magnetite, c ome f rom the ma gnetite 
aggregates generated during the synthetic procedure.  
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7. Synthesis and characterization of Fe3O4@Au Core-Shell structures. 

 

This chapter explains the different synthetic procedures carried out with the aim of 
obtaining Fe3O4@Au core-shell nanostructures, as well as the characterization of the 
obtained nanoparticles, mainly performed via TEM techniques. It is mandatory to say 
that, despite performing some different synthetic routes, it has not been possible to 
obtain clear evidences showing that the desired core-shell nanostructures have been 
obtained.  

The discussion of the data obtained when carrying out the synthesized nanoparticles 
characterization is explained in detail in this chapter.  

 

7.1 General description of the carried out work 

  

Water or organic media dispersible Fe3O4@Au core-shell nanostructures have been 
tried to obtain via some different methodologies, which are all based on previously 
synthesized magnetite nanoparticles that will form the nuclei of the resulting core-shell, 
and surrounding them with a gold shell by reducing gold ions on their surface.  

Depending on the synthetic procedure, different kinds of magnetic nanoparticles 
with different properties (such as size, coating agents and dispersibility) have been 
produced in order to obtain the desired core-shells. The used gold source, on the other 
hand, has always been tetrachloroauric acid, HAuCl4, which supplies Au (III) cations to 
the medium.  

Basically, all the performed synthetic routes may be classified in those focused in 
obtaining water-dispersible or organic media-dispersible core-shell structures: 

 

7.1.1 Water-dispersible Fe3O4@Au Core-Shell structures 

Those kinds of gold-capped iron oxide nanoparticles have been attempted to 
synthesize via modifying a method described in the literature that presumably leads to 
Fe3O4@Au core-shells. This method is based on using previously synthesized water-
dispersible Fe3O4 nanoparticles and capping them with gold via HAuCl4 reduction by 
using sodium citrate: NaCi, and hydroxylamine hydrochloride: NH2OH·HCl.  In order 
to study this synthetic procedure and to obtain proper core-shell structures with different 
core and shell sizes, various kinds of magnetite nanoparticles have been synthesized and 
‘surrounded’ by gold via this methodology. The relative amounts of gold and 
hydroxylamine have been also modified in order to optimize the synthetic method. 
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 Figure 7.1.1 shows the basics of the synthetic methodology carried out in aqueous 
media: 

 
 

 

7.1.2 Organic media-dispersible Fe3O4@Au Core-Shell structures 

By taking advantage of the oleylamine-capped iron oxide nanoparticles synthesized 
in chapter 5, which are dispersible in both hexane and toluene, it has been tried to form 
the de sired core-shell struc tures b y transferring the Au 3+ ions (which come fr om 
HAuCl4) from water to toluene a nd to reduce them on the surface of  t he pr eviously 
obtained Fe3O4@Oleylamine nanoparticles via different methods, such as using NaBH4 
or e ven using oleylamine a s reducing a gents. Figure 7.1. 2 shows the  ba sics of  the  
synthetic methodology carried out in organic (toluene) media: 

 

 
 
 
 
 
 
As aforementioned, de spite the fa ct that we ha ve not be a ble to synthesize core-

shell structures pr operly s ynthesized so far n either in aqueous nor in organic media, 
some int eresting data have been obtain ed du ring this stud y. Thus,  it has be en 
consequently explained and analyzed in detail during this chapter. 

Figure 7.1.1: General steps followed when carrying out every attempt to form the 
Fe3O4@Au core-shell structures in aqueous media. 

Figure 7.1.2: Basics of  the synthetic methodolog y carried out whe n w orking in 
toluene media. 
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Magnetite Gold 

7.2 Basic information about the m ost re levant works rel ated to 
Fe3O4@Au described in literature 

As aforementioned, c oating ma gnetite nanoparticles with a g old shell a llows 
combining the advantages of both kinds of materials, which provides a large amount of 
potential a pplications, such as developing se nsors and other  a nalytical methods

1,2, protein separation3 or biomedical applications4,5 . With this aim, a large number of 
works have been publi shed recently of fering dif ferent synthetic routes to obtain gold-
coated magnetic nanoparticles. 

However, and despite all the different methods described so far, most of  them do 
not provide enough e vidences to conclude that the desired c ore-shell struc tures have 
been successfully obtained.  

First of all, it  must  be  mentioned that in spite of  be ing cubic both of them, 
magnetite and g old have two diff erent kinds of  unit ary c ell struc tures, as shown in 
figure 7.3.1: 

 

 

 

 

 

 

 

As it can be seen, magnetite is a metal oxide; meanwhile gold is a metal. Since they 
have different properties, such as different surface energies6, it becomes challenging to 
cover ma gnetite with gold, because it  tends to nucleate rapidly fo rming discr ete 
nanoparticles in solution without coating the magnetite surface.  

