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Nanopartículas magnéticas de óxido de ferro têm atraído a atenção da comunidade 
científica ao longo dos anos devido às suas características promissoras, tais como 
a sua biocompatibilidade in vivo, modificações de superfície versáteis e síntese fácil. 
Com isso em mente, no que toca a sensores de temperatura, estes constituem uma 
das mais delicadas áreas da termometria quando aplicado a processos como 
hipertermia magnética e criopreservação, que possuem uma forte dependência a 
mudanças mínimas de temperatura. Na verdade, obter informações sobre as 
pequenas variações de temperatura que ocorrem em escala celular é atualmente 
abordado usando nanotermómetros com base na dependência bem definida de uma 
determinada propriedade com a temperatura. No entanto, as abordagens atuais são 
baseadas principalmente em propriedades óticas, sendo limitadas por vários 
inconvenientes, tais como a penetração ineficiente da luz em muitos tecidos, por 
exemplo. Visando superar este grande desafio, as nanopartículas magnéticas 
apresentam um enorme potencial, pois combinam o tamanho adequado para 
internalização em células e os campos magnéticos podem facilmente penetrar nos 
tecidos, possibilitando a monitoração remota da temperatura com o magnetismo. 
Neste contexto, o objetivo desta tese é desenvolver nanopartículas estáveis de 
ferrite Mn-Zn dispersas em meio aquoso para atuar como sensores remotos de 
temperatura para aplicações biológicas, em particular para hipertermia magnética e 
criopreservação.  
Nanopartículas MnxZn1-xFe2O4 foram produzidas com sucesso usando duas 
metodologias distintas: decomposição térmica e pelo método de sais fundidos 
auxiliado pelo aumento de temperatura. As nanopartículas preparadas foram 
analisadas por microscopia eletrônica de varrimento (SEM), microscopia eletrônica 
de varrimento em modo de transmissão (TEM), espectroscopia dispersiva de 
energia de raios-X (EDS), espectroscopia de infravermelho com transformada de 
Fourier (FT-IR), espalhamento de luz dinâmico (DLS), potencial zeta, e 
propriedades magnéticas. A difração de raios-X (XRD) verificou com sucesso a 
presença de uma estrutura cristalina cúbica com uma fase predominante no grupo 
espacial Fd3"m das ferrites Mn-Zn produzidas por ambas as metodologias. A 
espectroscopia FT-IR foi utilizada para avaliar a presença de vários compostos na 
superfície das nanopartículas, como por exemplo, a funcionalização das partículas 
com ácido cítrico e EDTA. Além disso, a análise do Refinamento de Rietveld foi útil 
para discriminar os tamanhos de nanopartículas, que, no geral, constituíram 
diâmetros variando de 5.9 a 15 nm na metodologia por decomposição térmica e 
tamanhos entre 1.3 a 4.2 nm na metodologia por sais fundidos. Foram realizadas 
medidas de magnetização das nanopartículas para avaliar seu potencial como 
nanotermómetros magnéticos, nos quais as nanopartículas Mn0.30Zn0.47Fe2O4 
(amostra TD9) com um tamanho de cerca de 6.9 nm, demonstraram reversibilidade 
entre 150 e 375 K com um máximo de sensibilidade (Sm) de cerca de 2.9 %.K-1 a 
225 K. Para além disso, também se verificou que as nanopartículas 
Mn0.11Zn0.78Fe2O4 (amostra TD4) com um tamanho de cerca 8.0 nm revelaram 
funcionar como um sensor entre 300 e 400 K com uma máxima sensibilidade 
máxima de aproximadamente 2.1 %.K-1 a 300 K. Tendo em conta estes resultados, 
as nanopartículas produzidas são consideradas apropriadas para aplicações de 
hipertermia e criopreservação. Por fim, a encapsulação destes ferrofluidos foi 
efetuada com gelatina, de modo a simular um compartimento liquefeito tri-
dimensional sujeito a alterações de temperatura para avaliar a eficácia do 
comportamento das nanopartículas como sensores. Em suma, todos os resultados 
destacam o grande potencial das nanopartículas MnxZn1-xFe2O4 produzidas para 
nanotermometria. 
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abstract 
 

Magnetic iron oxide nanoparticles have gathered increasing attention from the 
scientific community over the years due to their promising features such as their in 
vivo biocompatibility, versatile surface modifications, and facile synthesis. With this 
in mind, temperature sensing comprises one of the most delicate areas of 
thermometry when applied to processes such as magnetic hyperthermia and 
cryopreservation, which strongly depend on minute temperature changes. In fact, 
gaining insight into the small temperature variations occurring at cellular scale is 
currently addressed using nanothermometers based on the well-defined 
temperature dependence of a given property. However, current approaches are 
mainly based on optical properties, being limited by several drawbacks, such as the 
inefficient penetration of light in many tissues, for example. In view to overcome this 
great challenge, magnetic nanoparticles have a huge potential, since they combine 
adequate size for cellular internalization and magnetic fields can easily penetrate 
tissues, enabling remote temperature monitorization. 
In this context, the objective of this thesis is to develop stable Mn-Zn ferrite 
nanoparticles dispersed in aqueous medium to act as remote distance temperature 
sensors for bioapplications, in particular for hyperthermia and cryogenic 
applications. 
MnxZn1-xFe2O4 NPs were successfully produced using two distinct methodologies, 
namely thermal decomposition, and a molten salt-assisted thermal decomposition 
approach. The prepared NPs were then analyzed by scanning Electron Microscopy 
(SEM), transmission electron microscopy (TEM), energy-dispersive X-ray 
spectroscopy (EDS), Fourier transform infrared (FT-IR) spectroscopy, dynamic light 
scattering (DLS), zeta potential, and magnetic properties. X-ray powder diffraction 
(XRD) successfully verified the presence of a cubic crystal structure with a 
predominant phase in the Fd3"m space group of the Mn-Zn ferrites produced by both 
methodologies. FT-IR spectroscopy was used to assess presence of several 
compounds on the NPs surface, such as the functionalization of the particles with 
citric acid and EDTA. Moreover, Rietveld refinement was useful to discriminate the 
NPs sizes, which overall constituted diameters ranging from 5.9 to 15 nm by thermal 
decomposition methodology and 1.3 to 4.2 nm by molten salts methodology. 
Magnetization measurements were made to evaluate the potential of the NPs as 
magnetic nanothermometers, in which the 6.9 nm-sized Mn0.30Zn0.47Fe2O4 (sample 
TD9) nanoparticles exhibited magnetic reversibility between 100 to 375 K with a 
maximum sensibility of 2.9 %.K-1 at 225 K. In addition, the 8.0 nm-sized 
Mn0.11Zn0.78Fe2O4 (sample TD4) nanoparticles also revealed potential sensor 
applications between 300 and 400 K, with a maximum sensibility of 2.1 %.K-1 at 300 
K. According to these findings, the produced NPs are deemed suitable for both 
hyperthermia and cryopreservation applications. Lastly, the encapsulation of these 
ferrofluids was carried out with gelatin, in order to simulate a 3-D phantom tissue to 
be subjected to temperature changes to assess the effectiveness of the behavior of 
the nanoparticles as wireless sensors. In sum, all the results highlight great potential 
in the hereby produced MnxZn1-xFe2O4 NPs for nanothermometry.  
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MIONs Magnetic iron oxide nanoparticles 
MIPA isopropanolamine 
Mn-Zn Manganese-zinc 
MNPs Magnetic nanoparticles 
MPI Magnetic particle imaging 
MR Magnetic resonance 
MRI Magnetic resonance imaging 
NIR Near infrared 
NPs Nanoparticles 
OA Oleic acid 
OAm Oleylamine 
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OSPE Octahedral site preference energy 
PEG Polyethylene glycol 
PEI Polyethylenimine 
PLGA Poly(lactic-co-glycolic acid)   
PNIPAAm Poly(N-isopropylacrylamide 
RT Room temperature 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
TMAOH Tetramethylammonium hydroxide 
TOP Trioctylphosphine 
TOPO Tri-n-octylphosphine 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
ZFC Zero-field-cooled 
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List of symbols 
  
B0 Static magnetic field 
H Magnetic field intensity 
Hc Coercivity 
M Magnetization 

Mr Remanent magnetization 
Ms Saturation magnetization 
Sm Maximum sensitivity value  
TB Blocking temperature 
TC Curie temperature 
TN Néel temperature 
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The context 
 

Temperature monitoring is a field of tremendous importance for various 
applications, such as hyperthermia and cryopreservation, for example. Conventional 
thermometers, although useful for many other practices, can only measure surface 
temperatures with precision and often suffer from needing cables in order to work. With 
this in mind, the development of wireless nanosized thermometers that can integrate 
biological environments provides an appealing and promising alternative. In fact, 
employing nanoparticles (NPs) capable of sensing temperature inside cells with a high 
spatial resolution would open new doors to the three-dimensional (3-D) temperature 
mapping of target tissues, and allow the real time assessment of a plethora of 
physiological processes that rely on strict temperature variations. 

To this end, magnetic iron oxide NPs present themselves as potential candidates 
for the development of these nanothermometers, possessing optimal in vivo 
biocompatibility, tunable surface, ease of synthesis, as well as high chemical stability. In 
addition, through doping of these particles, their magnetic properties can be tuned, in a 
way that a temperature dependent magnetization is achieved at a desired temperature 
interval, thus serving as magnetic nanothermometers. 

Hence, this thesis aims to produce magnetic MnϰZn1-ϰFe2O4 NPs for potential 
application in the temperature monitoring of both hyperthermia and cryopreservation. 
This dissertation is organized into four chapters: general introduction, experimental part, 
results and discussion, and conclusions and future work. In the first chapter (Chapter 1), 
the fundamental theoretical concepts as well as a relevant review of literature regarding 
the preparation of materials of interest is presented. In the second chapter (Chapter 2), 
the materials and experimental procedures, as well as the characterization techniques 
used in this work are displayed. The third chapter (Chapter 3) presents the obtained 
results, their discussion and comparison with literature. Finally, the fourth chapter 
(Chapter 4) offers the main conclusions obtained in this work, as well as the proposed 
future work. 

 
Chapter 1: General introduction 
 

The biosphere can provide innumerous examples of systems displaying adaptive 
behaviors in response to external stimuli. For example, many creatures in nature use 
Earth’s magnetic field for orientation and navigation.1,2 These stimuli-responsive 
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mechanisms are of special importance to the scientific community, which aims to 
understand and explore them in hope of developing new strategies/solutions for a 
plethora of applications.2 In this regard, advances in nanotechnology stand in the 
spotlight, giving insight the phenomena occurring at nanoscale that provide many new 
opportunities for the development and improvement of many devices, including solar 
cells, batteries, supercapacitors, actuators, carriers, and sensors.3 Temperature is one 
of the most relevant parameters when it comes to sensing. When we think about 
temperature sensors, thermometers or thermocouples often come to mind, both of which 
generally present a well-defined response, although often limited to surface 
temperatures, or hindered by need to use wires. However, measuring temperature with 
a high spatial resolution at sub-micron lengths, for example, regarding intracellular 
temperature variations, becomes a challenge.4,5 In this context, nanoscience shows 
enormous potential, allowing the design of devices that can penetrate cell membranes, 
and measure temperature in-depth and in a 3-D manner.  

Hence, the idea occurred of having a nano-sized, stimuli-responsive system with 
magnetic properties strictly correlated to temperature variations, and therefore acting as 
a temperature sensor. Following a temperature change, the material’s inherent 
magnetization would also change in a dramatic and precise manner. This change would 
be detected by another sensor and associated to a certain temperature, allowing non-
contact/wireless temperature sensing for various applications such as hyperthermia and 
cryopreservation. In addition, these nano-sized systems are feasible to be incorporated 
by living cells, where they can monitor temperature where other conventional sensors 
could not, and thus study heat variations of several biological processes. These magnetic 
responsive elements would work as wireless sensors opening a new range of 
applications: i) determination of a previously unknown local temperature with high spatial 
resolution when the concentration of NPs is known and ii) measurement of the magnetic 
signal at different well-defined temperatures, where the concentration of NPs is 
unknown, both at a cellular scale. 

The goal in mind is to be able to develop magnetic MnϰZn1-ϰFe2O4 NPs dispersed 
in aqueous colloidal suspensions behaving as remote temperature sensors that explore 
an “on-to-off” variation in magnetization associated to a magnetic phase transition. 
Furthermore, these magnetic nanothermometers will be evaluated regarding 
temperature detection with high spatial resolution in a 3-D model system. To this end, 
local temperature changes can then be sensed at distance using a giant 
magnetoresistance (GMR) sensor or a fluxgate magnetometer, where the system is 
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calibrated with an externally controlled thermometer. After calibration, the temperature 
will be modified using a near infrared (NIR) light emitting diode (LED) and liquid nitrogen. 
In summary, the pivotal purpose is to develop magnetic NPs able to be explored as 
wireless temperature sensors. 

 

1.1. Interest of nanomaterials in nanomedicine 

Nanomaterials are generally defined as any material ranging of 1-100 nm, whose 
dimensions are compatible with biological molecules, as illustrated in Figure 1. According 
to their size, these nanomaterials can be categorized as i) nanoparticles (0D: all the 
dimensions are measured within the nanoscale), ii) nanowires or nanotubes (1D: one 
dimension is measured outside the nanoscale), and iii) nanofilms or nanolayers (2D: two 
dimensions are measured outside the nanoscale).6  

 
Figure 1. Schematic representation of both size comparison of nanoparticles with atomic nature 
and classification of nanoparticles according to its nature as well as some examples. Adapted 
from 7. 

The chemical synthesis plays a critical role in tailoring the physical and chemical 
properties of the nanoparticles. According to their nature they can be classified into 
organic or inorganic nanoparticles as shown in Figure 1.8,9 They can also present 
themselves in various shapes such as spheres10–13, rods8,12,13, wires8,12,14, plates8,13,14, 
stars8,12,13, cages8,14, multipods8,13,15,16,  among others.  

In retrospect, it was in 1959, when the Nobel Prize Laureate Richard Feynman in 
his lecture “There’s Plenty of Room at the Bottom”, discussed the possibilities and 
potential benefits of the manipulation of materials at the atomic level.17 This talk was a 
turning point and encouraged researchers to look at nanomaterials for completely new 
biomedical applications, such as exploring the potential of NPs in diagnostic accuracy 
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and treatment efficacy, while successfully dealing with the biological and evolutionary 
diversity of each being.18 In comparison to their conventional bulk counterparts, at 
nanoscale, particles have unique properties such as, high surface-to-volume ratio, high 
surface energy, unique mechanical, thermal, electrical, magnetic, and optical behaviors, 
among others. These properties make them suitable for use in applications such as 
probes, delivery platforms, carriers and devices improved for disease detection, therapy 
and prevention.8  

Understanding fundamental concepts about nanoparticles as well as their 
physical and chemical properties is crucial to optimize several parameters, as resumed 
in Figure 2, in order to successfully design NPs for biomedical applications.  

 
 

Figure 2. Schematic illustration of nanoparticle optimization parameters for biomedical 
applications. Physical and chemical properties upon delivery affect cellular accumulation, particle 
internalization and cargo delivery, and ultimately the therapeutic outcome. Sizes and targeting 
moieties are also summarized. Image reprinted from reference 19. 

Recently, NPs synthesis and applications are very diverse and complex making 
it almost impossible to perform an overview on the subject without risking 
oversimplification. In this regard, size control is one of the most important parameters to 
manage in NPs synthesis. For example, when interacting with the cell membrane, very 
small NPs present limitations, as they can only interact with a fixed number of cell 
receptors. It is of common knowledge that there is an optimal NP size range of ca. 25-
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50 nm in order to have efficient endocytosis.20 Hence, for the viable use of NPs as a 
biomedical platform, both scientifically and economically, it is essential to develop 
successful synthesis protocols that guarantee a homogeneous size distribution of NPs 
that fits into the required size interval for their intended application. However, control over 
size distribution is not fully understood yet, although it is widely accepted that a 
nucleation and growth mechanism must occur.21 Alongside these developments, an 
increased interest on magnetic nanoparticles (MNPs) has arisen mainly due to the 
application of magnetic properties at nanoscale. In a more practical example, 
macroscopic materials may contain more than 1023 atoms and their magnetic properties 
are described by solid-state physics. However, at nanoscale, a material, such as a MNP, 
is composed by several hundred to 105 atoms, making magnetic properties differ from 
their bulk form.18 Generally speaking, almost all properties become size dependent which 
prompts one to conclude that with efficient size control, it is possible to synthetize 
nanomaterials that exhibit the specifically required properties. In other words, the 
effective combination of nano-sized particles with unique magnetic properties results in 
nanomaterials with added value and potential for biomedical applications.  

 

1.2. Magnetic properties 

Magnetism is a phenomenon whose discovery dates back to antiquity, confirmed 
in 1819 by Oersted, in which a magnetic field is created whenever an electric charge is 
in motion.22 This can be originated either from the movement of electrons in an electric 
field,  from the constant subatomic movement of electrons and also from their spin. Since 
all matter has electrons, it can be stated that every material is influenced by the presence 
of magnetic fields. From the atomic view of matter, there are two types of electronic 
contribution to magnetism: i) orbital; and ii) spin. These types of electronic motion are 
the sources of the macroscopic magnetic phenomena in materials. Orbital refers to the 
orbit of an electron around an atom, creating a magnetic moment due to the fact that an 
electron is a moving charge.22,23 Spin, in turn, generates spin moment, consisting of an 
electron intrinsic property, since each electron rotates along its own axis, as illustrated 
in Figure 3.22,23 The net magnetic moment of an atom can be described as the sum of 
the magnetic moments, from both electron motions of all the constituent electrons. 
However, there are moment cancellations arisen from opposite moment directions that 
cannot be dismissed. It is important to highlight that materials composed of atoms with 
completely filled electron shells do not present a net magnetic moment.22,23 
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Figure 3. The electronic motions about the nucleus of an atom. Adapted from 23. 

 

1.2.1. The classifications of magnetism 

It should be noticed that there are many types of magnetism in bulk materials, 
where the most common are diamagnetism, paramagnetism and ferromagnetism, 
whereas anti-ferromagnetism and ferrimagnetism are considered subclasses of 
ferromagnetism (Figure 4). The classification is based on the arrangement of electron 
and atomic magnetic dipoles when an external magnetic field is applied, the latter usually 
designated by H.22–24 

Diamagnetism does not exhibit magnetic dipoles in the absence of magnetic field, 
but they generate weak magnetic dipoles in opposite direction to that of the external 
applied field. Some diamagnetic materials are mercury, zinc and silver, for example. In 
paramagnetism, randomly oriented dipoles are present in the absence of a magnetic 
field and free to rotate, whereas upon application of an external magnetic field, they 
preferentially align in the same direction of the external field. Paramagnetic materials are 
considered aluminum, sodium and titanium, for example.23 Regarding ferromagnetism, 
some magnetic materials exhibit permanent magnetic dipoles in the absence of an 
external magnetic field, possessing large permanent magnetizations. Transition metals 
such as some phases of iron, along with cobalt and nickel, for example, display 
ferromagnetic behavior.23 This kind of behavior is related to atomic magnetic moments 
derived from uncanceled electron spins. In addition, coupling interactions make net spin 
magnetic moments of the neighboring atoms to align with each other, even without an 
external magnetic field. It is noteworthy to specify that the origin of coupling interactions 
is not fully understood but it is believed that it occurs due to the structure of metal.23 In 
case of antiferromagnetism, the coupling results in an antiparallel alignment of 
neighboring dipoles, in which magnetic moments cancel each other in the absence of a 
magnetic field. Consequently, antiferromagnetic materials as a whole do not possess net 
magnetic moment, for example a ceramic material such as manganese oxide.23 In the 
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case of ferrimagnetic materials, these display some weak dipoles that are aligned in an 
anti-parallel way to the neighboring stronger dipoles when a magnetic field is absent. 
However, these magnetic moments have different magnitudes and consequently the 
incomplete cancellation of magnetic moments of ferrimagnetic materials results in net 
magnetization. Cubic ferrites such as magnetite (Fe3O4) seem to follow such behavior, 
for example.23  

 
Figure 4. Schematic representation of the atomic magnetic dipole arrangement in absence and 
presence of an external magnetic field (H). In this image atoms are represented as black dots 
while the arrows represent atomic dipole moments. Adapted from 23. 