 
Given the difficulty o f for ming pr oper Fe3O4@Au struc tures, some different 

approaches have been described (either in aqueous or in organic media) in literature to 
attach both g old a nd magnetite in diff erent wa ys. J. Bao, e t al. 7 , for  instance, 
synthesized Fe3O4–Au structures via using a ligand as a chemical bond linkage between 
the two diff erent kinds of pa rticles. Similar works, reported b y, L. L ou8 and J. Re n9 
synthesized ma gnetite na noparticles capped b y e thylene glycol ( EG) a nd 
polyethyleneimine ( PEI), respectively, a nd attached gold nanoparticles on their  

Figure 7.2.1: Image showing the cubic crystallographic structure of both magnetite 
and gold, as well as their main structural characteristics. 
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surfaces, synthesizing Fe3O4-Au pseudo core-shells or heterodimer structures, as shown 
in figure 7.2.2:  

 
 
 
 
 

Both kinds of magnetite-gold structures have been synthesized and fully 
characterized via microscopic and no microscopic techniques. In all cases, TEM images 
show clear evidences of those kinds of structures formation. It becomes more 
problematic, however, to synthesize actual Fe3O4@Au core-shell nanoparticles. Some 
works, such as those reported by Z. Xu et al10, H. Liu et al.11 and D.A. Wheeler et al.12 , 
claim to have synthesized water-dispersible Fe3O4@Au core-shells via reducing a Au3+ 
salt on previously synthesized magnetite nanoparticles surface in a similar procedure 
than the one described in figure 7.1.1, but no one provides clear evidences of the 
successfulness of their syntheses. In all cases SQUID analyses, UV-Vis plasmonic 
resonance and XRD patterns have been performed on the obtained products, but they 
result to be useless since they can only confirm the presence/absence of gold and 
magnetite in the analyzed specimen, but not whether the two different phases are 
forming a core-shell, not even when combined with the shown TEM images. In the case 
of D.A. Wheeler et al.13, they also show an interesting TEM EDX mapping, in which it 
may be observed that gold and magnetite particles are both attached together forming 
aggregates, but as aforementioned that fact does not imply that the Fe3O4@Au structure 
has been formed. In all these cases, as well as in most of the works based on this kind of 
core-shell formation, it is claimed that after ‘covering’ the magnetite with gold, the 
resulting magnetization decreases in SQUID analyses, and that the peaks corresponding 
to the Fe3O4 XRD pattern disappear after several gold additions. Those results, 
however, do not mean that the core-shell has been formed. For SQUID analyses, this 
process can be explained since magnetization is expressed as ‘emu/g’ and, after adding 
gold, some no magnetic-contributing mass has been added to the medium. About the 
claims referring to the decrease of the Fe3O4 peaks in the XRD in favour of Au peaks 
increase, this fact just means that the relative amount of Fe3O4/Au changes when adding 
gold to the medium. In the case of UV-Vis spectra, in some works the tendency is to 
obtain the typical plasmon resonance centred at 500 or 550 nm after ‘coating’ the 
magnetite with gold, as expected for gold nanoparticles, and to undergo a blue-shift as 
the gold shell grows when reducing more gold on the nanostructures surface.  

Figure 7.2.2: Fe3O4-Au ‘pseudo’ core-shell and heterodimer structures described 
in literature. 
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A similar work reported by S. Pal, et al.13, which is based on synthesizing hexane-
dispersible gold-capped magnetite via directly reducing gold on previously formed 
Fe3O4@Oleylamine nanoparticles, has also been reported with no clear evidences of the 
desired core-shell formation.  

 
Among all the reported magnetite-gold core-shell structures, however, a few ones 

show enough evidences to confirm that the desired nanostructures may have been 
synthesized: 

 
I.Y. Goon, et al.14, for instance, have reported a very interesting work based on 

attaching gold nanoparticles on polyethyleneimine (PEI) – capped Fe3O4 seeds (in a 
similar way than the ones described before) and subsequently reducing more gold 
around them, and obtaining the desired core-shell structure. This process, however, tend 
to lead to structures whose cores are formed by several magnetite nanoparticles, which 
remain embedded among the reduced gold, as it can be seen in the TEM images shown 
in the paper, which allow Fe3O4 and gold phase identifications inside the obtained 
structures. Figure 7.2.3 shows the general steps of the synthetic procedure: 

 

 
 

 
According to the authors of this work, attaching gold nanoparticles to the initially 

formed Fe3O4 seeds is the key step of the process. In this vein, by doing so, it is likely to 
focus the further gold reductions on the already formed gold nanoparticles, which also 
protect the Fe3O4 from being affected by the reduction process itself. Other similar 
works, such as the one reported by S.F. Chin et al15 , also claim to have obtained 
Fe3O4@Au structures via similar procedures. In those cases, however, the resulting 
electron microscopy pictures can only prove the formation of gold nanoparticles 
attached on the surface of bigger magnetite particles that act as a ‘core’, but not the 
further Fe3O4@Au core-shells supposedly formed when reducing HAuCl4 around them.  