 

1.2.2. The influence of temperature on magnetic behavior 

Temperature is a factor that can change the magnetic properties of materials. As 
temperature increases, the magnitude of thermal vibrations of atoms also increases, 
causing magnetic moments to be free to rotate. Therefore, with increasing temperature, 
an elevated thermal motion of the atoms usually leads to the randomization of the 
directions of previously aligned moments. For the sake of simplicity, only ferro- and 
ferrimagnetic materials will be considered in the following discussion. In these materials, 
the atomic thermal motions compete with the spins alignment, whether an external 
magnetic field is present or not, resulting in a decrease of the maximum value of 
magnetization that can be reached, known as the saturation magnetization, Ms. Knowing 
this, Ms generally reaches its maximum at 0 K, where thermal vibrations are minimal. 
However, increasing temperature leads to a decrease of Ms followed by a sudden drop 
to zero at what is known as Curie temperature, TC. Below TC, in ferro- and ferrimagnetic 
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state, temperature is not sufficiently high to counteract the coupling forces between the 
magnetic moments, however, rising of the temperature weakens the overall 
magnetization, overcoming the mutual spin-coupling forces. Hence, these materials 
display paramagnetic behavior.23  

 

1.2.3. Domains and hysteresis 

In the previous section was mentioned that, below TC, any ferro- and ferrimagnetic 
material is composed of regions possessing uniform magnetization. These regions called 
domains are separated by domain boundaries. In magnetic materials of large size, it is 
well known that there is a multi-domain structure, in which each domain may have 
different magnetization orientations.15,21,23 The formation of these domain boundaries is 
a process influenced by the balance between i) the magnetostatic energy, which 
increases proportionally with the volume of the materials, ii) the magnetic anisotropy 
energy, which depends essentially on the material, and the domain wall energy, which 
in turn increases in proportion to the interfacial area between the domains.15,21,23  

By monitoring the magnetic properties and the temperature-dependent behavior 
of these materials it is possible to conclude that if ferro- and ferrimagnetic materials are 
initially unmagnetized, but if a sufficiently strong magnetic field is applied, it causes 
domains within a material to align according to the field. However, there is a residual 
magnetization that remains in the applied field direction even at zero field. The value for 
this magnetization is known as the remanent magnetization, Mr. This phenomenon 
causes the hysteresis effect, characterized by sigmoidal shape of the M-H curve, also 
known as hysteresis loops, which are a measure of magnetization (M) against the 
magnetic field intensity (H), illustrated in Figure 5. Thus, the Mr is only lost by heating the 
ferromagnet above the TC or by applying a magnetic field in the negative direction with 
enough intensity to bring the magnetization of the sample back to zero (also known as 
the coercivity, Hc).  
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Figure 5. Magnetic hysteresis diagram of a ferromagnetic material. Image reprinted from 
reference 22. 

According to hysteresis characteristics, ferro- and ferrimagnetic materials can be 
classified as “soft” or “hard” materials, as depicted in  

Figure 6. In sum, soft magnetic materials possess a net magnetic moment that 
can be easily altered according to an external field, thus exhibiting low Hc. On the other 
hand, the net magnetic moment of hard magnetic materials is difficult to change in the 
presence of an external field and therefore exhibit a high Hc and Ms.22–26  

 
 

Figure 6. Schematic depiction of a) hard and b) soft magnetic materials as well as their hysteresis 
characteristics. Image adapted from 27. 

Regarding nanoscale materials, there is a critical volume below which it is more 
energetically expensive to create a domain wall. For instance, the entire material 
becomes a magnetic domain, i.e., a single domain.15,21,23,26  This is called the critical 
diameter or critical size (Dc), which is dependent on the material and is also influenced 
several anisotropy energy terms.15,21,26 
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Figure 7. The effect between particle size, coercive field and magnetic domain structures (dipoles 
are represented by blue and red arrows). Image reprinted from reference 18. 

 
At smaller sizes, below Dc, as shown in Figure 7, the phenomenon of 

superparamagnetism can be observed. In superparamagnetism, thermal energy may be 
enough to change the magnetization of the whole particle, while the individual atomic 
moments maintain their ordered state with respect to each other.15,28 This implies that 
the magnetic moment of superparamagnetic nanoparticles will be zero at high enough 
temperatures, in the absence of a magnetic field. Such behavior is marked by the lack 
or negligible MR after the applied field is removed, thus enabling colloidal stability and 
avoiding agglomeration.15,28–30 However, some particles can become blocked (the 
magnetic spins do not flip after the external magnetic field is removed), thus becoming 
permanently magnetized. The temperature below which blocking occurs is known as 
“blocking temperature”, TB, which depends on the anisotropy constant, the size of the 
particles, the applied magnetic field, and the experimental measuring time.15,29 Typically, 
TB can be experimentally determined through several criteria, like for example, merging 
the point of zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves or the 
maximum of the ZFC curve, as shown in Figure 8.15,24,29 However, TB obtained by the 
maximum of the ZFC curve is only reliable assuming that the sample is formed by NPs 
with a similar size. Consequently, an accurate value of TB should rely in the merging point 
of ZFC/FC measurements by determination of the distribution of energy barriers.31 



 
 
 

27 

 
Figure 8. Relation between blocking temperature with hysteresis curve. Image adapted from 32. 

 
The mechanisms of superparamagnetism were explained by Néel and further 

studied by Brown. The findings are founded on an activation law for the relaxation time 
of the net magnetization of the particle given by the Néel-Brown relaxation. In this 
context, if the particle magnetic moment is able to fluctuate across the energy barrier, 
the system is classified unblocked, otherwise, it is in the blocked state.15,29,33 In order to 
align with an external magnetic field, MNPs must overcome the anisotropy barrier, i.e., 
at a finite temperature where there is a probability for the magnetic moment flip and 
reverse its direction , as illustrated in Figure 9.15,29  

 
Figure 9. Visual representation of the energy barrier for uniaxial anisotropy at zero external field. 
Image reprinted from 33. 

 
More precisely, Néel relaxation refers to the process for a magnetic vector to “flip” 

between its energy minima due to thermal fluctuations, or in other words, it occurs when 
thermal energy overcomes the anisotropy energy barrier, leading to a rotation of an 
internal magnetic moment, instead of a physical rotation. In contrast, Brownian relaxation 
is characterized essentially by the vector fluctuation around the energy minima, then 
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jumping and fluctuating around the other energy minima due to the viscous forces related 
to the physical rotation with respect to surrounding fluid. In this model, time is determined 
by the rotational mobility of the particles.15 In Figure 10 both types of relaxation in the 
presence of an external field are represented. 

 
Figure 10. Schematic illustration of Brownian-Néel relaxation from magnetic NPs in the presence 
of an external field (H). Néel relaxation refers to the rotation of the moment within the MNP when 
the anisotropy energy barrier is overcome, whereas Brownian relaxation involves mechanical 
rotation of the MNPs. Adapted from 34. 

After having discussed the presented aspects of magnetism, its application in 
temperature sensing can now be properly addressed in the following chapter. 

 

1.3. Magnetic temperature sensors 

Sensitive probing of temperature variations at micro- and nanoscale is crucial in 
countless areas of modern science and technology such as cancer hyperthermia and 
temperature controlled drug delivery.35–37 Conventional thermometers, however, suffer 
from serious drawbacks such as: i) being usually invasive38, ii) allowing only single point 
temperature measurements38, iii) the need to be connected using cables39, iv) being 
limited to measure surface temperatures35,39 v) and being susceptible to interfere with 
the therapeutic and imaging instruments38,40,41. With this in mind, development of 
nanothermometers capable of sub degree temperature measurements with a high 
spatial resolution over a large range of temperatures, as well as being capable to be 
integrated within a living system are of utmost importance.37,42 This would create many 
new possibilities ranging from thermally controlled drug delivery35,43–45, monitoring 
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temperature-dependent activities at a cellular level35,42,43, gene expression35,37,44, 
hyperthermia treatment35,43–46 to circuit monitoring.37,42,43 Precise local temperature 
measurements could provide a powerful insight into the impact of temperature in 
intracellular components during cell metabolism35,37,43, as well as on electronical 
performance43. Moreover, it could be useful in the detection of certain tumors and 
inflammations.38,40 In fact, an abnormality in intracellular temperature is often and 
indicator of cellular dysfunction, for example, it is known that cancerous cells display 
higher temperature, when compared to normal cells due to their increased metabolism.42 
Triggered by such urge, a nanoscale thermometer for probing cellular compartments 
should comprise certain properties, such as: i) real-time assessment45,47,48, ii) accurately 
estimation of temperatures noninvasively35,36,44, iii) the ability to perform remotely 3-D 
temperature measurements38,44 and iv) biocompatibility44.  

To date, ultrasound, optical, and magnetic approaches for in vivo temperature 
probing have been proposed.5,35,36,41,43–45,49,50 However, ultrasound temperature 
estimation is rendered difficult due to the difference of density between bones and 
organs.49 The drawbacks of optical approaches are the limited penetration of light into 
deep tissues because of optical complexity of different body tissues5,38,44, difficulty in 
stimulating and detecting the signal38,44,50, and the possibility of increased healthy tissue 
damage or unwanted apoptosis if under intense illumination44,45 In addition, temperature 
detection in vivo can be hindered by the significant absorption and scattering of ultraviolet 
and visible light by physiological tissues.45,50 To address this issue, probes with 
absorption and emission in the NIR were suggested.45,49 However, this leads to an 
increase in cost and complexity of the detections systems, with no improvement 
regarding targeting and detection in deep tissues due to the low accessibility of the 
irradiated regions.45,49  Therefore, the particular interest in magnetic thermometry arises 
from the potential for noninvasive, real-time and remote measurement of temperature 
with precision within biological nanoscale environments.26–28,33 In this context, MRI-
based thermometry and MNPs-based thermometry arise as suitable approaches due to 
the fact that both are strongly temperature dependent and magnetic fields interact weakly 
with biological molecules, thus the ability of penetrate deep into the body.36,40,48,51,52 
However, magnetic resonance (MR) thermometers are not fit to measure environments 
that do not contain water,51 such as adipose tissue, and may suffer from signal 
dampening due to motion artifacts, as well as from heterogeneity of the static magnetic 
field, B0. Also, the main drawback is only being able to measure the temperature close 
to the transition temperature, exploring an “on-to-off” magnetization rather than 
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temperature range.36,40 On the other hand, MNPs-based thermometry for in vivo 

applications does not suffer from the aforementioned limitations. In fact, employing the 
temperature sensitivity of the MNPs magnetization and relaxation time under Alternating 
Current (AC) and/or Direct Current (DC) magnetic fields allows precise temperature 
determination.43,44,46,51  

With this in mind, sub-micron high-resolution thermometry constitutes an area of 
special interest for this thesis. Herein, a general outline of developed systems for this 
end, along with their working temperature ranges and sensitivity will be presented here. 
There is a rich variety of systems designed to sense temperature at nanoscale, however, 
the magnetic thermometers highlighted in this review will not necessarily comprise the 
same exact applications as the systems developed in this thesis. In the following 
examples, the sensitivity of developed magnetic particles was estimated using the 
graphics present in each paper, in order to provide a comparison basis. In the following 
examples, the sensitivity of developed magnetic particles was estimated using the 
merging points of the ZFC-FC curves present in each paper, in order to provide a 
comparison basis regarding the sensitivity of different materials if they were to be 
employed as thermometers. It is important to clarify that all the following maximum 
sensitivity (Sm) values, as well as the temperature intervals obtained here are merely 
approximations and therefore do not reflect the findings in each corresponding paper. 

As a starting point, in 2009 Ivanovskaya and co-workers reported crystalline 
spheric Mn0.5Zn0.5Fe2O4 particles with a diameter ranging from 600 to 800 nm in order to 
study the effect of synthesis temperature of the as-prepared particles via spray pyrolysis 
methodology. Reversibility of the temperature dependence of magnetization is 
demonstrated between ca. 350 to 375 K, with a Sm = 6 %.K-1 in the aforementioned 
temperature range.53 In 2013, Yang et al.54 synthesized nonstoichiometric zinc ferrite 
particles through thermal decomposition route to understand how the presence of 
surfactants would influence the doping process. Simply put, Zn0.387Fe2.613O4 NPs with 
different sizes, such as 26.5 and 13.4 nm, were produced. The former can work as a 
sensor from 250 to 300 K with a Sm = 2 %.K-1 at 250 K, as well as a Ms of 56 emu.g-1. As 
for the latter, reversibility is demonstrated to be between 150 to 300 K with a Sm = 0.6 
%.K-1 at 150 K. As stated by the authors, these particles showed promising features for 
biomedical applications, suggesting their use as  hyperthermia agents.54 The effect of 
the presence of surfactants was also later studied by Szczygieł et al.55 combining 
coprecipitation and sol-gel autocombustion methods. The prepared nanocrystalline 
Mn0.65Zn0.35Fe2O4 ferrite particles could work as a sensor between 400 to 450 K, with Sm 
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= 1.4 %.K-1 at 400 K. However, the authors of this work suggest further exploring and 
improving their methodology in order to employ these particles as catalysts.55 Regarding 
the synthesis of doped ferrites as well as the understanding of the correlations between 
chemical composition and MR signal enhancement, Zhang and his team reported 
monodisperse MnFe2O4 particles with sizes smaller than 4 nm via thermal decomposition 
technique. In the case of the 3.9 nm NPs, these presented sensor behavior within the 
temperature interval of 25 to 50 K, with Sm = 4.0 %.K-1 at 25 K. As for the 3 nm-sized 
NPs these showed sensor potential in the temperature range of 15 to 50 K, with Sm = 0.5 
%.K-1 at 20 K. Now regarding the 2 nm sized NPs, these could work as a sensor from 5 
to 50 K, being Sm = 8.0 %.K-1 at 5 K.56 In another study seeking the understanding of 
intrinsic loss power towards hyperthermia therapy, Phong et al. reported the synthesis 
of Mn0.5Zn0.5Fe2O4 particles prepared by hydrothermal route. As such, 15 nm-sized 
crystalline NPs revealed promising features as a sensor between 184 to 400 K with a Sm 
= 4.4 %.K-1.57 More recently, in 2020 Almessiere et al. reported the synthesis of 
Mn0.5Zn0.5Fe2-2ϰ(DyϰYϰ)O4 particles prepared by both sol-gel combustion and 
sonochemical methodology, highlighting the beneficial properties of ultrasonic 
irradiation. Particles prepared by sol-gel combustion (ϰ	= 0.00) showed potential as a 
sensor from 65 to 325 K with a Sm = 0.6 %.K-1 at 100 K, whereas for (ϰ = 0.02), the same 
could be verified from 275 to 325 K with a Sm = 0.4 %.K-1 at 275 K, and lastly for (ϰ = 
0.05), which also displayed promising sensor behavior from 300 to 325 K with a Sm = 0.7 
%.K-1 at 300 K. Using a different methodology, his team also prepared NPs by 
sonochemical methodology, where the following displayed sensor potential: (ϰ	= 0.00) 
within 78 to 325 K with a Sm = 10 %.K-1 in 100 to 150 K, (ϰ	= 0.02) from 77 to 325 K with 
a Sm = 4 %.K-1 in 175 to 250 K, and finally (ϰ	= 0.05) from 63 to 325 K with a Sm = 6.2 
%.K-1 in 100 to 150 K. In spite of focusing on studying these methodologies, authors also 
reported that their NPs possessed an inhibitory effect on cancer and bacterial cells, 
whereas, no inhibitory action was observed on normal healthy cells, being suitable for 
applications in this field.58 To summarize, an overview of developed systems with 
potential for thermometry are presented in Table 1. 
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Table 1. Overview of magnetic particles displaying the maximum relative sensitivity values (Sm, 
%.K-1), the temperature range (DT, K), the temperature or range of temperatures at which Sm is 
maximum (Tm, K) and observations associated with each example. 

Thermometers Sm (%.K-1) DT (Tm, K) Observations Ref. 

Fe3O4_MIPA 
Fe3O4_DIPA 
Fe3O4_NaOH 
 
CoFe2O4_MIPA 
CoFe2O4_DIPA 
CoFe2O4_NAOH 
 
MnFe2O4_MIPA 
MnFe2O4_DIPA 
MnFe2O4_NaOH 

3.2 
1.4 
0.64 
 
0.56 
0.60 
- 
 
2.0 
2.8 
- 

250-375 (325-350) 
100-375 (250-375)) 
250-375 (250-375) 
 
250-375 (250-375) 
225-375 (225-375) 
- 
 
150-375 (325-375) 
250-375 (325-375) 
- 

All NPs were prepared by 
aqueous coprecipitation 
methodology for 
biomedical applications. 

59 

ZnFe2O4 0.92 50-300 (50-75) 

Ferrofluids were 
prepared according to the 
ionic ferrofluid process 
developed by Massart 
and colleagues60, with 
few modifications.  

61 

Mn0.5Zn0.5Fe2-2x(DyxYx)O4 
Sol-gel: 
ϰ = 0.00 
ϰ = 0.02 
ϰ = 0.05  
 
Sonochemical: 
ϰ = 0.00 
ϰ = 0.02 
ϰ = 0.05  

 
 
0.60 
0.40 
0.70 
 
 
10 
4.0 
6.2 

 
 
65-325 (100-150) 
275-325 (275-325) 
300-325 (300-325) 
 
 
78-325 (100-150) 
77-325 (175-250) 
63-325 (125-250) 

Prepared by sol-gel 
combustion and 
sonochemical 
methodologies for 
antibacterial and 
anticancer applications. 

58 

β-FeOOH 
ε-Fe2O3 

0.0020 
0.40 

250-300 (250-300) 
150-300 (150-300) 

Prepared by annealing of 
SiO2@β-FeOOH 
nanorods. 

62 

Zn0.387Fe2.613O4 
- 25.6 nm 
- 13.4 nm 
 

 
2.0 
0.6 

 
250-300 (250-300) 
150-300 (150-300) 

Prepared via thermal 
decomposition 
methodology for in vivo 
cancer therapy. 

54 

MnFe2O4 
MnFe2O4@CoFe2O4 
MnFe2O4@CoFe2O4@NiFe2O4 

0.4 
- 
0.2 

100-200 (100-150) 
- 
250-300 (250) 

Prepared by thermal 
decomposition 
methodology for 
magnetic hyperthermia 
applications. 

63 

Fe3O4 10 50-375 (250-300) Prepared by a classical 
one-pot thermal 
decomposition route for 
theragnostic applications. 

64 

La0.75Sr0.25MnO3 
La0.53Sr0.47MnO3 

1.4 
1.4 

320-340 (320) 
275-310 (275-300) 

Synthetized by molten 
salts methodology for 
biomedical applications. 

65 

Fe3O4 18 300-400 (300) Thermal decomposition 
methodology in the 
presence of oxygen. 

66 

La0.67Sr0.33MnO3 0.65 225-300 (225) Molten salts methodology 
to assess its suitability for 
the designing of several 
manganite perovskite 
nanocrystals. 

67 
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Ni0.5Zn0.5Fe2O4 
Mn0.5Zn0.5Fe2O4 
Ni0.5Mn0.5Fe2O4 

2.5 
2.4 
1.1 

12-300 (12-50) 
25-300 (50-100) 
15-300 (15-50) 

Synthetized by the 
reverse micelle 
technique. 

68 

Zn0.05Fe2.95O4 0.42 340-400 (340-400) Prepared by thermal 
decomposition 
methodology of a mixture 
of zinc and iron oleates 
for use as a spintronic 
material. 

69 

Mn0.3Mg0.2Co0.5Fe2O4 
Mn0.3Mg0.2Zn0.5Fe2O4 

- 
6.0 

- 
200-400 (300-400) Prepared by glycol-

thermal reaction. 
70 

ZnFe2O4 13 16-400 (16-50) Synthesized through a 
facile coprecipitation 
methodology. 

71 

Zn0.3Mn0.3Ni0.2Fe2.2O4 1.2 300-350 (320) Synthetized by 
coprecipitation 
methodology. 

32 

Fe3O4 
- 7 nm 
- 15 nm 
- 23 nm 

 
0.04 
0.03 
0.02 

 
250-300 
100-300 
20-300 

Synthesized by thermal 
decomposition 
methodology for 
magnetic hyperthermia 
applications. 

72 

CoϰFe3- ϰO4  
- 7.2 nm 

 
0.06 

 
250-300 (300) 

Prepared by thermal 
decomposition for 
magnetic nonvolatile 
memory applications. 