 
Another interesting work, published by S. Banerjee et al.16, explains the synthesis 

of Fe3O4@Au structures obtained via reducing HAuCl4 in an aqueous Fe3O4 dispersion, 
using sodium citrate as a reducing agent and heating the reaction mixture in order to 
trigger the reduction process. As it can be observed in the electron microscopy images, 
this procedure leads to a great number of separated magnetite and gold nanoparticles, 

Figure 7.2.3: Fe3O4-Au core-shell like structures obtained by I.Y. Goon. 
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with a few number of bigger (about 200 nm) gold structures which show a clearer 
region at their centre, which looks like a hollow. Despite the fact that the TEM images 
do not provide unquestionable evidences about the formation of the Fe3O4@Au 
structure since the clearer regions inside the gold nanoparticles could indeed be hollows, 
the very presence of these regions suggests that the initial magnetite nanoparticles affect 
the gold reduction in some way, leading to the creation of these structures. Another 
important piece of data arises when analyzing the magnetic behaviour of these 
nanostructures: unlike most of the published works, the magnetic studies carried out in 
this paper show that Magnetization of Saturation ‘Ms’ increases (instead of decreasing) 
after forming the core-shell structure. According to the authors, this fact takes place 
only with magnetic cores big enough to generate a Fe3O4-Au capable of trapping the 
conduction electrons from the Au shell and inducing a large orbital moment at the 
interface. Therefore, and in spite of not providing clear evidences about the Fe3O4@Au 
core-shell formation, this work evidences that the presence of magnetite nanoparticles in 
the medium affects the further gold reduction and therefore it offers some interesting 
data to take into account when studying core-shell formation processes. 

 
  Finally, a work published by L. Lyon, et al.17, explains a synthetic procedure to 

obtain water-dispersible Fe3O4@Au core-shells via gold reduction of HAuCl4 using a 
mixture of sodium citrate and hydroxylamine hydrochloride, NH2OH·HCl. Again, and 
like most of the previous reported works, the provided TEM images may not confirm 
the formation of the desired core-shell structures, neither the magnetic studies carried 
out, which show no special effect of the gold shell on the magnetic behaviour. On the 
other hand, a very curious piece of data shows up when studying the UV-Vis spectra 
obtained when analyzing the synthesized nanostructures. As aforementioned, plasmon 
resonance usually becomes useless to determine/discard the presence of core-shells 
because in all works it shows the same tendency of undergoing a blue-shift when 
reducing more gold in the medium, as a consequence of the gold nanoparticles growth. 
In this case, however, it happens otherwise, since the first gold reduction leads to a blue 
dispersion and the further ones turns it red. According to the authors of the work, this 
fact happens because the magnetic core of the Fe3O4@Au alters the resulting plasmon, 
generating the observed atypical behaviour.   

 
In conclusion, and after studying all the previous works, this part of the thesis has 

been focused in finding a way to synthesize actual gold-capped magnetite core-shells 
and to verify the successfulness of the work, via supplying proper evidences of the 
Fe3O4@Au formation.    
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7.3 Experimental procedure 

 

7.3.1 Materials and reactants 

Fe(NO3)3·9H2O (Aldrich, ≥98%), FeSO4 (Aldrich, ≥99.5%), FeCl2 (Aldrich, 98%), 
FeCl3 (Aldrich, 97%), Hydrazine monohydrate (Aldrich, ≥98%), NaOH (Aldrich, 
≥97.0%), Acetic acid (Fluka, 99.5%), HAuCl4·H2O (Aldrich, ≥49% Au basis), HCl 
(Panreac, 37% wt), NH3 (Aldrich, 32% wt), HClO4 Panreac, 32% wt), Hydroxylamine 
hydrochloride (ACS reagent, 98.0%), Sodium citrate dihydrate (Aldrich, ≥99%), 
Tetramethylammonium hydroxide (Aldrich, 25% wt), Tetraoctylammonium bromide 
(Aldrich, 98%) Oleylamine (Panreac), NaBH4   (Fluka, >96%). All reactions were 
carried out in either Millipore water or toluene (AR Grade), and the resulting 
nanoparticles were washed with Millipore water and absolute ethanol (AR grade) 

` 

7.3.2 Water-dispersible core-shell structures 

The following described syntheses are focused on synthesizing water-dispersible 
Fe3O4@Au core-shell nanostructures: 

 
7.3.2.1 Synthesis of Tetramethylammonium hydroxide (TMAOH)-capped 

Fe3O4 nanoparticles 

 
Fe3O4@TMAOH nanoparticles were synthesized as a precursor for the further 

Fe3O4@Au core-shells following a procedure similar than the one described in literature 
by Andrade A.L. et al,18 via preparing a 25 ml acidified aqueous solution containing 
1.30 g (1.03·10-2 mol) of FeCl2, 3.12 g (1.98·10-2 mol) of FeCl3 and 0.85 ml of HCl 
(37% wt.) and adding it dropwise into 250 ml of aqueous KOH 1M, forming a black 
precipitate of Fe3O4, which was magnetically separated and washed with water and with 
a 0,1M TMAOH water solution. Finally, the obtained Fe3O4@TMAOH nanoparticles 
were redispersed in 50 ml of water. 