73 

ZnyFe1−yO@ZnϰFe3-ϰO4 
[Zn]/[Fe]= 0.6 
[Zn]/[Fe] = 10 

 
0.025 
0.24 

 
275-300 (275-300) 
175-300 (175-300)  

Prepared by thermal 
decomposition 
methodology. 

74 

MnϰFe3-ϰO4 
MnϰFe3- ϰO4@PLGA 

0.10 
0.15 

200-300 (240-300) 
170-300 (170-300) 

Synthetized by thermal 
decomposition 
methodology for 
nanomedicine 
applications as 
nanocarriers with 
magnetic functionalities, 
i.e., magnetic heating. 

75 

Fe2O4 
MnFe2O4 
CoFe2O4 
NiFe2O4 
ZnFe2O4 

0.050 
4.9 
4.7 
5.7 
7.0 

100-300 (100-200) 
55-300 (55-100) 
225-300 (225-300) 
20-300 (20-100) 
15-300 (15-50) 

Prepared by microwave-
assisted rapid synthesis 
in 1-dodecanol for 
various technological 
applications such as 
magnetic data storage, 
catalysts, and sensors. 

76 

MIPA: isopropanolamine, DIPA: di-iso-propanolamine, NaOH: sodium hydroxide, SiO2: silica; PLGA: 
poly(lactic-co-glycolic acid) 

 

1.3.1. Hyperthermia  
Hyperthermia is a promising approach for tumor treatment based on controlled 

heating of the malignant tissue in order to increase the sensitivity of cancer cells to other 
treatments or induce the destruction of the tissues directly.77,78 In addition, there are 
alternative direct mechanisms to promote cell death, including i) denaturation, ii) folding, 
aggregation of proteins, and iii) coagulation. Also, there is an indirect response in which 
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the overexpression of heat shock proteins that promote the activation of the immune 
system and inflammatory response, which in turn suppresses tumor cells.24,79–81  

Temperature increase can be achieved by using different strategies such as 
ultrasound, microwaves or infrared radiation.64,82 The mechanisms of cell death involving 
this approach include either apoptosis or necrosis in a temperature-depending 
manner.79–81 Hyperthermia therapy can be classified based on the temperature reached 
during the treatment, namely thermal ablation, moderate hyperthermia, and diathermia.24 
Thermal ablation occurs above 50 ºC leading to tissue necrosis, resulting in serious 
inflammatory and immune responses, which are undesirable.79,83 Moderate 
hyperthermia, usually referring to hyperthermia treatment itself, aims to treat cancer in a 
temperature range of ca. 40 to 44 ºC. At this temperature cell death occurs by 
denaturation, as well as aggregation of intracellular proteins, without damaging the 
adjacent healthy tissues.78,79,84,85  As for diathermia, it occurs at temperatures below 40 
ºC and is useful for treating rheumatic diseases by physiotherapy.24 With this taken into 
account, the issue lies in accurately probing the amount of heat provided in these 
treatments, or in other words, knowing the exact temperature the target tissues are being 
subjected to. This underlines the importance and need for the development of wireless 
sensors capable of being embedded into the tissues, even within living cells (Figure 11). 
 

 
Figure 11. Measurement of temperature at which occurs cell death by using a NIR LED light. 
Image adapted from reference 34. 

 
The success of hyperthermia is linked to physiological differences between 

normal and cancer cells. Cancer cells are more susceptible to the increase of 
temperature than normal cells due to their high rate of metabolism.24,77  On a tissue level, 
rapidly growing tumors exhibit several common physiological marks, such as, hyper 
vasculature, enhanced vascular permeability, and decreased lymphatic drainage. The 
angiogenic tumor blood vessels possess an abnormal architecture that shows enhanced 
permeability and retention (EPR) effect: the tendency for systematically administrated 

NIR light

Cancer cell Sensi,zed cancer cell Cancer cell death
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macromolecules within a 10 – 200 nm size range to be accumulated in solid tumors, thus 
decreasing their ability to dissipate heat stress.19,78,86 EPR effect is illustrated in Figure 
12. 

Regarding the general definition of hyperthermia therapy, three different types of 
approaches can be described based on the location of the affected tissue: local 
hyperthermia, regional hyperthermia, and whole-body hyperthermia. Local hyperthermia 
involves heating a small area of tissue such as a tumor, while for regional hyperthermia 
a large area of tissue such as a whole organ is heated. As for whole body hyperthermia, 
it involves heating the whole body for treatment of metastatic cancer.24 

 
Figure 12. Representation of the enhanced permeability and retention (EPR) effect due to 
physiology of tumor site, including increased vascular permeability and ineffective lymphatic 
drainage. Adapted from 86,87 using Biorender.com. 

 
1.3.2. Cryopreservation 

Cryopreservation is an approach for long-term storage of cells or tissues by 
cooling them to cryogenic temperatures in order to slow or complete cease biological 
activity.88,89 Long-term preservation of cells or tissues essentially consists in a slow 
freezing procedure, often carried out in a specialized container at -80 ºC, where the cells 
are cooled, then plunged into liquid nitrogen (i.e. ~150 ºC) or electronic freezers (i.e. 
~160 ºC), until they are thawed for use at the desired circumstance.88,90,91 The current 
practice relies in either slow-freezing or vitrification in the presence of cryoprotective 
agents (CPAs). In the slow-freezing approach, biopreservation occurs at low freezing 
rates, allowing dehydration in a controlled manner while avoiding intracellular ice 
formation in order to minimize cell membrane damage and cytoskeleton damage.88,92 
However, this approach is time consuming and requires a specific cooling rate 
accordingly to different types of cells.89,93,94 Vitrification, on the other hand, employs high 
freezing rates and high CPA concentrations, transforming cells into an amorphous state 

Ineffective 
lymphatic drainage

Tumor tissue
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to completely avoid ice formation.91 Unfortunately, high levels of CPA may cause 
uncontrolled differentiation as well as reduced viability due to their inherent toxicity.88,94 
Vitrification shows great promise for tissue preservation, however two major challenges 
concerning the rewarming of large volumes have been proven difficult to overcome.95,96 
First, an ultra-rapid heating rate is crucial to avoid devitrification and recrystallization, 
thereby preventing ice formation during the warming.91,96 On the other side, achieving 
uniform heating rates throughout the whole volume in large samples through convective 
heating, generally by immersion the sample in a water bath at 37 ºC, is associated with 
non-uniform heat distribution, inducing large thermal gradients that often leads to thermal 
stresses causing fractures or cracks.88,89,91,92,95,96   

For these reasons, the development nanosized magnetic temperature sensor 
that would allow the 3-D temperature mapping of a bulk sample would greatly improve 
our understanding and control over processes which heavily rely on small temperature 
changes. To this end, magnetic iron oxide nanoparticles (MIONs) present themselves as 
a suitable candidate for the development of nanosized temperature sensors, as will be 
explained in the following section. 

 

1.4. Magnetic iron oxide nanoparticles 

1.4.1. Structure and Composition 

MIONs have attracted interest not only due to their magnetic properties 
mentioned above but also due to excellent in vivo biocompatibility, tunable surface 
modifications, and facile synthesis.5,31,83,97,98  

Among MIONs, Fe3O4 NPs have received tremendous attention justified by the 
aforementioned reasons, but also for displaying non-toxicity83, high chemical stability97, 
high heating efficiency5, and the fact that they are well tolerated by the human body.5 
Magnetite is a well-known ferrimagnetic mineral that has a cubic inverse spinel structure 
(space group, Fdm) of AB2O4 type, (Fe3+)A(Fe2+Fe3+)BO4, in which one-eighth of the 
tetrahedral holes (8) are occupied by Fe3+ cations and one-half of the octahedral holes 
(16) are occupied by Fe3+ and Fe2+ cations.31,33,99 In Figure 13 the unit cell of magnetite 
is elucidated as well as its spinel structure. The magnetic spins at octahedral sites are 
aligned parallelly with the direction of the external magnetic field, while the ones at 
tetrahedral sites align antiparallelly. Since there is twice the number of octahedral sites 
relatively to the tetrahedral sites, there is an unbalance of magnetic spins that results in 
a strong attraction to an external magnetic field with a high MS in bulk, thus presenting a 
ferrimagnetic behavior up to about a Tc of approximately 850 K.15,25,33 Taking into 
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account that magnetite possesses a Tc well above room temperature, it is expected that 
its magnetic properties are almost constant around room temperature.25 Therefore, 
through doping, fine-tuning of its magnetic properties can be achieved in order to have 
particles that possess greater sensibility to temperature variations from -150 ºC to 44 ºC.  

 

 

Figure 13. Unit cell of magnetite, in which a face-centered cubic lattice of O2- ions (blue) is filled 
with Fe3+ and Fe2+ cations in octahedral sites (red) and Fe3+ cations in tetrahedral sites (yellow). 
Image reprinted from reference 15. 

The net magnetization of the ferrite is dependent on the compensation of the 
different sublattices, which are composed by parallel magnetic moments of the atoms. 
Thus, the magnetization of the ferrite compound is fully determined by the inversion 
degree, in other words, the value of Fe3+ cations that occupy tetrahedral sites.54,99,100 
Previous reports suggest that doping spinel ferrites, with a formula AB2O4, with different 
ions such as Co2+, Ni2+, Zn2+ or Mn2+ can be performed to produce changes in the intrinsic 
magnetic couplings, yielding different Ms, magneto crystalline anisotropy values and 
different temperature dependence of the net magnetic moment.31,100  

Doping is possible due to a plethora of factors responsible for determining the 
distribution of cations in spinel structure, such as the cation radius, Coulomb interactions 
between cations, and crystal field effects of the octahedral site preference energy 
(OSPE). The crystal field theory defines OSPE as the stable crystal field energy 
difference between the octahedral and tetrahedral fields, where usually a greater 
absolute value of OSPE means that the cation will prefer to occupy the octahedral 
interstices.101 The aforementioned factors are listed in Table 2 for common ions. 
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Table 2. Number of electrons, crystal field stable energy (CFSE), and octahedral site preference 
energy (OSPE) of 3d transition metal ions. Adapted from 101. 

  CFSE (kJ.mol-1)  

ion No. of 3d 
electrons 

Octahedral 
field 

Tetrahedral 
field 

OSPE 
(kJ.mol-1) 

Sc3+ 0 0 0 0 
Ca2+ 0 0 0 0 
Ti4+ 0 0 0 0 
Ti3+ 1 -87.4 -58.6 -28.8 
V3+ 2 -160.2 -106.7 -53.5 
Cr3+ 3 -224.7 -66.9 -157.8 
Cr2+ 4 -100.4 -29.3 -71.1 
Mn3+ 4 -135.6 -40.2 -95.4 
Mn2+ 5 0 0 0 
Fe3+ 5 0 0 0 
Fe2+ 6 -49.8 -33.1 -16.7 
Co3+ 6 -188.3 -108.8 -79.5 
Co2+ 7 -92.9 -61.9 -31.0 
Ni2+ 8 -122.2 -36.0 -86.2 
Cu2+ 9 -90.4 -26.8 -63.7 
Zn2+ 10 0 0 0 
Ga3+ 10 0 0 0 
Ge3+ 10 0 0 0 

 
Generally, in the spinel ferrites with a formula AB2O4, the tetrahedral interstices 

are smaller than the octahedral interstices. It is therefore plausible to expect that A sites 
will be occupied with cations with smaller radii while B sites are occupied with larger 
cations.101 Spinel ferrites have defects that can be classified into intrinsic and 
nonintrinsic. As for intrinsic defects, these are found in atomic arrangements without any 
dopants, including vacancies (Schottky defects), vacancy-interstitial pairs (Frenkel 
defects), and interstitial defects. In contrast, nonintrinsic defects are usually caused by 
external dopants such as substitutions of A and B sites with different cations.101 As 
evidenced in Table 2, for example, the absolute value of Mn3+ (95.4 kJ.mol-1) is higher 
than that of Mn2+ (0 kJ.mol-1), indicating that Mn3+ prefers to occupy the octahedral 
interstices while Mn2+ tend to occupy the tetrahedral interstices. Following the same line 
of reasoning, Zn2+ presents the same absolute value (0 kJ.mol-1) when compared with 
Mn2+, meaning that both tend to occupy the tetrahedral interstices.  

For these reasons, MnϰZn1-ϰFe2O4 ferrites have been studied because for their 
low inherent toxicity, high Ms and low Hc, as a result of replacing Fe2+ ions by Mn2+ and 
Zn2+ ions.31,102 However, even small structural changes yield different saturation values 
due to non-effective dopant incorporation, non-homogeneous compositions of Fe2+/Fe3+ 
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replacement for Mn2+/Mn3+ and Zn2+ ions, and thus making it difficult to obtain the 
expected properties.31 For the sake of simplicity we will consider that only A sites are 
occupied by Mn2+ and Zn2+, even if typically Mn in form of  Mn3+ can also occupy B sites. 
A representative structure of MnϰZn1-ϰFe2O4 ferrite is shown in Figure 14. Replacing a 
tetrahedral site Fe3+ with a less magnetic ion has the effect of lowering the strength of 
the opposing magnetic spin and consequently increasing the overall MS relatively to 
magnetite. In the case of MnϰZn1-ϰFe2O4 ferrites, both Mn2+ and Zn2+ ferrites have shown 
huge success when it comes to obtaining high MS values, as the Mn2+ and Zn2+ ions 
preferably reside in tetrahedral positions. However, it is the occupation of Mn2+ ions that 
are responsible for determining its magnetic properties since Zn is nonmagnetic.15,103,104 
In fact, these chemical and structural modifications pave the way for the use of these 
ferrites as temperature sensors. 

To better understand the behavior of MnϰZn1-ϰFe2O4 ferrite as a temperature 
sensor, it is important to know the role of each atom in the spinel crystal structure. For 
instance, the oxygen anion, O2-, is responsible for bounding all the surrounding elements 
together. Due to the fact that its bonds exhibit 180º between metal cations, the shared 
electrons possess opposite spins and are thus accountable for the antiferromagnetic 
order. As for the iron cation, Fe3+, its contribution for the magnetic moment of the material 
comes from the high-spin d-orbital, as shown in Table 2. The manganese cation, Mn2+, 
exhibits the same electronic configuration of Fe3+, thus contributing with approximately 
the same magnetic moment as iron. Zinc cation, Zn2+, has the valence orbitals fully 
paired, also evidenced in Table 2, which means that its contribution in terms of magnetic 
moment is null.105 
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Figure 14. Representative spinel structure of MnϰZn1-ϰFe2O4. Drawing of the structural models 
was achieved using VESTA software106 and lattice parameters imported from Crystallography 
Open Database (COD)107. 

Having discussed their intrinsic magnetic properties, it now becomes clear how 
these ferrites have the potential to develop magnetic temperature sensors. However, 
achieving the desired structure with the desired properties for the intended application is 
not always an easy task. Herein, it is important to evaluate the many different 
methodologies that can be employed to produce MIONs, as well as their advantages and 
drawbacks. Thus, the next chapter will englobe several synthesis strategies, 
complemented with examples reviewed in current literature. 

 

1.5. Synthesis strategies of MIONs  

Nanoparticles synthesis strategies can be classified into two general approaches, 
namely the “top-down” and the “bottom-up” approach.8,14,108 Top-down strategy involves 
miniaturization process from bulk materials towards a nanomaterial. On the contrary, 
bottom-up strategy whereby functional nanomaterials are assembled to achieve 
nanoscale building blocks.14 The main synthesis pathways  for obtaining magnetic iron 
oxide nanoparticles are reported as follows: i) chemical methods, such as 
coprecipitation, thermal decomposition, hydrothermal/solvothermal, sol-gel, 
microemulsion, polyol, sonochemical, molten-salts, cationic exchange; ii) physical  
methods including spray pyrolysis, laser pyrolysis, laser ablation, chemical vapor 
deposition, mechanical milling, among others; and iii) microbial methods.30 In Figure 15 
is depicted the growth kinetics, widely known as the La Mer curve.8  

Zn2+/Mn2+

Fe2+

O2+

B site: 

A site:
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Figure 15. Monomer concentration over time describing the growth kinetics of inorganic 
nanoparticles. Upon exceeding nucleation concentration, the monomers become supersaturated 
and see nucleation is induced, leading to continuous aggregation of monomers onto the seeds, 
which consequently originates crystal growth. Cnuc: nucleation concentration, and Csat: saturation 
concentration. Image adapted from reference 109. 

 
According to Figure 15, the growth process can be divided in four main stages: 

(I) monomer precursor accumulation in solution; (II) nucleation; (III) particle growth; and 
(IV) recrystallization process.8 A monomer here refers to a building block of the 
nanocrystals, generally recognized as the corresponding naked ions or molecules in 
solution.8 Phase I demonstrates the first stage of accumulation of the monomer is created 
either from raw organometallic compounds or by thermolysis of the corresponding 
precursors in solution. The nucleating process of phase II will only take place after the 
accumulated monomer concentration in the solution reaches above the nucleation 
concentration. Due to a higher concentration of the monomer in phase II than the 
saturation concentration of the nanocrystals, all the formed nuclei will grow in solution, 
therefore leading to a concentration dependent consumption of the monomer. 
Consequently, the maximum of monomer concentration will be achieved in the middle 
period of the nucleation process, which will then decrease due to the increasingly 
monomer consumption rate, which can exceed the rate for the creation of the monomer. 
When the monomer concentration drops back below the nucleation concentration, the 
nucleation process will cease, after which there is a gradual growth of the formed nuclei 
that crystallize into nanocrystals (phase III). When the monomer concentration is reduced 
to the saturation level, it means the growth phase is completed, beginning phase IV of 
the recrystallization process, where the Ostwald ripening process will occur. During this 
stage, there is growth of larger particles at the expense of smaller ones. This is due to 

Recrystallization 
process

I II III IV
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the favoring of larger particles with smaller surface-to-volume ratios, whereas the smaller 
particles are energetically unstable when compared as shown in Figure 16. In order to 
achieve a narrow size distribution, this Ostwald ripening process must be avoided, and 
this can be done by means of precise temperature control. In practice, depending on the 
preparation conditions, either the prevention or the intended use of this process can be 
selected in order to produce homogeneous inorganic nanoparticles.8 

 

Figure 16. Representation of size-dependent magnetization effect and surface-to-volume ratio of 
MNPs. 
 

Alternative methods such as microemulsion synthesis, hydrothermal synthesis or 
polyol synthesis have been attempted in order to improve the control over shape and 
size, although size control is still limited.36,110 The aforementioned methods have fallen 
into disuse since the 2000s, as the thermal decomposition methods presented more 
potential and quickly developed for the synthesis of iron oxide NPs.36 Thermal 
decomposition is well-suited for the formation of well crystallized NPs functionalized with 
organic molecules, providing colloidal stability in organic solvents. Furthermore, it 
presents the advantage of superior size and shape as it eases the separation of the 
nucleation and growth steps, which is a crucial factor to obtain NPs with a narrow size 
distribution. However, the obtained particles can only be dispersed in nonpolar solvents. 
A solution to this problem is to exchange the hydrophobic ligands for hydrophilic 
ligands.36,111 

 

1.5.1.  Coprecipitation methodology  

This methodology is perhaps the simplest and most efficient chemical pathway 
to synthetize MIONs (Figure 17).30,112 It consists on the coprecipitation of stoichiometric 
amounts of ferrous (Fe2+) and ferric (Fe3+) salts in an alkaline aqueous solution (Equation 
1).29,109,110,112 The size and shape of the MIONs depends on the pH of the solution, 
reaction temperature, ionic strength, presence of oxygen, stirring rate, nature of the salts 
(chlorides, nitrates, sulfates, or perchlorates), Fe2+/Fe3+ ratio, and the nature and 
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concentration of precipitating agents to ensure the separation of the nucleation and 
growth processes.29,30,101,110,112 Regarding the precipitation-inducing agents, the most 
commonly used are sodium hydroxide (NaOH), potassium hydroxide (KOH), and sodium 
carbonate (Na2CO3), for example.101,112 While coprecipitation methodology is suitable for 
swift large scale production of MIONs directly in aqueous medium, it possesses some 
disadvantages, such as poor control over size homogeneity, and the produced NPs tend 
to aggregate in bulky clusters and possess a low degree of crystallinity.36,112 In an attempt 
to surpass at least in part these drawbacks, modifications to the coprecipitation 
procedures have been proposed.  