 

7.3.2.2 Synthesis of Hexa-μ2-acetato-triaqua-μ3-oxo-triiron (III) nitrate 
acetic acid solvate, [Fe3O(OCOCH3)6(H2O)3]·NO3 

[Fe3O(OCOCH3)6(H2O)3]·NO3, which works as an iron (III) source for some of 
the further iron oxide nanoparticles synthesis, was prepared by following the procedure 
described in section 6.2.2. 
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7.3.2.3 Hydrothermal synthesis of hydrazine (NH2NH2)- capped Fe3O4 
nanoparticles 

The synthesis of Fe3O4@NH2NH2 was performed by following a procedure similar 
to the one described in section 6.2.3. 0.67 mmol of [Fe3O(OCOCH3)6(H2O)3]·NO3 were 
dissolved in 20 m of deoxygenated Millipore water. Hydrazine was added to the 
previously prepared solution until reaching pH= 8.60 under vigorous magnetic stirring. 
The resulting solution was then put into a 50 ml. Teflon-lined autoclave. The autoclave 
was sealed and maintained at 180 ºC during 20 h, and then cooled to room temperature. 
The resulting nanoparticles were separated via centrifugation and washed with a 
mixture of Millipore water and absolute ethanol three times and then dried using a 
vacuum line. Finally, 0.125 g of a black solid powder were obtained. The resulting 
nanoparticles that form this black powder are totally water-dispersible. 

 

7.3.2.4 Synthesis of 1,6-hexanediamine (H2N(CH2)6NH2)- capped Fe3O4 
nanoparticles using FeSO4 as an iron source 

 

Fe3O4@H2N(CH2)6NH2 nanoparticles were synthesized as a precursor for the 
further Fe3O4@Au core-shells following a procedure described by H. Iida, et al19. In 
this vein, two solutions, one containing FeSO4 5.0·10-2 M and other containing 
H2N(CH2)6NH2 0.25 M were prepared separately and afterwards mixed, forming a black 
precipitate. After vigorous stirring for 24 h, the precipitate was filtered off with a porous 
membrane and washed with water three times to remove excess amine molecules. The 
resulting Fe3O4 nanoparticles were finally obtained as 0.153 g of a black powder after 
drying at room temperature. 

 
7.3.2.5 Synthesis of 1,6-hexanediamine (H2N(CH2)6NH2)- capped Fe3O4 

nanoparticles using FeCl2 as an iron source 
 

Fe3O4@H2N(CH2)6NH2 nanoparticles were synthesized as a precursor for the 
further Fe3O4@Au core-shells following a procedure similar than the one described in 
section 7.2.2.5 but using this time FeCl2, instead of FeSO4, as a source of iron. Also in 
this case, the resulting Fe3O4 nanoparticles were finally obtained as 0.145 g of a black 
powder after drying at room temperature. 

The following procedure has been carried out in order to cover the previously 
synthesized Fe3O4 cores with a gold shell. In all cases, the used methodology has been 
the same, based on a modification of a method described by L. Lyon, et al.18, but using 
one different kind of synthesized Fe3O4 cores in each case: 

 

 



  7. Fe3O4@Au Core-Shell structures 

201 
 

7.3.2.6 Formation of the gold shell around the previously synthesized 
magnetite cores 

The previously synthesized Fe3O4 nanoparticles were dispersed and diluted to 1.1 
mM in 100 ml of water and then mixed with an equal volume of sodium citrate, NaCi, 
0.1 M. After stirring the mixture for 60 minutes, 10 ml of the resulting solution were 
diluted to 100 ml of pure water, achieving a dispersion containing [Fe3O4] 5.5·10-5 M 
and a [NaCi] 0.05 M. After stirring for 30 minutes, 1 ml of HAuCl4 was added to the 
medium, and the reaction mixture was stirred during 30 more minutes until it reached a 
yellow colouring. Finally, 0.5 ml of NH2OH·HCl were added to the medium, reducing 
the gold cations around the magnetite cores and supposedly forming the desired core-
shell structures.  

 
Apart from changing the initial Fe3O4 core when trying to obtain the core-shell, 

different kinds of HAuCl4 and NH2OH·HCl additions have been tested, via changing the 
volume, frequency and medium conditions of the reaction, in order to optimize the 
recovering process, as it will be explained in detail during this chapter. 

 
 7.3.2.7 Gold nanoparticles formation with HAuCl4 and NH2OH·HCl 
 
Gold nanoparticles have been synthesized using exactly the same procedure 

described to form the gold shell around the previously synthesized magnetite cores. In 
this case, however, there were no Fe3O4 nanoparticles in the medium, so the initial 100 
ml of 1.1 mM dispersed magnetite has been replaced by 100 ml of pure water, leaving 
the rest of the synthetic procedure to be identical.   

7.3.3 Organic media-dispersible core-shell structures 

The following described syntheses are focused on trying to synthesize organic 
media-dispersible Fe3O4@Au core-shell nanostructures, even though all the tested 
methods have resulted unsuccessful.  

7.3.3.1 Solvothermal synthesis of toluene colloidal dispersion of Fe3O4 
magnetite nanoparticles 

Fe3O4 nanoparticles were prepared via solvothermal decomposition of metal 
acetylacetonates in oleylamine, following exactly the same synthetic procedure 
described in section 5.2.2, yet dispersing the obtained nanoparticles in 25 ml of toluene. 