In this regard, Pereira et al. reported a novel one-step aqueous coprecipitation 
route to synthetize MnFe2O4 nanoparticles using alkanolamines isopropanolamine 
(MIPA) and di-iso-propanolamine (DIPA) as the alkaline agents. The synthesized NPs 
exhibited sizes ranging between 9.3 – 11.7 nm, high Ms (81.7-82.6 emu.g-1), lower Hc, 
as well as high colloidal stability.59 In another attempt, Mello and co-workers described 
the in situ coprecipitation synthesis of MnϰZn1-ϰFe2O4 NPs in a polyethylene glycol (PEG) 
matrix.113 This reaction was performed in the presence of PEG in order to ensure both 
physical and chemical stability of the colloidal systems, as well as biocompatibility in 

situ.101 The synthetic conditions lead to the formation of MnϰZn1-ϰFe2O4 NPs with well-
defined sizes ranging from 10 to 15 nm, well-defined shape, high Ms (74 – 81 emu.g-1) 
and lower Hc (7 – 9 Oe).113  

Nevertheless, despite recent and significant improvements on the reactional 
conditions of this synthesis method, even in the presence of water-soluble coating 
materials, the resultant MNPs are still prone to agglomeration both in aqueous and 
physiological media. In addition, these novel synthetic approaches can be very 
challenging.114 
 
 
 

 
Figure 17. Schematic illustration of the synthesis of iron oxide nanoparticles obtained by 
coprecipitation methodology. 
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(Equation 1) M 2++ 2Fe3+ + 8OH- à MFe2O4 + 4H2O 
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1.5.2.  Thermal decomposition methodology 

Thermal decomposition has been demonstrated to be the most effective 
approach to achieve MNPs with excellent crystallinity, as well as homogenous size 
distribution and shape, thus overcoming the limitations of coprecipitation 
methodology.13,29,109,112,114,115 Decomposition of iron precursors or organometallics such 
as  metal acetylacetonates (Fe(acac)3), metal cupferronates (Fe(cup)3, (cup)= N-
nitrosophenylhydroxylamine)) and metal carbonyls (Fe(CO)5) to synthesize MNPs is 
achieved when heat is applied to a reaction mixture.29,109,110,114,115 The reaction medium 
usually consists of a high boiling point (bp) organic solvent and the presence of 
surfactants.13,29,109,112,114,115 Amphiphilic surfactants such as oleylamine (OAm), oleic acid 
(OA), fatty acids and hexadecylamine control the nucleation and growth kinetics of the 
MNPs.112 Consequently, monomers are generated and upon reaching a concentration 
above a supersaturation level, nucleation and subsequent growth of crystalline MNPs 
are induced (Figure 18).109  

In 2002, Sun et al. reported the preparation of monodisperse Fe3O4 nanocrystals 
by separating nucleation and growth stages into two steps. In their study, single 
crystalline 4 nm MNPs were synthetized by decomposing Fe(acac)3 in phenyl ether with 
1,2-hexadecanediol (1,2-HDO) in the presence of a mixture of OAm and OA at 265 ºC. 
In a separated vessel, NP size was further increased up to 20 nm through a seed-
mediated growth using the as-prepared Fe3O4 NPs as seeds. By changing the reaction 
solvent between phenyl ether (bp = 258 ºC) into benzyl ether (bp = 298 ºC), MNPs with 
diameters of 6 nm were synthesized.116  

This approach was extended to the synthesis of size-controlled monodisperse 
MFe2O4 NPs simply using additional divalent transition precursors, as previously 
mentioned in chapter 1.5.1. In 2004, Sun and colleagues prepared monodispersive 
MnFe2O4 particles with around 14 nm and CoFe2O4 particles with around 16 nm, wherein 
acetylacetonates in phenyl ether were heated to 200 ºC in a previous stage followed by 
a second heat stage up to 265 ºC in the presence of OA acid, OAm and 1,2-HDO.117 
Comparing the both as-prepared particles, the authors concluded that CoFe2O4 particles 
presented more Hc than the MnFe2O4 particles, being 400 Oe and 140 Oe at 10 K, 
respectively.117 In addition, they confirmed that an excess of OAm results in spherical 
nanoparticles as a consequence of their weaker bonding to nanoparticles surface, which 
in turn enables the growth of the nanoparticles in all plane directions.118  
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Regarding biological applications, the reaction conditions of thermal 
decomposition methodology have been tuned to obtain complex spinel oxides, such as 
MnϰZn1-ϰFe2O4 NPs. In 2009, Jang and his co-workers described a simple one-pot 
synthetic route to obtain spheric MnϰZn1-ϰFe2O4 NPs (ϰ	= 0; 0.1; 0.2; 0.3; 0.4, and 0.8) 
with 15 nm and a maximum Ms of 175 emu.g-1 and a Hc of 3.7 (kA/m) when ϰ = 0.4. 
Simply, this method was carried out heating the solution in the presence of surfactants 
such as OAm and OA in octyl ether up to 300 ºC for 1 h.119 In another attempt, in 2013, 
Xie and his co-workers described the synthesis of spherical MnϰZn1-ϰFe2O4 NPs with 9 
nm by heating a solution of 20 mL octyl ether, coexisting with 10 mmol of OA and 2 mmol 
of OAm. The mixture was heated to 110 ºC for 30 mins with a 3 ºC.min-1 heating ramp 
with further heating up to 220 ºC for 2 h with the same heating ramp. Finally, the mixture 
was heated up to 300 ºC for 1 h, maintaining the same heating ramp.120 However, the 
study showed a tendency for the Zn2+ cations occupy the tetrahedral sites, thus hindering 
the cation distribution regarding Mn and Zn ions. In addition, this method presented some 
issues, specifically the need to have a three-steps methodology. Another example to 
achieve high Ms was reported by Sun et al., in 2019, where spheric MnϰZn1-ϰFe2O4 NPs 
were obtained by heating a solution of 2 mmol of OAm,10 mmol of OA and 20 mL of 
dibenzyl ether (DBE) up to 220 ºC with a 3.3 ºC.min-1 heating ramp. Thereafter, a second 
heating was performed, up to 300 ºC at the same rate and kept at this temperature for 1 
h. In this study, nanoparticles with 24 – 30 nm and a Ms of 82.86 emu.g-1 were 
obtained.121 Recently, Wang et al. reported a two-step synthesis to obtain spheric 
MnϰZn1-ϰFe2O4 NPs with 15 nm by heating up to 200 ºC for 2 h a mixture with 10 mmol 
of 1,2-HDO, 3 mmol of OA, 3 mmol of OAm and 20 mL of benzyl ether. The mixture was 
further heated up to 300 ºC with a 2 ºC.min-1 heating ramp and left for further 90 mins.122 
Interestingly, the presence of 1,2-HDO contributed for the well-resolved lattice fringes 
and the monodispersive size of the as-prepared NPs.  

To conclude, despite the abundance of optimized methodologies for the 
synthesis of Mn-Zn ferrites, thermal decomposition methodology stands unparalleled 
regarding to NP size distribution control, which in turn directly affects magnetism, thus 
being of special importance for this thesis. 
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Figure 18. Schematic illustration of synthesis of iron oxide nanoparticles obtained by thermal 
decomposition methodology. 

 
Two main methods can be described in order to perform a thermal decomposition 

of an iron complex as demonstrated in Figure 19. The first is the “hot injection” way, 
which consists in the injection of pertinent precursors into a hot solution containing the 
high boiling solvent and the surfactants. This process creates a burst of decompose 
metallic complex, which is critical to sharply separate the nucleation process from the 
growth process and consequently crucial for producing homogeneous NPs.8 However, 
this method and its reproducibility are not easily controlled, which bears a limitation in 
scale-up synthesis.36 The second way, the “heating-up” approach, whereby the 
temperature of the reaction solution containing preloaded precursors and surfactants is 
elevated from room temperature to the solvent boiling point, leading to the 
supersaturation of the solutions, thus to the nucleation of NPs.8 This method provides a 
great deal of freedom regarding the design of NPs to tune their size, morphology, and 
composition. However, this freedom comes with a cost, as it is increasingly difficult to 
understand the master process because all parameters are related to each other and 
the tuning of one parameter will consequently influence another.  
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Figure 19. Schematic representation of synthesis methods of nanoparticles by: a) “Hot injection”, 
and b) “Heat-up” method.20 

 

1.5.3. Molten salts methodology 

Molten salts are a type of ionic liquid that provides a suitable environment for the 
formation and stabilization of metal nanoparticles, often neglecting the need to use 
stabilizing additives or capping molecules.123,124 Briefly, this method consists on the 
nucleation and growth of an oxide within a molten salts solution medium by the 
dissolution of precursors and posterior precipitation of the oxide product. The process 
can be summarized in five steps: i) mixing the precursors with the appropriate salts; ii) 
heating the mixture to a determined temperature to cause the melting of the salts; iii) at 
synthesis temperature, dissolution of the precursors into the ionic solvent will take place; 
iv) then, nucleation of the desired product occurs, followed by its growth; v) finally, with 
the appropriate cooling rate, the mixture is cooled and the product collected.124 The first 
synthesis of Mn-Zn ferrites by this method was performed by Okamoto et al. in 1986, 
where flaky Fe2O3 powders were prepared by hydrothermal route that were subsequently 
mixed with ZnO and Mn3O4 in an alumina crucible and heated up to 1150 ºC for 1 h under 

a N2 atmosphere, resulting in Mn-Zn NPs with about 10 µm and anisotropic 
morphology.125 In a different study performed in 2014, Lou and his team reported the 
synthesis of MgFe2O4 NPs by heating the molten salt at 800 ºC for 4 h with a 5 ºC.min-1 
heating ramp.126 Recently, Yamada et al. described the synthesis of CoMnϰFe2−ϰO4 NPs 
by heating the molten salt up to 900 ºC for 2 h.127 However, to the best of my knowledge, 
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there are no synthesis regarding the production of Mn-Zn ferrite nanoparticles by molten 
salts methodology.  

 

1.5.4. Hydrothermal/Solvothermal methodology 

In the hydrothermal approach, reactions occur in a sealed environment under 
high-pressure, thus enabling the synthesis of highly crystalline phases at much lower 
temperatures when compared to coprecipitation and thermal decomposition 
methods.101,115,128 Two main routes are reported in the literature for the formation of 
ferrites: i) hydrolysis and oxidation where ferrous salts are used, and ii) neutralization of 
mixed metal hydroxides.30,101,115,128 In a typical hydrolysis procedure, appropriate reaction 
precursors, solvents, and surfactants with functional groups are mixed and then heated 
in reaction vessels known as autoclaves (Figure 20). Surfactants like polyethylenimine 
(PEI), ethylenediaminetetraacetic acid (EDTA), cetyltrimethylammonium bromide 
(CTAB), and OA will act as chelating agents to the cationic ions to regulate their reacting 
concentration which is essential for the control of the crystalline phase, size, and 
morphology.128 The main difference between these methods is that the hydrothermal 
method uses water as the solvent whereas in the solvothermal method an organic 
solvent is used.  

Rath et al. reported the first synthesis of 9 – 12 nm-sized Mn0.65Zn0.35Fe2O4 

particles by neutralizing the chlorides precursors in aqueous ammonia solution. After pH 
adjusting, the mixed solution was heated at 180 ºC. By varying the pH it was shown that 
under pH of 10, incomplete precipitation is observed, thus demonstrating that pH around 
10 was optimum to obtain a complete precipitation as well as maintaining the initial 
stoichiometry. It was also verified that increasing pH from 9 to 11 leads to an increase 
both in Hc and Ms. Particles obtained at pH 10 showed a Ms of 58.3 emu.g-1 and a Hc of 
13 Oe at 2 K.129 Inspired by this work and considering the aforementioned observations, 
Zahraei et al., in 2015 reported the synthesis of MnϰZn1-ϰFe2O4 NPs by adjusting the pH 
between 9 – 10.5 of chlorides precursors using an aqueous ammonia solution. The 
mixed solution was heated by varying the temperature, namely at 160, 180 and 200 ºC. 
Regarding the effect of temperature, the optimum hydrothermal temperature was found 
to be 180 ºC. In order to investigate the optimum hydrothermal duration, temperature 
was regulated in 4, 12 and 20 h at 180 ºC. However, a contamination of hematite phase 
was observed during all performed studies. To surpass this, citrate was used as a 
chelator, whereas a monophase Mn0.6Zn0.4Fe2O4 particles with a mean particle size of 7 
nm and a narrow size were obtained. In addition, the NPs are easily dispersed in water 
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at physiological pH and presented a Ms of 103.7 emu.g-1 and a Hc of 210 kOe at 5 K.50 
Recently, according to our knowledge, Rezaei and his team reported for the first time the 
synthesis of monophase MnϰZn0.3Fe2.7-ϰO4 by one-step citric acid-assisted hydrothermal 
method. Interestingly, increasing the pH up to 10 allowed to obtain a pure phase, which 
is in a good agreement in previous reports by Zahraei et al. Optimized Mn0.5Zn0.3Fe2.2O4 
particles sized 28 nm are considered to be a good candidate for biomedical applications 
showing a high Ms of 54 emu.g-1 at 300 K.130 
 

 
Figure 20. Schematic illustration of the synthesis of iron oxide nanoparticles obtained by 
hydrothermal methodology. 

 

1.5.5. Sol-gel methodology 

Sol-gel method is a mild wet route to the synthesis of nanostructured metal 
oxides. Typically, metal salts are used as precursors in which hydrolysis and 
condensation will occur in the formed transparent sol systems (Figure 21) in the 
presence of chelating agents.101,110,112 The latter usually are described as being citric 
acid, ethylenediaminetetraacetic acid, propionic acid, ethylene glycol, glycine, glacial 
acetic acid, P123, or resorcinol/formaldehyde.101 Through condensation and inorganic 
polymerization, the sol mixture will gradually turn into a 3-D network of metal oxide 
denominated wet gel. These reactions are performed at room temperature. Further heat 
treatments are needed to remove any volatile by-products in order to acquire the final 
crystalline state, typically raging temperatures from 450 to 800 ºC.101,110,112,131,132 
Temperature, pH, nature of solvent, type and concentration of the salt precursors and 
stirring are the main parameters that influence the hydrolysis and the condensation 
reactions.101,110,112  

Metal doped ferrite particles synthesized by sol-gel methodology was pioneered 
in 1993 by Chatterjee et al. In this study, crystalline Ni0.5Zn0.5Fe2O4 particles were 
synthesized within a SiO2 matrix using nitric acid was used as a chelate agent. By varying 
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the sintering temperature of the gel from 700 to 1050 ºC, the authors were able to 
increase the particles size from 13 to 34.7 nm, respectively. As a result, a Ms of 11.7 
emu.g-1 at 10 kOe and a Hc of 20 Oe where obtained from the particles sintered at 700 
ºC, whereas a Ms of 31.5 emu.g-1 at 10 kOe and a Hc of 75 Oe were obtained from the 
ones sintered at 1050 ºC.133 Similarly, in 2001, Mandal and his team synthesized 20 nm-
sized crystalline Mn0.5Zn0.5Fe2O4 particles within a SiO2 matrix, where the gel was heated 
at 550 ºC for 8 h with a further heat up to 1040 ºC for 10 mins. However, it was only 
mentioned that even at 10 kOe magnetic field there was no sign of magnetic saturation, 
suggesting the need of exploiting the magnetic properties of this system of Mn-Zn 
ferrites.134  

In this framework, later in 2014, Szczygieł and his team studied the effect of 
precipitating agents towards the magnetic properties. In a two-step methodology, 65.9 
and 40.8 nm-sized Mn0.6Zn0.4Fe2O4 particles with enhanced magnetic properties by pre-
sintering the gel at 850 ºC for 10 h and sintered at 1300 ºC under atmospheric air. 
Particles prepared using a NaOH solution sowed a Ms of 112 emu.g-1 and a Hc of 80 Oe 
at 2 K, whereas particles prepared using ammonium oxalate ((NH4)2C2O4) showed a Ms 
of 95.7 emu.g-1 and a Hc of 65 Oe at 2 K.55 Recently, Aisida et al. demonstrated a one-
step synthesis of Mn-Zn NPs which consisted in using nitrate as precursors. After 
separately dissolving the precursors in double distilled water, the pH was adjusted to 9 
using NaOH. Homogeneous sol structure was obtained by maintaining the mixture 50 ºC 
for 4 h. A reddish-brown viscous gel was formed after keeping it at 70 ºC for 6 h. Finally, 
nanoparticles were sintered at 900 ºC for 1 h in a vacuum tube furnace, obtaining 
nanoparticles of 17.5 nm in size with a Ms of 44.4 emu.g-1 and a Hc of 124 Oe.135  
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Figure 21. Schematic illustration of the synthesis of iron oxide nanoparticles obtained by sol-gel 
methodology. 

 

1.5.6. Polyol methodology 

The polyol methodology consists of a reverse sol-gel process in which the polyol 
acts as solvent, reducing agent and stabilizer, playing an important role in preventing 
interparticle aggregation and controlling the MNPs size (Figure 22).29,30,110 Polyols 
like ethylene glycols, namely mono-, di-, tri-, and poly(ethylene glycol), propylene glycol 
among others, possess interesting properties: i) high dielectric constants; ii) an ability to 
dissolve inorganic compounds, and iii) a high boiling temperature.29,30,110 When 
employing this synthetic technique, the metal precursor is suspended in a liquid polyol. 
The suspension is then heated up to its boiling point, under vigorous stirring. During this 
process, the metal precursor becomes soluble in the diol where an intermediate is 
formed. The latter is reduced to form a metal nuclei that will then nucleate and form metal 
particles.30,110 First described in 2001, Ammar et al. developed a novel route for the 
preparation of CoFe2O4 particles using 1,2-propanediol at 160 ºC under atmospheric air. 
In this study, crystalline 5.5 nm-sized particles with 65 emu.g-1 at 300 K were reported.136 
Concerning the promising magnetic properties demonstrated by this innovative 
methodology, Ammar and his team explored the properties of MnϰZn1-ϰFe2O4 particles. 
In this regard, crystalline 12 nm-sized Mn0.2Zn0.8Fe2O4 particles were developed using 
diethylene-glycol for 6 h, which exhibited Ms of 96 emu.g-1 at 5 K, as well as lower Hc of 
0.3 kOe at 5 K. However, it was found that with doses up to 0.1 mg.mL-1 the as-prepared 
particles present a considerable cytotoxicity for the human endothelial cells, suggesting 
the need for particles functionalization.137 In this context, Iacovita et al. reported the 
synthesis of MnϰZn1-ϰFe2O4 particles in ethylene glycol, where the mixture was heated 
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with a heating ramp of 3 ºC.min-1 up to 200 ºC for 6 h. However, to improve colloidal 
stability, TMAOH (tetramethylammonium hydroxide) was used, thus reflecting a lower 
cytotoxicity up to 0.2 mg.mL-1.138 To conclude, despite the breakthroughs towards polyol 
methodology, it typically involves temperatures of calcination which greatly exceed 200 
ºC to afford a higher crystallization when compared with other well-studied 
methodologies.139 
 

 
Figure 22. Schematic illustration of the synthesis of iron oxide nanoparticles obtained by polyol 
methodology. 

 

1.5.7. Sonochemical methodology 

When employed, the sonochemical methodology uses the chemical effects of 
ultrasonic irradiation that arises from acoustic cavitation to assist nanoparticle synthesis 
(Figure 23). The high energy released upon implosive collapse of the bubbles produced 
in the solvent medium is released into heat, which generates a transient localized hot 
spot through adiabatic compression or shock wave formation within the gas phase of the 
collapsing bubble.29,30,110,115 This method, also known as “ultrasound-assisted synthesis” 
is used to prepare highly monodispersive MNPs through the optimization of parameters 
such as, sonication time, frequency, and power of the sonication.29,115  

To the best of our knowledge, the first synthesis of metal doped Fe3O4 by 
sonochemical methodology was described in 1998 by Shafi and co-workers. This 
synthesis produced CoFe2O4 particles through ultrasonic irradiation of Fe(CO)5 and 
Co(NO)(CO)3 precursors in Decalin at RT, under an oxygen pressure of 100 – 150 kPa 
for 3 h. The respective particles exhibited a size of ca. 10 nm and presented an 
amorphous phase, trace amounts of carbon impurities and a Ms of 72 emu.g-1. After 
heating the CoFe2O4 NPs for 5 h at 450 and 700 ºC under atmospheric air, the authors 
verified an increase in the crystallinity as well as a decrease in the Ms of 22 and 45 emu.g-

1, respectively.140 In 2014, Abbas and his team, in 2014, also reported the synthesis of 
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the CoFe2O4 NPs at RT for 70 mins, in which the authors obtained high crystalline 
particles by working with different solvents, namely, an aqueous medium and an 
ethanol/water mixture. Furthermore, whereas particles synthesized in ethanol exhibited 
an average size of 20 nm with a cubic shape, the samples prepared by both in water or 
in the mixture exhibited a 200 nm monodispersive spherical shape. The higher Ms was 
observed for the particles prepared in the water/ethanol mixture, reaching 92.57 emu.g-

1.141 Motivated by the need for advances in biomedical applications, Almessiere and 
colleagues recently described a 11 nm-sized monodispersive Mn0.5Zn0.5DyϰFe2-ϰO4 
particles that can be synthesized in water for 45 min at RT. In its findings, the team 
verified an increase of Ms from 54.77 to 59.55 emu.g-1 at 10 K when Dy3+ increases from 
0.0 to 0.3.142 As such, contributions of this study deserve to be mentioned, since they 
obtained a better anti-bacterial and anti-proliferative activities between Mn0.5Zn0.5DyϰFe2-

ϰO4 particles prepared via ultrasonication methodology than in those produced by via sol-
gel.58 
 

 
Figure 23. Schematic illustration of the synthesis of iron oxide nanoparticles obtained by 
sonochemical methodology. 

 

1.5.8. Microwave-assisted synthesis methodology 

Microwave-assisted synthesis relies on the generation of high energy 
microwaves with wavelengths from 1 mm to 1 m that cause molecular motion with friction, 
generating enough energy for the synthesis of MNPs.101 In depth, microwave radiation 
causes the excitation of the molecules, causing an alignment of the molecular dipoles 
according to the external field. The rearrangement of the molecules with the electric field 
generates an intense internal heating, that is responsible for reducing the reaction 
times.29,143 Furthermore, this technique allows the control of MNPs size and shape by 
varying the experimental conditions in real time.131,143  
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The first microwave-assisted methodology was reported in 2007 by Zhenyu and 
his team. Combining microwaving heating with coprecipitation conditions, crystalline 
MnϰZn1-ϰFe2O4 particles sized around 10 nm were obtained. In this study, the authors 
verified that microwave heating only for 5 mins was enough obtain 12.11 nm-size 
particles, whereas under conventional heating it is necessary more than 6 h to obtain 
10.0 nm-size particles.144 More recently, crystalline MFe2O4 (where M = Mn, Fe, Co, Ni 
and Zn) particles with average sizes of 3.2 and 4.3 nm were reported by suspending 
acetylacetonates precursors in 1-dodecanol and irradiating the mixture to raise its 
temperature to 259 ºC in 10 min and maintained at this temperature for 60 mins. These 
particles showed suitable properties in order to improve several applications, namely, 
storage, catalysts, sensors and ferrofluids.76 In sum, microwave heating has proven 
valuable in its contribution to the development of low-temperature routes to obtain 
crystalline particles in a significant short reaction time.139 

 

1.5.9. Cationic exchange methodology 

The concept of cationic exchange essentially consists on the chemical conversion 
of one solid to another by exchanging the constituent cations.145,146 It is generally a simple 
process in which a starting nanocrystal has its cations replaced while preserving the 
original anion sublattice, although, in some cases, it is observed a certain degree of 
structural reorganization.146,147 This process yields nanocrystals of a new material that 
preserves the size and shape of the original nanocrystal. In a crystal, cations are usually 
much smaller than anions, thus having a much higher diffusion rate than its counterpart. 
This is why cations are able to diffuse within a rigid lattice of anions and why cation 
exchange takes place instead of anion exchange. In sum, this technique allows the 
design of novel nanocrystals with a specific morphology, or even a specific crystal phase, 
if the starting nanocrystals are finely developed.145,147,148  

The formation of iron oxide particles prepared by partial cationic exchange was 
firstly reported in 2013 by Sytnyk et al. by exposing Fe3O4 to Co2+ cations in the presence 
of trioctylphosphine (TOP), obtaining CoFe2O4 nanocrystals, while the anionic framework 
remained intact with size and shape preservation. Cationic exchange demonstrated to 
be an outstanding approach for tuning and improving the magnetic properties, as verified 
the increase in Ms from 6.97 to 43.51 emu.g-1 at 300 K.149 In 2016, a study performed by 
Zhao and co-workers showed the synthesis of MnϰFe3-ϰO4 NPs and ZnϰFe3-ϰO4 NPs. In 
this study, chlorides were used as precursors. Briefly, after dissolving manganese 
chloride in 6 mL of degassed OAm and heated to 120 ºC for 15 mins, the mixture was 
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left to cool at RT. The latter was injected into a degassed solution containing 10 mL of 
1-octadecene, 2 mL of OAm and 1 mL of tri-n-octylphosphine (TOPO) at 180 ºC for 2 h. 
The obtained MnϰFe3-ϰO4 NPs maintained its size and morphology during cation 
exchange reactions. For the ZnϰFe3-ϰO4 NPs the protocol is slightly modified due to 
different physical properties of Mn and Zn cations. Remarkably, spherical MnϰFe3-ϰO4 
and ZnϰFe3-ϰO4 NPs possessed Ms of 57.3 emu.g-1 and 64.6 emu.g-1, respectively, while 
the as-prepared SPIOs demonstrate a Ms of 49.7 emu.g-1.150 With all this in mind, cationic 
exchange demonstrates, to some extent, a better control over the purity of produced 
nanomaterials. This in turn, sets the pace for the discovery of many unexplored 
nanomaterials yet to be synthesized, perhaps with novel and astounding features that 
may only be acquired through cationic exchange.147   

 

1.5.10. Microbial methodology 

Biological systems such as fungi, bacteria, actinomycetes, yeasts and viruses 
have demonstrated potential for the production of several nanoparticles, both intra- and 
extra-cellularly, earning the role of biofactories for nanoparticle synthesis.151 However, 
these systems often need to be modified and their environment for production, optimized. 
In other words, careful monitorization of parameters such as pH, temperature, exposure 
time to the substrate, biomass, and substrate concentration is critical to control growth 
conditions, cellular activities, and enzymatic processes to ensure the production of NPs 
with controlled size and shape.152  

To our knowledge, the first synthesis of metal doped Fe3O4 NPs by microbial 
route was performed in 2001 by Roh and co-workers. Fe(III)-reducing bacteria, 
namely, Thermoanaerobacter and Shewanella were used under anaerobic conditions. 

The fermentation was carried out by incubation of a b-FeOOH precursor (MϰFe1-ϰOOH, 
where M = Co, Cr and Ni) with the bacteria while maintaining the temperature at 65 ºC 
and maintained for 7 to 30 days by intermittent addition of electron donors such as 
glucose. It was described the successful synthesis of nm-sized MϰFe3-ϰO4 (where M = 
Co, Cr and Ni) particles.153 In order to understand the biological reduction and 
mineralization process with more detail, Moon et al performed a similar experimental 
study, in 2007, where MϰFe3-ϰO4 (where M = Co, Cr, Mn, Cr and Ni) with a 5 – 90 nm-
sized particles were reported.154 Regarding the enhancement of the magnetic properties, 
Byrne et al, in 2014, reported the synthesis of spherical ZnϰFe3-ϰO4 with a size ranging 
from 8.3 to 16.1 nm, where the maximum Ms reached 97 emu.g-1 at 300 K for ϰ = 0.16. 
Zinc doped NPs were obtained by the reduction of Fe(III)-Zn(II) bearing materials 
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by Geobacter sulfurreducens, using sodium acetate as electron donors.155 However, 
there is still a significant knowledge deficiency regarding the underlying processes and 
pathways through which microorganisms can produce doped NPs, thus making microbial 
approach a difficult to control synthetic technique to be used in the synthesis of NPs.151,155 

 
To summarize there is a vast collection of literature regarding the different 

synthesis methodologies for MNPs with different structural properties. Table 3 presents 
an overview of several reliable methodologies, their synthesis conditions and practical 
outcomes, comparing their advantages and disadvantages.  
 

Table 3. Comparison of nanoparticles synthesis methods. Adapted from 28,36,110,112,156. 

Method Conditions Size 
distribution 

Shape 
control 

Degree of 
crystallinity  Yield 

Thermal 
decomposition 

(1) Improved size control, 
narrow size distribution, tunable 
magnetic properties 
(2) Long reaction time, high 
temperature, organic solvents, 
requires surface treatment after 
synthesis 
 

Very 
narrow High High High 

Coprecipitation 

(1) Fast reaction time, water 
solvent, ease surface 
modification, low temperature 
(2) Low reproducibility, 
uncontrolled oxidation, lack of 
precise stoichiometric phase 
control 
 

Average Average/
Poor Low High 

Hydrothermal 

(1) Water/water-ethanol 
solvents, tunable magnetic 
properties 
(2) High pressure, long reaction 
time, high temperature 
 

Relatively 
narrow Average High Average 

Microemulsion 

(1) Low reaction time, ease 
synthesis, low temperature  
(2) Water/organic solvents, high 
solvent utilization, difficult scale-
up 
 

Relatively 
narrow Poor Low Poor 

Polyol 
(1) Quite fast reaction time, ease 
surface modification 
(2) High temperature, organic 
solvents 

Relatively 
narrow Average Relatively 

High Average 

(1) Advantages, (2) Disadvantages 
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1.6. Stabilization procedures of MIONs 

In order to use MIONs in biomedical applications it is crucial to produce a stable 
and biocompatible colloidal suspension. A colloidal suspension of MNPs in a 
magnetically passive carrier liquid with distinct properties such as fluidity of Newtonian 
liquids and magnetization like bulk magnetic materials is termed a ferrofluid. These 
possess several properties, as for example magnetic, thermal, optical, electrical, etc., 
and can be tuned by an external magnetic field for the intended application. For instance, 
they can be employed as heat transfer medium in thermal management devices or 
coolant in energy conservation systems.157,158 However, due to the strong magnetic 
dipole-dipole interactions and innate high surface energy, these particles tend to 
aggregate, hindering their use in biomedical applications.158 Furthermore, magnetic iron 
oxide nanoparticles possess a high dissolution rate in biological systems, which is 
accompanied by the leaching of toxic metal ions.98,111 For these reasons, many efforts 
have been devoted to the surface modification of MIONs with a wide variety of stabilizing 
agents, such as surfactants or polymers, in order to introduce nanoparticle repulsions 
that avoid Van der Waals interactions and magnetic dipole forces, while providing 
biocompatibility.110,159,160 The nature of the surface of a material dictates the stabilization 
strategy to be applied. Iron oxide nanoparticles, for example, possess hydroxyl groups 
(–OH) on their surface which can change their charge according to pH variations, thus 
exhibiting amphoteric properties.110,161 

With this in mind, there are two main approaches to functionalize the surface of 
nanoparticles and obtain stable colloidal suspensions, namely, ligand addition and ligand 
exchange, as illustrated in Figure 24.110 In ligand addition, the hydrophobic portions of 
the particles interact with amphiphilic molecules, which adds new molecules to the 
surface of the nanoparticles. In the case of ligand exchange, the pre-existing 
hydrophobic groups on the surface are replaced with new ones, through exchange 
reactions.24,161 The type of molecule used for functionalization determines how the 
particles will interact with each other, causing either steric of electrostatic repulsions. In 
turn, these repulsions are responsible for enhancing particle stabilization, while the 
hydrophilic character of polymers added to the surface of nanoparticles is also essential 
to assure biocompatibility in living systems.162 
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Figure 24. Representation of surface modification approaches of hydrophobic magnetic particles 
capped with hydrophobic ligands via ligand addition method using amphiphilic ligands and ligand 
exchange method using hydrophilic ligands, respectively. Image adapted from  24. 

It is important to mention that the addition of ligands to the surface may increase 
the total radius of the NPs, which may affect its application in biomedicine, since the size 
of NPs is deeply relevant for its success. Therefore, it is often in the best interest to 
search for alternatives that possess simple functionalization methods, as well as coatings 
which do not contribute to an increase in NP size.  

These strategies may include a plethora of different materials, as exhibited in Table 
4. PEG is one such example, being known for its biocompatibility and improving the 
circulation time of nanoparticles for in vivo applications.163 In a practical example, Xie et 

al. produced PEG-coated manganese-zinc (Mn-Zn) ferrites for cancer targeted magnetic 
hyperthermia applications. In this study, in vivo fluorescence imaging of mouse models 
of 4T1 breast tumor allowed the authors to conclude that the PEG coating contributed to 
a longer circulation time, as well as to the passive and active accumulation in the tumors, 
confirming the system’s colloidal stability.164 

Citric acid is another compound known to have been employed in the stabilization 
of MIONs.165,166 It is a dispersive agent that possesses three carboxylic groups (–COOH) 
capable of covalent binding with the iron ions in iron oxide particles. Electrostatic 
repulsions between citric acids therefore prevent NP aggregations, consequently 

hydrophilic NPshydrophobic NPs

ligand exchange

ligand addition
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increasing the dispersibility of the MIONs.167 Zahraei et al. synthetized citric acid-
stabilized Mn-Zn ferrite NPs and not only verified an increased stability by transmission 
electron microscopy and dynamic light scattering analysis, as also evaluated the impact 
of subsequent coatings of chitosan, PEG, and dextran on the NPs stability and heating 
properties for theragnostic applications. Briefly, the coating of these NPs with citric acid 
provides their surface with carboxylic groups capable of forming amide groups with the 
aforementioned polymers. This evidences that citric acid can either be used as a 
stabilizing agent on its own or serve as a basis for further functionalization. Moreover, 
the researchers confirmed that subsequent polymer conjugation produced stable and 
biocompatible assemblies for said application.168 

Now regarding inorganic materials, SiO2 is often preferred as a stabilizer, owing to 
its biocompatibility and its chemically inert nature. In addition, SiO2 acts as a shield to 
the magnetic dipolar attractions between MIONs, granting them improved stability.163 

 
Table 4. Some examples of organic, polymeric and inorganic materials reported as coating of 
MFe2O4 NPs. 

Coating Capping agents Refs. Capping agents Refs. 

Organic 
caffeic acid 25 dopamine 169 

citric acid 170,171 OAm 118,172 

Polymeric 
PEG 113,121,122 chitosan 173,174 

PNIPAAm 175 DMSA 119,164 

Inorganic 
gold (Au) 176 silver (Ag) 177 

SiO2 178,179   

 PNIPAAm: poly(N-isopropylacrylamide, DMSA: 2,3-dimercaptosuccinic acid  
 
 

1.7. 3-D liquified compartmentalized systems as disease models 

Given the intended applications for this thesis, magnetic ferrofluids acting as 
temperature sensors for hyperthermia or cryopreservation applications need to exhibit a 
certain amount of sensitivity in their measurements in a way that the NPs temperature is 
closely similar or equal to that of the surrounding medium.180 This is a matter of extreme 
importance, as in hyperthermia, for example, lack of accuracy in temperature 
measurements may directly translate into excessive or insufficient supply of heat for 
cancer cell ablation, resulting in healthy tissue damage or inefficient cell ablation, 
respectively. Therefore, it is important to simulate an external environment that mimics 
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a target tissue and is susceptible to temperature changes in order to evaluate the 
thermometry potential.181 For this, a phantom tissue can be used.182 In fact, there is a 
plethora of phantoms available for thermal experiments, in which gel phantoms are the 
most recognized. These can present different materials such as polyacrylamide, agar, 
and gelatin, which are the most widely used for this application.183 As a practical 
example, Miaskowski and Sawicki produced simplified female breast phantom to 
evaluate the potential of a magnetite ferrofluid for magnetic fluid hyperthermia, 
concluding that with proper control of temperature, breast tumors could be ablated with 
minimal side effects.184 Similarly, Ashikbayeva and colleagues evaluated the potential of 
gold and magnetic iron oxide nanoparticles for laser-assisted ablation on a porcine liver 
phantom. With the aid of fiber-optic sensor network incorporated into the tissue, the 
authors managed to create a two-dimension (2-D) temperature map of the phantom and 
concluded that the sensing fibers allowed the measurement of temperature with great 
accuracy. However, the system was prone to one drawback, namely the failure to 
introduce laser light into the tissue interstitially.185 Thus, the present thesis aims to tackle 
these drawbacks by exploiting the magnetic properties of iron oxide nanoparticles to 
create nano-sized temperature sensors that will potentially be able to perform a 3D 
temperature mapping of tissues. 

 

1.8. Outline and Main Objectives 

This dissertation aims to develop nanothermometers by controlling their TC 
through doping of iron oxides with manganese and zinc ions. Based on the current 
literature and previous works describing new and improved methodologies toward the 
thermometry, this work intends to prepare NPs with high sensitivity and a linear response 
within a temperature range from -150 to 44 ºC. These nanothermometers are to be 
applied in possible applications regarding the nanoscale wireless 3-D temperature 
mapping of biological tissues to better control both hyperthermia and cryopreservation 
procedures. Predictably, the synthesis of the NPs will be carried out using thermal 
decomposition methodology and, if possible, a molten-salt methodology with mild 
reaction conditions. In latter, the optimization of several reactional parameters is to be 
studied, such as reaction temperature and time, precursors or mixture of precursors, 
heating ramp, among others. The as-prepared NPs will be characterized using several 
standard solid-state techniques (XRD, FT-IR), electron microscopy (SEM, EDS and 
TEM), as well as analysis by DLS, magnetization measurements, and zeta potential 
determination.  
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Investigations on the magnetic properties of the resulting MNPs may only be 
possible with the close collaboration with some researchers and group leaders expert in 
these scientific fields. Thus, Dr. Nuno João Silva (Researcher of the Associated 
Laboratory CICECO) will perform the variation of magnetism with temperature in 
collaboration with the research group led by Dr. A. Millán (Instituto de Ciencia de 
Materiales de Aragón/CSIC, Zaragoza). 

Therefore, the main goals to be accomplished are: 
i) Synthesis and optimization of the reaction conditions of MnϰZn1-ϰFe2O4 

NPs by thermal decomposition and molten salt methodology; 
ii) Stabilization of the MNPs obtained, due to their tendency to aggregate 

and/or agglomerate throughout biocompatible molecules; 
iii) Magnetic properties evaluation, mainly of MNPs that present a unique 

phase and a relatively good elemental composition to assess their 
potential for thermometry applications. 

 

Chapter 2: Experimental section 
 

This chapter consists of a thorough description of the selected materials, as well 
as the characterization techniques used to analyze the developed nanomaterials. The 
experimental procedures, such as the innovative synthesis of Mn-Zn ferrite 
nanothermometers by thermal decomposition and molten salts methodology, as well as 
the stabilization strategies with citric acid and EDTA are also described in detail in this 
section. Regarding thermal decomposition, there are several well-established methods 
already developed for the synthesis of Mn-Zn ferrite NPs, however, here we present 
several optimizations of this methodology, resulting in a more economic approach. With 
respect to the hereby presented molten salts method, it reflects the first synthesis of Mn-
Zn ferrites made by this methodology. 

 

2.1. Reagents, characterization methods and general procedures 

2.1.1. Reagents 

1,2-Hexadecanediol (>98.0%) was obtained from TCI. Dibenzyl ether (≥98.0%), 
manganese(II) acetylacetonate (Mn(acac)2), ≥98.0%), zinc(II) acetylacetonate (Zn(acac)2 
≥95.0%), iron(III) acetylacetonate (Fe(acac)3), ≥99.0%), zinc nitrate hexahydrate 
(Zn(NO3)2•6H2O, 99%), manganese(II) nitrate hydrate (Mn(NO3)2•ϰH2O, 99.98%), citric 
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acid (C6H8O7, >99.0%) and sodium hydroxide (NaOH, 98.0%) were purchased from Alfa 
Aesar. Oleylamine (80-90%) was obtained from Acros Organic. Ethanol absolute (100%) 
was supplied by VWR Chemicals. Potassium nitrate (KNO3, 99.0%) and EDTA were 
purchased from PanReac. Iron(III) nitrate nonahydrate (Fe(NO3)3•9H2O, >98%), oleic acid 
(90%) and dichloromethane (≥99.8%) were obtained from Sigma-Aldrich. All chemicals 
were used as acquired without any further modification or purification.  
 