7.3.3.2 Formation of the gold shell around the previously synthesized 
Fe3O4@Oleylamine cores in toluene medium 

0.055 g (1.60·10-4 mol) of HAuCl4 were firstly dissolved in 10 ml of water and 
afterwards passed to 50 ml of toluene via successive extractions using 0.060 g (1.08·10-4 
mol) of tetraoctylammonium bromide (TOAB) as a transfer agent. 10 ml of the resulting 
gold-TOAB toluene solution were mixed with 2 ml of the toluene dispersed 
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Fe3O4@Oleylamine nanoparticles and 60 μl (1.28·10-4 mol) of oleylamine. The resulting 
dispersion was flushed to 50 ml of toluene and heated to 120 ºC during 3h, but no 
change was observed indicating the formation of gold nanoparticles or core-shell 
structures. This procedure was repeated via doubling and tripling the amount of 
oleylamine, without obtaining different results. 

7.3.3.3 Formation of the gold shell around the previously synthesized 
Fe3O4@Oleylamine cores in oleylamine medium 

2 ml of the previously obtained toluene dispersed Fe3O4@Oleylamine nanoparticles 
(2.64·10-6 mol of Fe3O4) were mixed with 5 ml of Oleylamine and then heated to 85 ºC. 
0.110 g (3.20·10-4 mol) of HAuCl4 were firstly dissolved in 2 ml of ethanol (96% w) 
and then added dropwise into the oleylamine hot dispersion. It was kept at the same 
temperature during 3 h with magnetic stirring, obtaining a red dispersion. The resulting 
product was separated via centrifugation, washed with ethanol and re-dispersed in 25 ml 
of hexane, obtaining a room temperature stable red dispersion. 

7.3.3.4 Synthesis of oleylamine capped- gold nanoparticles 

This synthesis was carried out in a similar way than the previous core-shell 
described procedure, but without adding magnetite nanoparticles to the medium. 0,110 
g (3.20·10-4 mol) of HAuCl4 were firstly dissolved in 2 ml of ethanol (96% w) and then 
added dropwise into 5 ml of oleylamine at 85 ºC. It was kept at the same temperature 
during 3 h with magnetic stirring, obtaining a red dispersion. The resulting product was 
separated via centrifugation, washed with ethanol and re-dispersed in 25 ml of hexane, 
obtaining a room temperature stable red dispersion. 

 

7.4 Characterization and results discussion 

  All the experiments carried out in order to synthesize the desired Fe3O4@Au 
core-shell structures, as well as all the obtained results, are described and discussed in 
this section. The whole study has been carried out via the following analytical 
techniques: 

 

- Transmission electron microscopy (TEM) and high resolution electron 
microscopy (HRTEM) Bright Field microphotographs. 

- Fourier Fast Transformation image analysis. 
- Electron diffraction. 
- Powder X-Ray diffraction. 
- EF-TEM analysis. 
- High Angle Annular Dark Field (HAADF)  
- SQUID and FC/ZFC magnetic studies 
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Transmission Electron Microscope (TEM) images were obtained on a Philips 
Tencai 20 at an accelerating voltage of 200 kV. Electron diffraction patterns were 
obtained on a Philips Tencai 20 at an accelerating voltage of 200 kV. X-ray powder 
TEM (HRTEM) analysis was carried out in a Jeol JEM2010F field emission gun 
(FEG) microscope with a 0.19 nm point to point resolution. The obtained data have 
been treated using the Gatan software package, Digital Micrograph. Energy-dispersive 
X-ray spectra have been obtained at 200 kV using Titan and FEI Tecnai F20 field 
emission gun (FEG) TEMs. UV-Visible spectra have been recorded on a Hewlett 
Packard: model 8453.diffraction (XRD) patterns of the samples were recorded with a 
Rigaku D diffractometer equipped with a rotating anode and a CuKα source (λ= 
0.154056 nm).  

7.4.1 Organic media-dispersible Fe3O4@Au using Fe3O4@Oleylamine as a core 

The results obtained when trying to synthesize organic media-dispersible 
Fe3O4@Au core-shells are described and discussed as follows: 

 
With the aim of synthesizing organic-media dispersible Fe3O4@Au core-shells, the 

already synthesised and described (see Chapter 5 of this thesis) oleylamine-capped 
magnetite nanoparticles were used as a core for the further gold shell formation. 
Toluene was chosen as a medium where to carry out the synthetic attempts since gold 
cations from HAuCl4 may be transferred from water to this medium via following a 
method reported by M. Brust et al20, which uses tetraoctylammonium bromide (TOAB) 
as a transfer agent. After transferring all the gold to a toluene dispersion of 
Fe3O4@Oleylamine nanoparticles, the gold reduction was carried out via two different 
methods: using sodium borohydride (NaBH4) as a reducing agent or adding more 
oleylamine and heating the reaction mixture to 110 ºC during 3 h. In the first case, 
which was based on the idea of reducing the previously transferred gold l21, it was 
doable to synthesize gold nanoparticles in absence of magnetite ones, but not to obtain 
any gold particle or shell formation when there were Fe3O4 nanoparticles in the toluene. 
Similar results were obtained when trying to reduce the transferred gold by adding 
oleylamine and heating, leading both reactions to totally non-dispersible gold and 
magnetite precipitates. TEM images were taken from the final toluene dispersion, but 
no particles were found in any case. Figure 7.4.1.1 shows the gold nanoparticles 
obtained when reducing gold in toluene using NaBH4 in absence of Fe3O4@Oleylamine 
nanoparticles, as well as the different resulting dispersions obtained when carrying out 
the same reaction in presence or absence of them: 
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The obtained results suggest that, far from working as a seeds where to reduce the 
gold and form the d esired gold shell, the magnetite na noparticles make the medium  
unstable for  the gold to form nanoparticles when reducing it  in toluene. This happens 
especially in the case of gold reduction via NaBH4, in which the formed nanoparticles 
are st abilized onl y b y e lectrostatic c harges a nd not by a  pr oper ligand. Similar 
conclusions may be reached from the results obtained when oleylamine has been used 
as a reducing agent. Even though it has proved to be a good capping agent (see chapter 
5), it results to be useless when just adding a small quantity to the reaction medium. 

As a  consequence, the Fe3O4@Au synthesis w as tested via reducing gold in a n 
oleylamine medium in which magnetite nanoparticles had been previously dispersed. In 
this case, the  ini tially yellow dispersion turned intense red a fter heating to 85 ºC  and 
keeping it for 3 h. The gold reduction was also carried out without previously dispersing 
magnetite nanoparticles into the medium, also observing a change in the dispersion’s 
colour from yellow to red. The TEM analyses carried out on both syntheses (with and 
without any presence of Fe3O4@Oleylamine nanoparticles) are shown in figure 7.4.1.2: 

 

 

 

 

 

 

Figure 7.4.1.1: Images of A) Gold nanoparticles synthesized in toluene in absence of 
Fe3O4@Oleylamine, B ) Appe arance o f the dispersion corresponding to the 
nanoparticles shown in ‘A’ and C) Appearance of the dispersion corresponding to the 
gold r eductions in tol uene with usin g NaBH4 (left) and Ole ylamine (r ight) as a 
reducing agents.  
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The first important piece of data that arises when studying the TEM images reveals 
that no core-shell structures have been formed, since magnetite nanoparticles can be 
clearly seen (with less contrast) in the image, without any kind of coating, and separated 
from the formed gold nanoparticles, which show more contrast. Apart from this fact, it 
can also be seen that in both cases gold nanoparticles are properly formed, with no 
general changes neither in their size (about 8-9 nm) nor in their shape, since most of 
them have a spherical-like shape. However, it has been observed that the presence of 
magnetite nanoparticles lead to the formation of a certain number of gold nanorods, 
which confirms that the very Fe3O4@Oleylamine particles affect the gold reduction 
process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.4.2: TEM images corresponding to Au@Oleylamine nanoparticles 
synthesized in absence (left) or presence (right) of magnetite seeds. 
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7.4.2 Water-dispersible Fe3O4@Au using Fe3O4@TMAOH as a core 

The results obtained when trying to synthesize water-dispersible Fe3O4@Au core-
shells are described as well as discussed as follows: 

As aforementioned, different kinds of magnetite nanoparticles have been 
synthesized with the aim of using them as a magnetic core for the further core-shell 
formation. In the most cases, the gold-capping method has been based on a modification 
of the one described by L. Lyon, et al.18, since it appears to offer more chances of 
controlling and limiting the gold reduction process around the previously synthesized 
Fe3O4 nanoparticles, in comparison with all the other described methods. This one 
involves combining both sodium citrate, NaCi, and hydroxylamine hydrochloride, 
NH2OH·HCl, as reducing agents. The use of citrate to reduce gold, which has been 
studied in depth in some different works21,22, involves adding a gold salt to a sodium 
citrate solution and heating to trigger the reduction process. When adding NH2OH·HCl 
to the medium, however, this process occurs at room temperature, softening the reaction 
conditions, which turns out to be mandatory when trying to control the capping process. 
In addition, a work published by L. O. Cisneros, et al.23, establishes that hydroxylamine 
decomposes when dissolved in water, either alone or in the presence of some metal 
surfaces, such as iron oxides with a release of energy. This fact may ease the control of 
the gold reduction around the Fe3O4 nanoparticles surface since it specially triggers the 
reaction in the regions surrounding the further magnetic cores.   