2.2. Characterization methods 

2.2.1. X-ray powder diffraction (XRD) 

X-ray diffraction (XRD) is a nondestructive technique widely used for phase 
identification of crystalline materials and to identify the unit cell structure as well as the 
atomic space. The latter, also known as interatomic distance, can be calculated using 
Bragg’s law. The NPs in form of powder were dried overnight at 75 ºC and left to cool to 
RT in a desiccator before characterization by XRD. The samples were grinded with a 
mortar to ensure a smooth surface for the diffraction to occur at the same weight 
throughout the whole sample. XRD patterns were recorded using a PANalytical X’Pert 

PRO diffractometer equipped with a copper anode with a wavelength Cu Ka of 1.5450 
Å (operated at 40 kV and 45 mA). Scans from thermal decomposition samples were 
collected in the 20-65º 2θ range, each 0.05º with a scan step speed of 0.05 s in reflection 
mode, whereas scans from molten-salts samples were collected in the 20-80º 2θ range 
keeping fixed the remaining parameters. Rietveld Refinement was performed using the 
Software FullProf Suite® which also gives information about crystal phases, lattice 
parameters and crystallite size, for example.  

 

2.2.2. Fourier transform infrared (FT-IR) spectroscopy  

The Fourier transform infrared (FT-IR) spectroscopy model Mattson-7000 
operating in absorbance mode was used to verify the presence or absence of surfactants 
such as OA and OAm in the surface of MNPs. Samples were prepared by grounding the 
nanoparticles with potassium bromide (KBr) at 2 % by weight and compressed them into 
a pellet. FT-IR spectra were collected in the range of 4000 - 250 cm-1 by accumulating 
256 scans, and with a resolution of 2 cm-1. After measuring all FT-IR spectra 
corresponding to a selected strain and background subtraction, the average spectra 
were calculated. In order to identify the organic functional groups of the aforementioned 
compounds, the samples were analysed in attenuated total reflectance (ATR) mode, on 
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a Mattson (GALAXY SERIES FT-IR 7000) in the range of 4000 - 350 cm-1 by 
accumulating 256 scans, and with a step resolution of 2 cm-1. 

 

2.2.3. Scanning Electron Microscopy (SEM) and Energy-dispersive X-
ray spectroscopy (EDS) 

Scanning electron microscopy (SEM) is widely used method that produces 
images of a sample’s surface by scanning it with a high-energy beam of electrons, 
enabling a qualitative analysis SEM micrograph were obtained using a Hitachi SU-70. 
To this end, ultrasound bath was used to disperse a diluted suspension of NPs in ethanol 
for 30 mins. After that, a drop of suspension was held by a carbon tape in a commercial 
aluminum stub and kept in air until complete evaporation of the solvent. Further coating 
with carbon was necessary due to the high acceleration voltage using in the SEM (15.0 
kV). Said carbon coating is required because of the insulator nature of the powders. 
Without this coating, the samples would accumulate charge when interacting with the 
electron beam, which in turn deflects the beam and causes image brightness saturation, 
which hinders particle distinction. 

The chemical composition and distribution of elements (Mn, Zn, Fe) of the 
samples were evaluated by energy-dispersive X-ray spectroscopy (EDS) using a sensor 
attached to Hitachi SU-70. In the case of lighter elements, such as oxygen, EDS analysis 
presents a significant error. Therefore, upon analyzing the samples composition, it was 
assumed that oxygen was completely integrated in the ferrite. The stoichiometric 
estimation was performed under the assumption that the Fe ion was also fully integrated, 
and according to the chemical formula MnϰZn1-ϰFe2O4. The composition of the samples 
was calculated through the normalization of the metal ions with respect to the heaviest 
of ion present, Fe, in order to ensure minimal error. 

 

2.2.4. Transmission Electron Microscopy (TEM) 

The morphology and size distribution of the MNPs was studied by using 
Transmission Electron Microscopy (TEM) on a JEOL (model 2200FS) with an 
acceleration of 200 kV. To prepare an electron-transparent NP sample, samples in 
powder form were diluted in ethanol and stirred in ultrasound for 30 mins to favor particle 
dispersion. Subsequently, the diluted solution was deposited onto a copper grid coated 
with an amorphous carbon film by diving it inside the solution and then allowing it to dry 
completely. The particle size was calculated by measuring the size of 50 NPs from the 
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TEM micrographs using ImageJ software. The mean particle size as well as the 
respective standard deviation were later evaluated by applying a Gaussian function to 
the size distribution using Origin software. 

 

2.2.5. Dynamic light scattering (DLS) 

Hydrodynamic nanoparticle diameters were measured by a dynamic light 
scattering (DLS) technique with a solid-state He-Ne laser (λ = 633 nm) by a Malvern 
Zetasizer Nano ZSTM. This technique provides information about the size of the particles 
in suspension in a short time. Samples obtained by thermal decomposition technique 
were diluted in dichloromethane and analyzed at 25 ºC, whereas samples obtained by 
molten salts methodology were diluted in water after nanoparticle surface stabilization. 
It is important to refer that particle concentration should be low in order to minimize the 
magnetic dipolar interaction, resulting in a clear, brown-colored solution after sample 
dilution.64 

 

2.2.6.  Zeta Potential 
To assess surface modification of MNPs with citric acid or EDTA, the zeta 

potential was measured using disposable DTS1070 cells also with a Malvern Zetasizer 
Nano ZSTM instrument. Isoelectric point of pure and stabilized samples was obtained 
through electrophoretic mobility in water. The results were obtained with 3 
measurements and a maximum of 100 runs using the Smoluchowski model. 
Aforementioned, after diluting the samples, the particle concentration should be low, to 
consequently reduce the magnetic dipolar interaction and obtain a clear, brown-colored 
solution.64 

 

2.2.7. Magnetic characterization  

Magnetization measurements in function of temperature reveal how the materials 
magnetization change with the evolution of temperature. The magnetic properties of the 
samples were acquired by a Superconducting Quantum Interference Device (SQUID) 
magnetometer from Quantum design (MPMS-7 K). The measurements were carried out 
using dried NPs held into a sample holder with cotton and reenforced with Kapton tape. 
Powder samples were weighted with high precision (ca. 20 mg) in order to normalize all 
magnetization to the sample mass to obtain the magnetization per mass.31,186 The DC 
magnetic susceptibility as a function of temperature, M(T), was achieved down to 5 K 
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using ZFC and FC protocols, at H = 50 Oe. The plot of ZFC and FC curves was obtained 
using Origin software. 

 

2.3. Synthesis of MnϰZn1-ϰFe2O4 NPs  

2.3.1. Thermal decomposition methodology  

Iron oxide nanoparticles doped with manganese and zinc were synthetized by 
thermal decomposition method according to a procedure previously described by 187 and 
122 with some modifications. Noteworthy, all the synthesis were performed in a 50 mL 
three neck round bottom flask equipped with a water-cooled condenser connected to a 
standard Schlenk line. Different amounts of Mn(acac)2, Zn(acac)2 and Fe(acac)3 
reagents were mixed to form nanoparticles with the formula MnϰZn1-ϰFe2O4 (ϰ = 0.13, 0.35, 
0.6). The used reagent quantities used for the preparation of all samples are shown in 
Table 9 (Appendix). TD1 NPs, for example, were obtained by mixing Mn(acac)2 (0.13 
mmol, 0.0401 g) with Zn(acac)2 (0.87 mmol, 0.2312 g) and Fe(acac)3 (2 mmol, 0.7331 
g), in conjunction with OA (3 mmol, 0.8821 g), OAm (3 mmol, 0.8158 g) and 1,2-HDO 
(1.5 mmol, 0.4003 g) were mixed and dissolved in 37.5 mL of DBE in a 50 mL three neck 
round bottom flask. Under nitrogen flow and vigorous stirring, the mixture with reddish 
brown color was purged for 15 min and heated at a rate of 10 ºC.min-1 until 220 ºC, where 
it remained for 2 h to favor nanoparticle nucleation. Then, the solution was heated to 300 
ºC at 10 ºC.min-1 heating rate and maintained in reflux for 1 h to complete the 
nanoparticle growth. The black-brown mixture was cooled to room temperature by 
removing the heating source, and the obtained nanoparticles were precipitated with 20 
mL of ethanol PA. In order to remove the reagents and solvent remainders, nanoparticles 
were resuspended in a mixture of 3:1 (ethanol PA:dichloromethane) and centrifuged at 
6000 rpm over 15 min. The purification process was repeated six to ten times to obtain 
Mn-Zn ferrite nanoparticles. Thus, Mn0.13Zn0.87Fe2O4, Mn0.35Zn0.65Fe2O4 and 
Mn0.60Zn0.40Fe2O4 were obtained and stored in powder. Figure 25 demonstrates the 
thermal decomposition process for the as-prepared MnϰZn1-ϰFe2O4 NPs. In Table 9 
(Appendix), all the obtained MnϰZn1-ϰFe2O4 NPs are described. 
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Figure 25. Illustration of the heating profile of thermal decomposition to obtain MnxZn1-xFe2O4 

NPs. 

There are multiple reports of Mn Zn ferrite NPs by thermal decompositions using 
different amounts of surfactants and DBE. However, in the present work, efforts were 
made to simplify the process and reduce the overall costs of this method. To this end, 
two distinct amounts of DBE were used, namely 37.5 and 20 mL64,116,117, along with some 
variations in the surfactant concentrations, as shown in Table 9 (Appendix).  

 

2.3.2. Molten salts methodology 

The experimental design of the synthesis of iron oxide nanoparticles doped with 
manganese and zinc was based on the optimized synthesis method of manganite 
perovskite nanocubes (LSMO).188 For sample MS1, for example, a mixture of 
Mn(NO3)2•ϰH2O (0.10 mmol, 0.0248 g), Zn(NO3)2•6H2O (0.90 mmol, 0.2627 g), 
FeN3O9•9H2O (2 mmol, 0.7995 g) and KNO3 (9.89 mmol, 1.0037 g) were milled inside a 
mortar with a few drops of absolute ethanol and a homogeneous mixture was obtained 
for approximately 10 min. This step allowed to melt the precursors into a “molten-salt” 
mixture that was further deposited in an alumina crucible. After drying, it was inserted in 
a tubular oven heated from RT to 500 ºC at 5 ºC.min-1 where it was treated under air flow 
for 1 h and 40 min. Then, the dark brown powder was maintained at 500 ºC for more 20 
min. The obtained powder was removed from the furnace and quenched at RT. It was 
washed with deionized water and the resulting dark brown precipitate was washed by 
five cycles of centrifugation-redispersion in deionized water. The last wash was 
performed with ethanol absolute and the powder was dried overnight at 75 ºC. Figure 26 
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demonstrates the molten-salts process for the as-prepared MnϰZn1-ϰFe2O4 NPs. In Table 
11 (Appendix) all the obtained MnϰZn1-ϰFe2O4 NPs are described.  
 

 
Figure 26. Illustration of the a) mechanism of conventional molten salts method, and b) heating 
profile of molten-salts method to obtain MnϰZn1-ϰFe2O4 NPs. 

 

2.4. Production of a magnetic ferrofluid  

In order to produce ferrofluids, proper stabilization of the NPs is essential to avoid 
aggregation. To this end, two stabilization strategies were employed, with EDTA and 
citric acid (Figure 28). The chemical structure of citric acid and EDTA is demonstrated in 
Figure 27. In the first, aqueous ferrofluids of MnϰZn1-ϰFe2O4 NPs were produced 
according to a procedure previously described by 189 with some alterations, where 25 mg 
of NPs were dispersed in 30 mL of 0.005 M EDTA solution along with NaOH by ultra-
sonication for 30 min. After verifying a neutral pH, the mixture was left at 70 or 90 ºC for 
4 h under vigorous stirring. The particles were collected by centrifugation at 6000 rpm 
for 15 min and washed four times with deionized water to remove unattached EDTA. The 
sample was then re-dispersed in 4 mL of deionized water without further washing. In the 
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other strategy, attempts to obtain aqueous ferrofluids of MnϰZn1-ϰFe2O4 NPs were 
performed using citric acid according to a procedure previously described by 85, also with 
some alterations, in which 25 mg of NPs were dispersed in 30 mL of concentrations 
varying from 0.005 to 0.05 M citric acid solution. After adjusting pH by means of NaOH 

addition until pH ~ 7, the mixture was left at 70 or 90 ºC for 4 h under vigorous stirring. 
After that the particles were collected by centrifugation at 6000 rpm for 15 min and 
washed four times with deionized water to remove unattached citric acid. The sample 
was then re-dispersed in 4 mL of deionized water without further washing. The attempts 
to obtain a ferrofluid are depicted in Table 5. It is clear that, stabilization in water relies 
on the initial state of the NPs, for example, the longer the NPs remain in storage in 
powder form, the more difficulties would be encountered in this method.  

 
Figure 27. Structures of a) EDTA, and b) citric acid as alternative functionalization agents for 
the NPs. 

 
 
 

 

Figure 28. Dispersion of the MNPs in order to obtain a stable magnetic ferrofluid by using either 
EDTA or Citric acid, both for 70 and 90 ºC. 
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Table 5. Reaction conditions for the ferrofluids preparation. 

Sample Starting 
NPs 

<d>TEM 
(nm) EDS t (h) T (ºC) Dispersant [C] (M) 

FP14 TD11 5.8 0.42:0.65:2 

4 

70 
Citric acid 0.05 FP16 MS4 3.9 0.42:0.62:2 

FP15 TD11 5.8 0.42:0.65:2 
EDTA 0.005 

FP17 MS4 3.9 0.42:0.62:2 
FP20 MS4 3.9 0.42:0.62:2 

90 
Citric acid 0.05 

FP19 TD11 5.8 0.42:0.65:2 
FP18 TD11 5.8 0.42:0.65:2 EDTA 0.005 
FP21 MS4 3.9 0.42:0.62:2 

<d>TEM: particle diameter estimated by TEM analysis, T: temperature, t: time, [C]: 
concentration 

 

2.5. Ferrofluid encapsulation 

Validating the precision of the temperature measurements obtained by the 
developed magnetic thermometers is of paramount importance to this work. To this end, 
a similar environment to the one intended to harbor the magnetic thermometers was 
successfully achieved by internalization of the ferrofluids in gelatin capsules, thus 

simulating a phantom tissue (Figure 29). Briefly, 100 µL of 1 %w/v gelatin (Gelatin from 
porcine skin, Type A, Sigma-Aldrich CAS: 9000-70-8) aqueous solution was added to 

100 µL of ferrofluid. The mixture was then frozen overnight to allow gelation of the 
solution, using a round-shaped vessel. The external membrane was produced by 
subsequent immersion of the still frozen mixture in a 2 %w/v alginate (ALG) solution and 
then in a 0.2 M calcium chloride solution (CaCl2). This procedure was repeated two times 
in order to obtain a stable and fully individualized capsule. After the assembly of the ALG 
membrane, the capsules were kept in distilled water to assure their stability. Afterwards, 
phantom simulation continued by building a bigger macrocapsule with an overall size of 
1 cm of thickness using the first capsule. Firstly, capsules were immersed in 1.5 mL of 
10 %w/v gelatin aqueous solution using a round-shaped vessel, and then the material 
was frozen overnight once again, similarly to the approaches made by 190,191. The frozen 
macrocapsule was then immersed in a 2 %w/v alginate solution and then in a 0.2 M 
calcium chloride solution. This procedure was repeated three times to assure a stable 3-
D model system. Finally, the gelatin macrocapsules were allowed to fully thaw at ambient 
temperature, with the system assuming an almost transparent appearance of liquid-
within-liquid individualized compartments.  
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Figure 29. Internalization of the ferrofluids in gelatin capsules in order to simulate a phantom 
tissue. A) Production of gelatin capsules containing an optimized suspension of NPs; B) 
Production of the multilayered membrane by dip coating, using alginate (ALG) and calcium 
chloride (CaCl2); C) Representation of the obtained multilayered capsules; D) Production of 
gelatin macrocapsules containing the gelatin capsules with an optimized ferrofluid; E) Production 
of the multilayered membrane on gelatin macrocapsules by dip coating, using alginate (ALG) and 
calcium chloride (CaCl2); F) Representation of the obtained multilayered gelatin macrocapsules. 

 

Chapter 3: Results and discussion 
 

Mn-Zn ferrites have been extensively studied for a plethora of applications over 
the years. However, their use in thermometry applications is scarce, as reflected by the 
lack of literature regarding this matter.38,39,51 The particular interest in nanothermometry 
arises from the fact that aforementioned Mn-Zn ferrites possess low inherent toxicity, 
high Ms and low Hc as well as high chemical stability.31,102 However, as highlighted in the 
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introduction, such doping process is quite challenging since magnetic properties are 
strongly dependent on their chemical composition, size, synthesis methods, as well as 
the distribution of cations between tetrahedral and octahedral sites. Hence, the objective 
of this study is to prepare Mn-Zn ferrite nanoparticles by thermal decomposition and 
molten salts methodologies, with high Ms, lower Hc and high sensitivity regarding a 
suitable range of temperature for both cryogenic and hyperthermia applications.  

 

3.1. Thermal decomposition methodology 

3.1.1.  Synthesis results analysis 

Before proceeding further, the question arises on why thermal decomposition 
methodology has received great attention to date for sensing.15,116 One important reason 
lies on the efficient separation of the nucleation and growth processes as they occur at 
different well-defined temperatures. This, in turn, provides an excellent control over size, 
shape and composition, thus allowing the precise adjustment of structural and magnetic 
properties. These findings are directly supported by literature as demonstrated by 
15,74,83,192, for example. In this methodology, a constant flux of nitrogen is essential to 
remove reaction sub-products such as water, carbon dioxide, acetone, etc., and achieve 
highly-monodispersive MNPs. It is important to perform this step not only at RT but also 
until reaching 220 ºC to obtain a proper liquid dispersion of the powder reagents. In 
addition, to prevent an overly intense reflux, the magnetic stirring should not be 
excessively fast, or else it will cause considerable splashing and bubbling. With respect 
to centrifugation speed, higher speeds can originate MNP aggregates, while lower 
speeds can result in lower yields.64 

Mn-Zn ferrite nanoparticles were synthetized via a colloidal thermal 
decomposition of Fe(acac)3, Mn(acac)2, Zn(acac)2 by 1,2-HDO in a mixture of DBE as a 
solvent and in the presence of OA and OAm as surfactants. Regarding the choice of 
materials, metal-organic complexes are known to be one of the most used precursors 
for synthetizing nanoparticles. Among these complexes, Fe(acac)3 and Fe(oleate)3 
showed themselves as promising candidates.15,193 However, Fe(oleate)3 is a multi-step 
synthesis precursor that originates a caramel-like compound which is hard to manage 
and weight.194 Consequently, this evidence would hinder the method reproducibility, as 
well as possibly increase human error, thus the other candidate, Fe(acac)3, was selected 
as an iron precursor due to its advantages, namely being a commercial powder 
precursor, easy to handle, and providing reproducible results.194 The remaining 
precursors were chosen due to their low costs and high yields, making them suitable for 
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Mn-Zn ferrite synthesis by thermal decomposition method.117 Regarding the other 
acetylacetonates precursors, it seems that Zn2+ ions are incorporated into the spinel 
more efficiently when compared to the zinc chloride precursor. A possible explanation 
may be attributed to the presence of water, introduced as bounded molecules to chloride 
salts, which has a negative impact on the method.195 The same explanation can be 
extended to the Mn(acac)2 precursor. 