Tetramethylammonium hydroxide (TMAOH) -capped Fe3O4 nanoparticles were 
first synthesized as a core for the further Fe3O4@Au core-shell formation following the 
previously described method (see section 7.2.2.1). TEM images show the presence of 
aggregated nanoparticles with aan average diameter of 9.4 ± 1.9 nm (figure 7.4.2.1). 
The electron diffraction spectrum showed the expected interplanar distances for Fe3O4: 

 

 

 

 

 

 

 

   

 

 

Figure 7.4.2.1: TEM image (left) corresponding to Fe3O4@TMAOH nanoparticles 
and their corresponding size distribution histogram (right). 
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Gold reduction around Fe3O4@TMAOH nanoparticles was carried out via using 
NH2OH·HCl and NaCi as described in section 7.2.2.7. After adding gold and 
hydroxylamine for the first time, the initially colourless (as a result of the small 
concentration of particles) magnetite dispersion turned purple. Further Au/NH2OH·HCl 
additions made the dispersion end up turning intense red. Figure 7.4.2.2 shows aliquots 
taken from the original dispersion after every gold or hydroxylamine addition: 

 

  

 

 

 

 

 

Therefore, a blue-shift was observed in the plasmon resonance series, which 
matches with the results obtained by L. Lyon, et al.18, which is shown in figure 7.4.2.3.  

 

 

TEM images show a clear growth in nanoparticles size when adding more gold to 
the medium, as it can be seen in table 7.4.2.1, which also matches with the inverse 
tendency of the plasmon resonance of undergoing a blue-shift displacement when gold 
nanoparticles grow. However, the results also show that the size deviation increases 
with the gold nanoparticles size after each addition and further reduction of gold. This 
fact is explained by the formation of smaller and irregular-shaped gold nanoparticles (of 
about 8.0 nm) which are formed during the whole process. Therefore, the observed 
blue-shift displacement of the plasmon resonance series may be given by the formation 
of those smaller particles and not by the magnetic effect of the supposed magnetite 
cores. 

Figure 7.4.2.2: Different aliquots obtained from the original Fe3O4 and Au 
dispersion (0) after further gold (X.1) and hydroxylamine (X.2) additions.  

Figure 7.4.2.3: Plasmon resonance series obtained from the aliquots shown in the 
previous image.  
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Addition Size average 
1 21,6 ± 5,3nm 

2.2 24,7 ± 5,8nm 
3.2 29,2 ± 6,5nm 
4.2 33.3 ± 7.0 nm 

 

 

 

Figure 7.4.2.4 shows TEM images corresponding to different aliquots of the 
analyzed series, as well as the smaller gold nanoparticles formed during the whole 
process: 

 

 

 

A very important piece of data, however, arises when analyzing the TEM 
images in depth. As it can be observed in the middle image of the last figure, the biggest 
formed nanoparticles have inner regions that appear brighter that the rest of the 
surrounding gold. So as to study those particles more in depth, High resolution Bright 
field (HR BFTEM) images have been taken from those particles, confirming the 
presence of these regions of less electron density. In all cases spherical regions of about 
7-9 nm showing different electronic density can be observed, as shown in figure 
7.4.2.5. By comparing both the size and the shape of these regions with the 
Fe3O4@TMAOH nanoparticles used as a ‘core’, it is perfectly right to affirm that the 
gold has been successfully reduced around the magnetite particles surface.  

 

 

Table 7.4.2.1: Size average of the gold nanoparticles obtained after each addition of 
both gold and hydroxylamine. 

Figure 7.4.2.4: TEM images corresponding to aliquots 1 (left) and 4.2 (middle) of 
the obtained series, as well as the smaller nanoparticles (right) formed during the 
gold reduction process. 
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In or der to confirm/discard the pr esence of  ma gnetite inside the formed g old 
nanoparticles, Z-Contrast (or HAADF) was carried out, taking EELS spectra from the 
inner regions of the nanostructures. The Z-Contrast images, as shown in figure 7.4.2.6 , 
confirm the presence of different regions (with less electron density) inside the formed 
particles. EELS spe ctra obtained fr om those regions, howe ver, may not  c onfirm the 
presence of Fe3O4 for no iron signal may be observed (see figure 7.4.2.7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.2.5: High resolution BF im ages taken fr om the supposed Fe3O4@Au 
synthesized na noparticles, confirming the presence of  c ores with diff erent siz es 
inside the gold structures. 

Figure 7.4.2.6: Z-Contrast images taken from the biggest formed gold nanoparticles 
with different regions inside them. 
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In spit e of  not being a ble to confirm the presence of  magnetite insi de the 
synthesized gold nanoparticles, it  can neither be disca rded b ecause t he gold shell 
formed around th e obs erved diff erent regions is thick e nough to hinder the iron 
detection of the EELS analysis. 

Therefore, and in order to reduce the thickness of the formed gold shell, HR BF 
TEM analyses were c arried out on a liquots with less  Au/NH2OH·HCl additions. I n 
those cases, however, it may be observed that a large number of magnetite nanoparticles 
still remain free and surrounding the formed gold clusters, as it has been determined via 
both direct TEM and live FFT images. Figure 7.4.2.7 shows a region formed by small 
Fe3O4 and gold nanoparticles, which may be found along the entire prepared specimen, 
surrounding the bigger gold clusters formed during the gold/hydroxylamine additions: 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.2.6: Example of  a n EELS spectrum taken fr om the inner re gions that 
observed in the Z-Contrast images. 

Au 

Fe3O4 

(1-11) 

(-111) (002) 

[110] Au 

(200) 

[310] Fe3O4 

(202) 

(-202) 

Figure 7.4.2.7: BF TEM  and li ve FFT images taken fr om aliquots with less 
Au/NH2OH·HCl additions. 
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Since the presence of magnetite nanoparticles makes further EELS analyses 
useless when trying to determine the presence of Fe3O4 inside the formed gold clusters, 
another approach based on using bigger magnetite nanoparticles as a ‘seeds’ for the 
further gold reduction was carried out. This synthetic procedure was done in order to 
synthesize and properly analyze the desired core-shells which could be more likely 
detected when carrying out Z-contrast analyses. With this aim, two different magnetite 
nanoparticles, recovered by hydrazine and 1,6-hexanediamine, respectively, were 
synthesized. 

The first ones were bigger than the previously used Fe3O4@TMAOH particles but 
proved to be a wrong choice when trying to cover them with gold. Different attempts 
have led to gold nanoparticles showing no sign of any different phase inside, mixed 
with the non-covered magnetite nanoparticles, as it can be seen in figure7.4.2.8: 

 

 

 

The total failure when reducing gold around these magnetite nanoparticles, in 
which it may not even be suspected a magnetite-gold interaction, cannot be attributed to 
the original magnetite aggregation since both these nanoparticles and the 
Fe3O4@TMAOH ones used previously as a ‘core’ had shown a certain aggregation 
degree. In addition, in both cases the magnetite particles were re-dispersed in a sodium 
citrate solution and surrounded by citrate anions before adding the gold and reducing it 
with hydroxylamine. This fact leads to considering the effect of both the nature of the 
original capping agent, which may interfere with the subsequent gold reduction process, 
and the cores size, which may play an important role when trying to reduce the gold.  

Bigger magnetite nanoparticles (capped with 1,6-hexanediamine) were synthesized 
in order to check the size effect in the further gold reduction process. By following the 
procedure described in literature24, 1,6-hexanediamine- capped Fe3O4 nanoparticles with 
a size of 24.0 ± 6.3 nm and a faceted shape were obtained and used as a seeds were to 
grow the desired gold shell. In that case, as it can be observed in figure 7.4.2.9, the 

Figure 7.4.2.8: BF TEM and Z-contrast images of the hydrazine-capped magnetite 
nanoparticles used as a ‘core’ (left image) and the resulting magnetite and gold 
mixture of nanoparticles (center and right images) 
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obtained gold shells, which have a medium size of 37.0 ± 8.9 nm clearly show faceted 
regions with less electron density that look clearer in the BF TEM images: 

 

 

As observed when analyzing the first core-shell obtained with the Fe3O4@TMAOH 
nanoparticles, the inner clear regions of the gold shells match in size (but not in shape) 
with the magnetic cores, which indicates that those gold structures have been formed 
around the magnetite nanoparticles and confirms that the core size does not interfere 
with the further gold reduction process, being the capping agent a key factor in this 
process. In this case, besides, it can be observed when paying attention to the last image 
of the figure 7.4.2.9, in which one gold particle is properly oriented, that those clearer 
regions are not magnetite nanoparticles yet holes formed as a result of iron oxide 
decomposition during the gold reduction process. This hypothesis is backed by the fact 
that smaller magnetite nanoparticles, which did not appear when studying the original 
magnetic cores, are surrounding the gold structures. This decomposition is attributed to 
the very nature of the gold source, HAuCl4, which acts as an acid when solved in water, 
and may decompose some kinds of iron oxides.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.2.9: BF TEM images taken from the 1,6-hexadiamine – capped Fe3O4 
nanoparticles (left) and gold shells with clearer inner regions.  
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7.5   Summary 

In this work, Fe3O4@Au core-shell nanoparticles have been attempted to synthesize 
via reducing a source of gold (HAuCl4) in both aqueous and organic media, with 
unsuccessful results in both cases. The whole processes have been studied chiefly via 
TEM techniques, such as BF TEM images, Z-Contrast and EELS. 

The organic media approach has been based on using the oleylamine capped 
magnetite nanoparticles described in chapter 5 as a ‘core’ where to perform the gold 
reduction, which has been tested in both toluene and oleylamine, using sodium 
borohydride, NaBH4, and oleylamine, respectively, as reducing agents. When the 
reaction has been carried out in toluene, a precipitate formed by gold and magnetite, 
unredispersable in any medium has been obtained, clearly showing that the synthetic 
procedure had failed. When running the reaction in oleylamine, however, it has been 
observed a gold nanoparticles formation, but not the desired core-shell structures. 

The aqueous medium tests, on the other hand, have shown very interesting results, 
yet not core-shells have been obtained. As it can be observed after reducing the HAuCl4 
around some of the magnetite nanoparticles, the resulting gold structures show inner 
regions with less electron density than the outer shells. In addition, those regions match 
both in size and shape with the Fe3O4 nanoparticles used as cores, which suggests that 
the gold reduction has, indeed, took place around the magnetite’s surface.  

Unfortunately, it has also been observed that the iron oxide particles decompose 
during the gold reduction process, fact that is attributed to the very acidic nature of the 
HAuCl4.  
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