A brief description of the role and effects of each precursor in the synthesis 
conditions will now be provided. With respect to 1,2-HDO, its absence has shown not to 
affect the particle size although it influences the nanoparticle’s polydispersity.196 It is also 
known that a higher concentration of this compound leads to a wider size distribution of 
the NPs. This compound also appears to be able to assist in the decomposition of the 
acetylacetonates precursors, thus favoring the particle nucleation at lower 
temperatures.196   

Concerning the indispensability of OA, some reports state that its key role on the 
reactional mixture is to tune the mean particle size. In fact, it has the effect of delaying 
nucleation towards higher temperatures, thus creating smaller nuclei while modulating 
the particle growth kinetics.11 The standalone use of OA originates a viscous product 
which hinders purification and characterization.117 In the absence of OA, however, there 
is a higher probability of nanoparticle aggregation.196  It is believed that OA not only acts 
as a stabilizer but also as a reducing agent in the synthesis process.54 Nevertheless, a 
minimum amount of OA, around 2 mmol to be specific, is required for it to partake in the 
formation of intermediate Fe3+-complex. In addition, this intermediate complex arises 
around 200 ºC, temperature at which decomposition of Fe(acac)3 occurs, independent of 
the present OA in the reaction.196 As explained above, the step at 200 ºC is important to 
assure the total decomposition of Fe(acac)3 and consequently obtain monodisperse NPs. 
Directly heating to 300 ºC from RT would lead to a slow nucleation and growth of nuclei, 
resulting in particles with a wide size distribution.117 Now regarding OAm, it seems to act 
as a solvent, surfactant and reducing agent. However, there is a fundamental information 
gap for what concerns the detailed mechanisms of OAm in thermal decomposition.111 
Nonetheless, it is reported that in the absence of OAm, the particles present a poorly 
defined morphology and are highly polydispersive.197 Moreover, the high boiling point of 
OAm (~ 364 ºC) offers a broad temperature range, enabling the realization of a complete 
study on the formation of MFe2O4 spinel ferrite dispersions  in non-polar solvents.118 
Higher yields are obtained in presence of both OA and OAm, so typically, both are 
present.117,198  
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The heating ramp is also of crucial importance regarding the final particle size. A 
decrease in the heating ramp leads to a decrease in the nucleation rate, thus forming 
less nuclei and allowing their growth. Before nucleation, ligands are responsible for 
solubilizing the cations that will originate metal complexes, therefore stabilizing the 
oxidation state of the cation and avoiding undesired side reactions. Even after nuclei 
formation, ligands still regulate particle growth, their shape evolution, and stabilization in 
the solution. The absence of ligands bears the consequence of uncontrolled growth 
caused by the need to reduce the total surface energy as swiftly as possible, therefore 
originating large and irregular nanoparticles. Ligands dynamically adsorb on certain 
faces through interactions with the particle surface cations, thus diminishing their surface 
energy.11 Heating ramps of 10 ºC.min-1 have demonstrated to be sufficient for obtaining 
highly monodispersive and spherical particles below 20 nm as reported in 64. DBE was 
chosen in comparison to phenyl ether for example, due to its higher boiling point, being 
298 ºC and 259 ºC, respectively.117 This because higher reflux temperatures result in 
larger particles when compared with phenyl ether. Now regarding flux time, it is 
interesting to notice that an increase in reflux time results in a change of shape from  
spherical to cubic.15,110 The thermal decomposition methodology reaction to obtain 
MnϰZn1-ϰFe2O4 nanoparticles is described in Equation 2. A summary of the chemical 
composition as well as reaction conditions is shown in Table 9 (Appendix). 
 
 
 
Equation 2. Reaction of acetylacetonates precursors by thermal decomposition methodology. 
 

According to the equation above, in the presence of OAm, OA, 1,2-HDO and DBE 
as solvent, the thermal decomposition of acetylacetonates results in the formation of the 
obtained MnϰZn1-ϰFe2O4 nanoparticles, releasing acetone (CH3COCH3) and carbon 
dioxide (CO2) as by-products. A similar equation was described in the synthesis of cobalt 
ferrites as demonstrated by Mahhouti and co-workers 197. 

 

3.1.2.  XRD pattern analysis 

The diffractograms displayed in Figure 30 present well defined peaks of the spinel 
crystal structure of MnϰZn1-ϰFe2O4 ferrite with their respective indexation, showing a 

predominant phase with the space group of Fd3"m (ICDD no. 98002-8512 to 8516). XRD 
diffraction patterns of all compositions indicate a favorable growth along the (220), (311), 

Mn(acac)2 + Zn(acac)2 + Fe(acac)3 MnϰZn1-ϰFe2O4 + CH3COCH3 + CO2 (Equation 2) 
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(400), (422), (511) and (400) directions, being in good agreement with the space group. 
From this diffractogram, it is deduced that all samples present a unique phase without 
detectable impurity phases within the detection limit of XRD. However, Fe3O4 can also 
be present since it belongs to the same space group and has approximately the same 
peak positions. The average crystallite sizes were calculated using Scherrer’s formula 
and are listed in Table 9 (Appendix).  
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Figure 30. X-ray powder diffraction (XRD) patterns of MnϰZn1-ϰFe2O4 and Fe3O4 NPs together with 
the indexation of Bragg peaks to a spinel structure. It is noteworthy that the colored lines 
correspond to experimental data collected whereas the black line represents the obtained 
Rietveld Refinement. Fe3O4 XRD pattern was obtained accessing Crystallography Open 
Database (COD), 9006189. 
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Comparing TD1 with TD3, and keeping in mind their synthesis conditions, it was 
expected to have similar sizes since the surfactants, as well as the solvent volume were 
the same. Despite TD2 possessing a higher concentration of zinc precursor, no 
unassigned reflection remains, thus not exhibiting zinc oxide formation within the limits 
of XRD which suggests a successful doping. Now establishing a comparison between 
TD5 and TD6, and knowing how they were synthetized, similar sizes were to be 
expected, since the same volume of solvents and surfactants were used. However, it 
was possible to conclude that although TD6 had zinc in excess, no zinc oxide was 
obtained indicating a well performed doping. Comparing TD8 with TD10 it is possible to 
conclude that while maintaining the surfactants concentration and the overall 
stoichiometric amounts of precursors, changing the volume of solvent did not influence 
the particle size. Comparing TD12 and TD13 it is possible to observe that maintaining 
the same precursors concentration, increasing OA and OAm results in smaller particle 
sizes, as reported in literature 116,196,197.  

Lattice parameters (a) exhibit characteristic values of bulk magnetite (~8.4 Å)118, 
and these suffer slight variations with changes in the composition, with a being between 
8.3958 and 8.4427 Å (Table 10, Appendix). An increase in the lattice parameter suggests 
Zn2+ ions are incorporated into the tetrahedral coordinated A-sites in the spinel lattice, 
while a decrease of the lattice parameter implies that some of the Mn2+ ions are oxidized 
into Mn3+ ions, and therefore are incorporated at octahedral coordinated B-sites, 
substituting Fe2+ ions.195 This information is in good agreement with the previously 
mentioned shift to higher angles. 

In general, the apparent size obtained by Rietveld Refinement ranges from 5.9 
to 15 nm as listed in (Table 10, Appendix). Since these NPs come in form of single 
domain, the apparent size can be considered the actual nanoparticle size. However, 
surface effects may hinder this conclusion, thus corroborating these findings with TEM 
is a better approach. 
 

3.1.3. FT-IR spectroscopy analysis 

Figure 31 evidences the FT-IR spectrum of a representative sample of MnϰZn1-

ϰFe2O4 NPs synthesized by thermal decomposition methodology (TD4 sample). FT-IR 
revealed the characteristic peaks of a spinel structure, in which metal-oxygen stretching 
modes of tetrahedral (A-site) and octahedral (B-site) symmetries are presented at 568 
and 426 cm-1, respectively.172,199,200 Five absorption bands at 1411, 1549, 1598, 2851 
and 2925 cm-1 appeared in FT-IR spectrum indicating the presence of OA.199 The bands 
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at 2925 (na C-H) , 2851 (ns C-H) and 1411 (ds C-H) cm-1 are known to be characteristic 
peaks of CH2 chains present in OA. Specific to the OA spectrum is the carboxyl 
absorbance at 1710 cm-1, which indicates that the molecule is present in dimmers held 
together by hydrogen-bonding.201,202 However, it is worth noting that the band at 1710 
cm-1, corresponding to C=O asymmetric stretching vibration of OA was absent in the 
spectrum, which indicates that the molecules are chemisorbed onto MNPs surface as a 
carboxylate. Instead, two new bands at 1414 and 1549 cm-1 appeared and thus they 

were attributed to the asymmetric (–COO-) and symmetric (–COO-) stretch vibration 
band, respectively.199,200,202,203 In the OAm spectrum the most characteristic peak is the 
787 cm-1 absorbance which can be ascribed to a NH2 wagging vibration198,201, which 
shifted as a slight peak at 716 cm-1 probably caused by the absorption of N-H groups 
onto the MNPs surface due to Van der Waals interactions.172,200,202 Two absorption bands 
at 1447 cm-1 and 1621 cm-1 were assigned to the bending vibrations of the –CH3 and –
C=C of oleylamine, in that order.172,198 The broad peak from 2978 to 3669 cm-1 points to 
trace amounts of water in the pellet.201  

 
Figure 31. Infrared spectrum of a representative sample of MnϰZn1-ϰFe2O4 nanoparticles 
synthesized by thermal decomposition (TD4 sample). 

 
To conclude, the presence of OA and OAm coating was verified by FT-IR as 

shown on Figure 31. It is noteworthy that the washing methodology for these 
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nanoparticles should be optimized in terms of the type of solvents used or mixture of 
solvents as well as centrifugation time and/or rotation speed. 
 

3.1.4. SEM-EDS analysis 

SEM micrographs are displayed in Figure 32. Due to the challenging sample 
preparation, it is not possible to distinguish individual nanoparticles regardless of the 
amplification, thus agglomerates of nanoparticles are observed. Despite the 
agglomeration of NPs, they seem to present a spherical morphology with a smooth 
surface. To assess the presence of metals, EDS analysis has been performed. In Table 
10 (Appendix) are reported the chemical formula, the equivalent number and the EDS 
results. It is known that EDS only reveals the presence of elements in a sample. As 
expected, the survey spectra demonstrated the presence of only Fe, O, Mn and Zn in 
the nanoparticles. By observing Table 10 (Appendix), it is clear that doping was achieved 
in all the samples. For ϰ = 0.13, the desired composition was obtained by adjusting the 
reagents ratio, whereby using Mn0.12Zn0.77Fe2O4 and Mn0.17Zn1.73Fe2O4, the final 
compositions of Mn0.11Zn0.78Fe2O4 and Mn0.13Zn0.77Fe2O4 were obtained, respectively. As 
for ϰ = 0.35, the desired compositions were obtained with regard to Zn by adjusting the 
reagents, with Zn as the excess. From these experiments, by using Mn0.36Zn0.82Fe2O4 
and Mn0.35Zn0.64Fe2O4, the compositions of Mn0.14Zn0.54Fe2O4 and Mn0.18Zn0.58Fe2O4 were 
achieved. Lastly, for ϰ = 0.60 it can be said that achieving the desired compositions was 
significantly more difficult, as the closest final compositions to the intended were 
Mn0.42Zn0.65Fe2O4 and Mn0.30Zn0.47Fe2O4 by using an initial composition of 
Mn0.80Zn0.84Fe2O4 and Mn0.64Zn0.97Fe2O4, respectively. To conclude, it can be said that 
as the ϰ value increases, or in other words, attempting to increase the Mn content, more 
difficulty is encountered in the doping process. 
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Figure 32. SEM micrographs of MnϰZn1-ϰFe2O4 NPs: a) TD1, b) TD2, c) TD3, d) TD4, e) TD5, f) 
TD6, g) TD7, h) TD8, i) TD9, j) TD10, k) TD11, l) TD12 and TD13 sample. 
 

3.1.5.  TEM measurements analysis 

The transmission electron microscopy (TEM) micrographs of the samples are 
shown in Figure 33. From them, it can be concluded that the NPs have a homogeneous 
size. It is also possible to conclude that this methodology provides great control over the 
NPs shape. In contrast with SEM analysis, the particles here appear well-individualized, 
suggesting that SEM may possess some technical limitations in comparison to TEM. The 
morphology of the nanoparticles is similar between compositions, possessing a spheric 
shape, also similar to the samples reported elsewhere.121,122 Figure 33 shows that the 
NPs are highly crystalline, and the crystal lattice fringes are clear in throughout the whole 
nanoparticle. In addition, the average particle size obtained by TEM is nearly identical to 
that obtained from XRD measurements, suggesting that each nanoparticle has a single-
domain structure. The results obtained were in agreement with the ones reported in 
literature.57,102,172,203 The size distribution histogram was fitted to the Gaussian function 
and the derived average sizes were listed in Table 10 (Appendix). 
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Figure 33. TEM micrographs of MnϰZn1-ϰFe2O4 NPs synthesized by thermal decomposition 
methodology: a) TD4 sample, and b) TD9 sample, c) TD11, d) TD6, e) TD13. The inset shows 
the histogram of size distribution of MNPs which as obtained from TEM data to approximate a 
Gaussian distribution. The legend is supplemented by the mean diameters and the standard 
deviation, both evaluated from experimental values. 

 

3.1.6. Magnetic measurements analysis 

Interest in intracellular mapping through nanothermometers has bolstered the 
attention of the research community.4,204–206 Nanothermometers present several 
advantages when compared to thermometers without micro and nanoscale such as: (i) 
easy synthesis and high controlled purity, since they are synthesized from pure 
precursors, (ii) low processing temperature and thus reduction of the synthesis costs, 
and (iii) improved mechanical stability.4 As mentioned in the previous sections, hoping to 
gain a better understanding of cellular events based on nanothermometers, temperature 
dependent Mn-Zn ferrites NPs were developed by thermal decomposition methodology 
(samples TD9 and TD4). Regarding sample TD9, these NPs revealed to work in a range 
of 150 to 375 K with a maximum sensitivity value |Sm| equal to 2.9 %.K-1 at 225 K as 
shown in Figure 34. Most luminescent-based thermometers possess temperature ranges 
above the ambient temperatures. However, a select few possess temperature ranges 
suitable for hyperthermia and cryopreservation applications. Such is the case of 
Eu3+/Tb3+ b-diketonate complex embedded into silica-coated magnetic NPs, which 
possess the larger temperature range of 10 to 330 K with a Sm of 4.9 %.K-1 at 143 K.4 As 
for the highest Sm value found in literature with a temperature range englobing room 
temperature, it results from a mutant of lacI, with a value of 19.6 %.K-1 at 318 K regarding 
a temperature range of 308 to 318 K.4  



 
 
 

83 

For the applications in question, however, the NPs require proper sensitivity 
within a broad temperature range englobing the temperatures experienced in both 
hyperthermia and cryopreservation procedures, which in turn can be considered in the 
following temperature intervals: 310 to 317 K for hyperthermia and 123 to 310 K for 
cryopreservation. 

 
Figure 34. ZFC-FC susceptibility curves for TD9 sample as well as temperature dependence of 
the relativity sensitivity values. The minus signal gives an indication that the thermometric 
parameter (magnetization, in this case) is decreasing. 

 
In the Figure 34 presented above, variation of magnetism according to 

temperature is displayed. The red line represents the calculated sensitivity of NPs with 
reversible behavior, while the black line represents the temperature dependence of 
magnetization. NPs with a normal superparamagnetic behavior exhibit a very small 
variation of magnetization over the established temperature range, while the produced 
NPs show a steep decrease in magnetism over the same temperature range, or in other 
words, a greater variation in magnetization in the same temperature interval. This leads 
to the conclusion that the produced NPs display a greater sensibility than standard 
superparamagnetic materials. In fact, the ability to control the composition of MIONs by 
doping is reflected by the direct improvement of magnetic behaviors, which in turn allows 
the development of high-sensitivity sensors with high MS.150  

Regarding FC and ZFC curves, displayed in the small box in the corner of Figure 
34, these merge together after 150 K, meaning that the produced NPs exhibit a reversible 
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response above said temperature. This implies that whether the NPs have been heated 
after being previously cooled without the application of a magnetic field, or after cooling 
with an applied field, the response will be the same, which is constitutes a desirable 
property in nanothermometers. ZFC-FC curves analysis show that TB is below RT, 
revealing that the particles are superparamagnetic at RT.118 These findings are also 
supported by Pardo and colleagues.64  

 
Figure 35. ZFC-FC susceptibility curves for TD4 sample as well as temperature dependence of 
the relativity sensitivity values. The minus signal gives an indication that the thermometric 
parameter (magnetization, in this case) is decreasing. 

 
Now with respect to the TD4 sample, it revealed |Sm| equal to approximately 2.1 

%.K-1 at 300 K as shown in Figure 35.  
Despite only two magnetic measurements being performed, it is expected that all 

the as-prepared particles show superparamagnetic behavior at RT. Additionally, in 
general MNPs with less zinc content are expected to have less sensitivity. A plausible 
explanation may rely on the fact that Zn2+ ions do not possess intrinsic magnetic moment, 
thus breaking the antiferromagnetic coupling between Fe3+ ions at tetrahedral and 
octahedral sites, which consequently increases the magnetization under applied 
magnetic fields, and since Zn2+ ions possess a smaller size in comparison to iron, an 
increase in Hc by zinc doping is not expected. This was also addressed by the work 
developed by Pardo and co-workers.64 
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To conclude, the hereby developed thermometers possess a relatively wide 
temperature range with proper sensitivity, showing promise for the evaluation of 
processes occurring within their temperature ranges. Moreover, their magnetic 
properties make them independent of optical transmission, enabling them to measure 
temperature at greater depths in a wireless manner. Regarding their intended 
applications, sample TD9 is suitable for hyperthermia and cryopreservation thermometry 
since it presents a reversible variation in magnetic response of ca. 1 %.K-1 between 300 
and 350 K and a variation of ca. 2 %.K-1 between 150 and 225 K, respectively. Sample 
TD4 is also suitable for both applications, however, in comparison to sample TD9, it 
presents a lower sensibility as a thermometer, demonstrating a reversible magnetic 
response variation of ca. 1 %.K-1 between 300 and 400 K. 

 

3.1.7. Final remarks 

MnϰZn1-ϰFe2O4 NPs (ϰ	 = 0.13, ϰ = 0.35, and ϰ = 0.60) were successfully 
synthesized by a two-step thermal decomposition methodology. XRD patterns confirmed 
the formation of MnϰZn1-ϰFe2O4 NPs with cubic spinel structure in all samples. In addition, 
no impurities were detected within the XRD limits. The effect of different contents of 
surfactants and solvent volume were also tested, however, only differences on 
crystallinity and small variations in size were exhibited. In addition, the calculation of the 
crystallite size by XRD resulted in values ranging from 5.9 and 15 nm, while the NPs size 
from TEM proved to be between 6 and 7 nm. Moreover, the morphology of the NPs was 
studied by SEM and TEM, however, due to the limitations of SEM, TEM was a much 
more reliable tool for morphology assessment, where it can be concluded that the 
particles possessed a spherical shape. 

 

3.2. Molten salts methodology 

3.2.1.  Synthesis results analysis 

In comparison to the aforementioned conventional methodologies, molten salts 
technique possesses a lower product formation temperature as it enhances the fast 
movement of solids in liquid molten salt phase through convection and diffusion. This 
methodology distinguishes itself from other synthesis systems by the facile 
destabilization of ionic/covalent bonds through the use of solvents due to the strong 
polymerization caused by molten salts at high temperatures.108 In addition, molten salts 
technique possess high aqueous solubility, thus favoring their removal at the end of 
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chemical reaction with ease and enabling an efficient product isolation from the synthesis 
reaction mixture. The molten salts methodology is widely explored in laboratory research 
by being a simple, green, scalable, cost efficient, versatile nanomaterial synthesis 
technique due to its low toxicity, cost effectiveness, low vapor pressure, easy availability, 
high heat capacity, large electrochemical range, and high conductivity. In addition to 
these appealing features, this technique stands out in comparison to its peers due to the 
reduction of product formation temperature and its efficiency in the synthesis of uniform 
particles. Salts such as KNO3 play a very important role in molten salts processes by 
enhancing the chemical reactivity of reactant species, lowering synthesis temperature, 
decreasing the degree of agglomeration in the final product, and generating a 
homogeneous final product powder.108 Thus, KNO3 was chosen for this work due to its 
easy availability, low reactivity, and high aqueous stability so that it can be easily 
removed by simply washing the product of the synthesis with water.108 In this procedure, 
10 equivalents of KNO3 were used for every equivalent of Mn(NO3)2•ϰH2O. During the 
calcination process the product will form a “film” which is deposited at the bottom of the 
crucible due to its rugosity. This “film” significantly decreases the final yield of the reaction 
and unfortunately its formation is impossible to prevent when using this type of crucible 
sample holder. However, through this work it could be observed that with less KNO3 the 
removal of the powder from the crucible became more difficult. In addition, not only was 
the yield of the reaction greatly lowered, but other crystalline phases were obtained as 
well. Thus, suggesting that the adequate amount of KNO3 improves the reaction 
outcome. The precursors were milled inside a mortar with a few drops of absolute ethanol 
since it will have great affinity to the water present in the “molten salt”. Thus, during the 
evaporation of EtOH (when the crucible is placed on the hot plate), water will also “leave” 
the molten salt along with the EtOH. This prevents the formation of undesired metal 
oxides during the calcination process and the contamination of the nanoparticles with 
undesired phases. 

Concerning the ferrites reported in literature (mentioned on the Chapter 1.6.3), to 
the best of our knowledge, there are no studies regarding Mn-Zn ferrite synthesis by 
molten salts, With this said, this work aimed to be the pioneer in this regard by combining 
a methodology that follows the Green Chemistry principles108 leading to the development 
of ferrites at a relatively low temperature. In this experiment, raw materials such as 
Mn(NO3)2•ϰH2O, Zn(NO3)2•6H2O, and Fe(NO3)3•9H2O were mixed according to the Mn 
and Zn content then calcinated at 500 ºC for 2 h to synthetize MnϰZn1-ϰFe2O4 NPs. The 
herein developed method for the production of Mn-Zn ferrites by molten salts presents a 
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relatively low reaction temperature in comparison to other reported molten salts works 
that use temperatures ranging from 800 – 1300 ºC.125–127 In addition, a reaction time of 
2 h at a temperature of 500 ºC is a promising factor regarding reaction times evidenced 
by other researchers, suggesting a more efficient approach. Lou et al. discussed the 
important role of temperature in molten salts synthesis of MgFe2O4 and how it affects the 
yield of the produced particles, verifying that for reactions occurring at different 
temperatures such as 760 and 860 ºC, yields of 60 and 75 % were obtained, 
respectively.126 With this in mind, the herein obtained yields of the as-synthetized NPs 
ranges from 43.4 to 54.0 %, thus following the same line of thought, wherein lower 
reactional temperatures tend to result in lower yields.  
 

3.2.2.  XRD pattern analysis 

The X-ray diffraction technique was used to determine the present phase on the 
MnϰZn1-ϰFe2O4 NPs. The respective diffractograms of as-prepared NPs as well as the 
corresponding Rietveld Refinement are depicted in Figure 36. These results confirm that 
the molten-salt methodology is an effective method for the formation of the MnϰZn1-

ϰFe2O4 NPs at relatively low-temperature. 
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Figure 36. X-ray diffractogram patterns of MnϰZn1-ϰFe2O4 and Fe3O4 NPs together with the 
indexation of Bragg peaks to a spinel structure. The colored lines correspond to experimental 
data collected whereas the black line represents the obtained Rietveld Refinement. ZnO impurity 
peaks are represented by *. Fe3O4 XRD pattern was obtained accessing Crystallography Open 
Database (COD), 9006189. 

 
As displayed in Figure 36, all diffraction peaks can be indexed to a cubic lattice, 

matching the standard Fd3"m cubic spinel structured Mn-Zn ferrite diffraction data (ICDD 
no. 98002-8512 to 8516). All samples present a unique phase, except for 
Mn0.1Zn0.9Fe2O4, meaning that they do not contain impurity phases within the detection 
limit of XRD. The sample Mn0.1Zn0.9Fe2O4 presented zinc oxide (ZnO), and thus we were 
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able to conclude that the maximum doping composition for zinc in Mn-Zn ferrite is ca. 
0.8 when prepared by this method. Fe3O4 can also be present in the samples, but it is 
not distinguishable from Mn-Zn ferrite diffractogram, as previously mentioned. As the 
zinc composition increases, the diffraction peaks become narrower, indicating the 
increase of crystallinity as well as apparent size, which is in agreement with previous 
synthesis reports using the molten salts methodology.207 However, the sample 
Mn0.8Zn0.2Fe2O4 has an apparent size of 1.3 nm while the sample Mn0.9Zn0.1Fe2O4 

presented an apparent size of 1.7 nm, which can be explained by a weak fitting in the 
XRD diffractogram refinement calculations in both samples.  

Now regarding the lattice parameters (a), these present the typical values of bulk 
magnetite (~8.4 Å)118, varying slightly by changing the composition, with a exhibiting 
values between 8.3238 and 8.4176 Å (Table 12, Appendix). Aforementioned, an increase 
in the a value demonstrates that Zn2+ ions are incorporated into the tetrahedral 
coordinated A-sites in spinel lattice, whereas its decrease suggests Mn2+ ions are 
oxidized into Mn3+ ions, and incorporated into octahedral coordinated B-sites, replacing 
Fe2+ ions.195 Again, this data is in accordance with the previously mentioned shift to 
higher angles. 

Previously we mentioned that the peaks are sharper and more intense for 
nanoparticles with higher zinc content. A closer look at the (311) reflection in the XRD 
patterns (Figure 36) showed that it is slightly shifted to smaller angles, specially from 
MS1 to MS6 sample, which could be attributed to the difference of Zn2+ and Mn2+ ionic 
radii, being 0.74 nm and 0.83 nm, respectively.192 However, the shifting distances of the 
peaks are not equal, suggesting that the shifts are not originated by baseline drift during 
data collection.208 This  structural results are also in concordance with the synthesis of 
Mn-Zn ferrites performed by Liu and co-workers.207 Noteworthy, the diffractogram shows 
broad and overlapping diffraction peaks for higher manganese content. Mamani et al. 
also experienced a similar occurrence regarding the synthesis of Fe3O4 NPs, due to the 
low crystallinity of the as-prepared NPs.209 For these reasons, alternatives such as the 
Mössbauer spectroscopy210 or X-ray photoelectron spectroscopy (XPS)211 technique can 
give insight on the cation distribution and the electronic state of each constituting atom, 
respectively. Furthermore, these techniques are sought out as they can individualize 
these oxides and gather measures with sensitivity to the surrounding chemical elements, 
thus improving the identification of the formed phases.212,213 

In general, the average crystallite sizes obtained by Rietveld Refinement ranges 
from 3.0 to 7.8 nm as listed in Table 12 (Appendix). Since these NPs come in form of 
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single domain, the apparent size can be considered the actual nanoparticle size. 
However, surface effects may hinder this conclusion, thus corroborating these findings 
with TEM is a better approach. 
 

3.2.3. FT-IR spectroscopy analysis 

The FT-IR spectra of all as-synthesized MnϰZn1-ϰFe2O4 NPs by molten salts 
methodology are shown in Figure 37 and reveals the characteristic peaks of a spinel 
structure, in which metal-oxygen stretching modes of tetrahedral (A-site) and octahedral 
(B-site) symmetries are presented at 572 and 459 cm-1, respectively. Of note, the band 
around 1548 cm-1 and the broad peak from 2664 to 3647 cm-1 represent the characteristic 
hydroxyl group (–OH), pointing to trace amounts of water absorbed after calcinations. It 
is also worth to mention that a shift on the intrinsic absorption bands may occur due to 
the substitution Zn2+ ions with Mn2+ ions, which possess an ionic radius of 0.74 and 0.83 
nm192, respectively. This substitution leads to a decrease in the bond length at tetrahedral 
sites, and it is known that the frequency of vibration varies inversely with the bond 
length.192 With all this taken into consideration, these results are in good agreement with 
the work performed by Wu et al., which also experienced a similar shift, as described 
here.214, as well as with the work done by Varshney and co-workers215. The band situated 
around 1620 cm-1 can be attributed to the characteristic hydroxyl groups (–OH) due to 
humidity in the samples.214 Now regarding the bands around 1420 and 1550 cm-1, these 
can be assigned to the presence of trapped NO3- in the produced NPs, although a 
notable shift from the expected wavenumber is displayed.215 
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Figure 37. Infrared spectra of MnϰZn1-ϰFe2O4 nanoparticles synthesized by molten salts 
methodology. 

 
3.2.4. SEM-EDS analysis 

SEM micrographs are displayed in Figure 38. As evidenced, due to the difficulties 
inherent to sample preparation, individual nanoparticles cannot be distinguished 
regardless of amplification, and although agglomerates of nanoparticles are shown, they 
seem to exhibit a spherical morphology and a smooth surface. 

The elemental chemical composition of the MnϰZn1-ϰFe2O4 NPs was evaluated by 
EDS analysis. By analyzing Table 12 (Appendix) it is notable that the chemical 
composition inferred from EDS is similar to the expected stoichiometry. Both Mn and Zn 
obtained by this technique were easily incorporated, with almost no deviation from the 
expected stoichiometry.  

 
 

250750125017502250275032503750

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (cm-1)

MS1
MS2
MS3
MS4
MS5
MS6
MS7
MS8
MS9

A-site B-site

–OH 
–OH ns –COO-

nas –COO-

nas and ns –OH
d NO3

-



 
 
 

92 

 

Figure 38. SEM micrographs of a) MS2, b) MS3, c) MS4, d) MS5, e) MS6, f) MS7, g) MS8, and h) 
MS9 NPs samples. 
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3.2.5. TEM measurement analysis  

TEM micrographs of the samples are displayed in Figure 39 and the average 
particle sizes are listed in Table 12 (Appendix). The presented micrographs only served 
to confirm the presence of NPs. However, regardless of amplification, it is observed that 
the images do not allow a clear view of individualized NPs, and although they mostly 
show a spherical shape, some tend to be elongated. This may be due to the extremely 
small size of the NPs, or also due to the fact that in this synthesis, no surfactants such 
as OAm and OA were used, since they prevent NP aggregation. In addition, in these 
micrographs we cannot visualize crystal lattice fringes, which is in accordance with the 
analysis presented by XRD, since the samples exhibit small crystallites. When 
comparing SEM and TEM analysis, it is evident that with TEM conclusions regarding 
particle individualization can be made, while in SEM this is not possible. 
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Figure 39. TEM micrographs of representative MnϰZn1-ϰFe2O4 NPs synthesized by molten-salts 
methodology: a) MS3, b) MS4, c) MS5, d) MS6, and e) MS9 sample. 
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3.2.6. Final remarks 

Motivated by the lack of thermal decomposition methods for the synthesis of Mn-
Zn ferrites, a novel method was developed to synthetize Mn-Zn ferrites designated 
molten salts-assisted thermal decomposition. This method is advantageous as the 
synthesis does not require neither solvents or surfactants, and the washing of the NPs 
can be done solely with distilled water, thus improving practical efficiency. In turn, the 
temperatures used in this novel strategy may be explored at much higher values than 
possible in a thermal decomposition methodology, which in turn is limited either the 
melting point or boiling points of the surfactants and solvents involved. In truth, despite 
the fact that this is the first synthesis of Mn-Zn ferrites by this methodology, in comparison 
to other already developed MNPs, this methodology presents much lower reactional 
temperatures than those mentioned in other reports.125–127 With this in mind, MnϰZn1-

ϰFe2O4 NPs with narrow sizes distribution were successfully synthesized by this 
innovative molten salts methodology, in which XRD patterns, further supported by TEM 
analysis, confirmed a homogeneous size, and a decrease in crystallinity when the 
manganese content increases. However, the crystallinity of the produced NPs by this 
method warrants improvement. This may be possible by increasing the reaction time, or 
by using a slower heating ramp, for example, where bigger crystals grow at expense of 
the smaller ones due to the difference of energy among them, previously described by 
the Ostwald ripening effect mentioned in Chapter 1.5. In addition, reactional time 
presents a greater relevance towards this end, than the annealing temperature, for 
example, due to the fact that the final particle size is achieved after the nucleation, 
independently of the temperature.118 In sum, the present work demonstrates a novel 
molten salts synthesis, owing to the unprecedented reaction times and low reaction 
temperatures. 
  

3.3. Comparison of thermal decomposition and molten salt 
methodologies 

From thermal decomposition it is possible to conclude that the produced Mn-Zn 
ferrites present higher crystallinity in comparison to the ones produced by molten salts 
methodology. This inherent crystallinity consequently allows the visualization of crystal 
lattice fringe on the samples. Moreover, the samples obtained by thermal decomposition 
displayed a defined morphology and a good size distribution without the need to stabilize 
the NPs with citric acid or EDTA, as demonstrated by the TEM analysis. This contrasts 
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with the results obtained by molten salts, where the samples exhibited a poorly defined 
morphology, as well as broad size distributions. However, thermal decomposition 
methodology sufferers from using costly solvents and surfactants, as well as the need to 
use a reducing agent in the process. Now addressing some practical concerns, the 
washing procedure used in thermal decomposition does not allow the use of water due 
to the presence of surfactants, whereas in molten salts the washes can be performed 
just with water. Also regarding thermal decomposition methodology, adjustments had to 
be made concerning the composition of the initial mixture of metallic ions due to the fact 
that surfactants tend to complex with metal ions, hindering their participation in the 
nucleation of NPs. Now referring to the strengths of the molten salts methodology, it is 
noteworthy that in this approach, all the precursors are incorporated into the particles, 
as shown by EDS analysis. Thus, in this method, it is easier to perform doping in 
comparison to thermal decomposition methodology. Regarding stirring, thermal 
decomposition presents a clear advantage in comparison to molten salts methodology, 
as it performs the synthesis under constant stirring, which consequently improves the 
interaction between the precursors, providing a better control over nanoparticle size 
homogeneity and particle morphology, wherein the molten salts methodology, the 
precursors are mixed without any source of constant stirring.  

Overall, both methodologies constitute a valuable approach for the synthesis of 
Mn-Zn ferrites, where thermal decomposition allows better size distributions and well-
defined spherical morphologies, while molten salts constitute a more facile synthesis, 
from a practical point of view, as well as being considered more a cost-effective 
methodology.  

 

3.4. Stabilization of MNPs 

Both the colloidal and physical stability of the MNPs in water, are of crucial 
importance for their application in biomedical purposes. Herein, NPs produced by 
thermal-decomposition methodology are considered hydrophobic because of the 
adsorption of organic solvents to the NPs surface.24 With this in mind, two different 
stabilization strategies were used, namely, with citric acid and EDTA. Regarding the 
former, citric acid is a biocompatible compound revealed to be efficient for stabilization 
of ferrites. Noteworthy, the strategy adopted here, follows the Green Chemistry 
principles, by avoiding the use of organic solvents.216 From the TEM and DLS data 
exhibited in Table 6, it is clear that the hydrodynamic diameters determined by DLS are 
much higher than those observed by TEM. This indicates that there is significant NP 



 
 
 

97 

aggregation and suggesting that the stabilization was not successful in obtaining 

individualized particles. This hypothesis is corroborated by FT-IR and x-potential 
analyses, which confirmed the presence of citric acid in the NPs surface64, meaning that 
the issue does not lie in an inefficient stabilization procedure, but rather due to the fact 
that the NPs were stored in its dried state, which constitutes a practical inconvenience 
that may be responsible for this occurrence. Now regarding EDTA, the same conclusions 
can be made regarding size differences between TEM and DLS analysis, which also 

suggest the stabilization was unsuccessful, since FT-IR and x-potential also confirmed 
the presence of EDTA in the surface of the NPs. It is important to refer that within the 
current time scope of this thesis, it was not possible to optimize these stabilization 
methodologies. However, it is possible to conclude that for the stabilization procedure 
with citric acid at 70 ºC the initial composition of the NPs is affected regardless of the 
concentration, whereas with 90 ºC and 0.05 M, the initial structure is only slightly 
affected. Now with respect to EDTA, at 70 ºC it is notable that the initial composition is 
slightly altered, whereas for 90 ºC with a concentration of 0.005 M, the initial composition 
is almost the same. Overall, experimental conditions for dispersion are adequate, 
although at least 3 experiments should be performed under the same reactional 
conditions to properly conclude about the method's reproducibility. 

 
Table 6. Comparison of the core size and the chemical composition between bare NPs and their 
subsequent stabilization with citric acid and EDTA. 

Sample Starting 
NPs 

<d>TEM 
(nm) EDS t 

(h) 
T 

(ºC) Dispersant [C] 
(M) Mn:Zn:Fe dDLS 

(nm) 
FP14 TD11 5.8 0.42:0.65:2 

4 

70 
Citric acid 0.05 

0.15:0.32:2 2 dist 
FP16 MS4 3.9 0.42:0.62:2 0.23:0.49:2 177.4 
FP15 TD11 5.8 0.42:0.65:2 

EDTA 0.005 
0.17:0.28:2 259.5 

FP17 MS4 3.9 0.42:0.62:2 0.33:0.50:2 245.6 
FP20 MS4 3.9 0.42:0.62:2 

90 
Citric acid 0.05 

0.28:0.41:2 612.6 
FP19 TD11 5.8 0.42:0.65:2 0.15:0.24:2 153.2 
FP18 TD11 5.8 0.42:0.65:2 

EDTA 0.005 
0.48:0.66:2 173.7 

FP21 MS4 3.9 0.42:0.62:2 0.36:0.55:2 284.6 
<d>TEM: particle diameter estimated by TEM analysis, T: temperature, t: time, [C]: concentration, dDLS: 
hydrodynamic particle diameter, dist: distributions 

 

3.4.1. FT-IR spectroscopy analysis 

The stabilization of the as-prepared Mn-Zn ferrites with citric acid and EDTA was 
evaluated FT-IR vibrational spectroscopy, providing insight regarding their functional 
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groups. The following spectra of the samples FP16 and FP18 relate to the Mn-Zn ferrites 
stabilized with citric acid and EDTA, presented in Figure 40 and Figure 41, respectively. 

 
Figure 40. Infrared spectrum of MnϰZn1-ϰFe2O4 nanoparticles stabilized by citric acid. 

 
Figure 40 display the infrared spectra concerning the citric acid stabilization. The 

peak at 468 cm-1, it is attributed to the metal-oxygen stretching vibrations in tetrahedral 
sites (A-site). Notably, this peak is slightly shifted to lower wavelengths in comparison to 
reports in literature that state that in the absence of citric acid, this peak should be located 
around 550 cm-1.172,199,200 As for octahedral symmetry (B-site) related peaks, it is 
expected that this peak is present, although outside the current wavelength range 
evaluated in the this analysis. This is claim is supported by the fact that the A-site peak 
appeared shifted from its expected position, and thus it is possible the same occurs 
regarding the B-site peak. Therefore, this shift may be explained by the presence of citric 
acid.130,168 The absorption band around 1387 cm-1 is attributed to asymmetric stretching 
of –COO- group of citric acid.130,168 In addition, the band at 1607 cm-1 is attributed to the 
C=O symmetric stretching vibration from the –COO- group of citric acid, which confirms 
the binding of citric acid radicals onto the surface of these Mn-Zn ferrites.130,168,217,218 The 
intense absorption band around 3300 cm−1 can be assigned to the presence of hydroxyl 
groups (–OH) on the surface of the NPs.130,168 According to literature, when the NPs are 
not properly washed, a citric acid absorption band at 1050 cm-1 is expected. This claim 
is supported by the fact that the FT-IR spectrum of pure citric acid possesses a strong 
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band around this same region.218 As evidenced, this peak is not present in the current 
spectrum, thus it is possible to conclude that the hereby presented NPs are properly 
washed.  

 
Figure 41. Infrared spectrum of MnϰZn1-ϰFe2O4 nanoparticles stabilized by EDTA. 

With respect to EDTA stabilization, as shown in Figure 41, the peak around 550 
cm-1 is assigned to the metal-oxygen stretching vibrations in tetrahedral sites (A-site), 
whereas the peak around 444 cm-1 is assigned to the metal-oxygen stretching vibrations 
in octahedral sites (B-site).130 The absorption bands at 1584 and 1390 cm-1 are allocated 
to the asymmetric (–COO-) and symmetric (–COO-) stretching vibration band, 
respectively.219 Based on the reports from 220,221, these results confirm the 
functionalization of Mn-Zn ferrites with EDTA. It is important to refer that slight deviations 
from the wavenumbers present in literature may occur due to differences in the adopted 
methodologies to obtain the NPs. As for the absorption band present at 3300 cm−1 it is 
attributed to the surface hydroxyl groups (–OH) on the NPs.130,168 

 

3.4.2. Zeta Potential analysis 

Zeta Potential (x-potential) analysis was conducted at a neutral pH to allow the 
determination of the surface charge of NPs. In Table 7 the results of the two types of 
NPs with different functionalization are presented, namely the sample FP16 and FP18. 
These results demonstrate that the NPs coated with citric acid (Figure 42) and EDTA 
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(Figure 43) possess negative (-) charge, which is in accordance with the expected since 
carboxylic groups (–COO-) are available at the surface of the NPs and these can be 
easily deprotonated (–COO-) when in an aqueous solution, thus providing negative (-) 
charge. 

 
Table 7. x-potential values for the MnϰZn1-ϰFe2O4@Citric acid sample (FP16) and for the MnϰZn1-

ϰFe2O4@EDTA sample (FP18). 

Sample x-potential (mV) 

MnϰZn1-ϰFe2O4@Citric acid -14.4 

MnϰZn1-ϰFe2O4@EDTA -7.49 
 

 
Figure 42. x-potential measurement for MnϰZn1-ϰFe2O4@Citric acid sample (FP16). 

 
Figure 43. x-potential measurement for MnϰZn1-ϰFe2O4@EDTA sample (FP18). 
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3.4.3. DLS analysis 

The hydrodynamic sizes of the stabilized nanoparticles were measured using 
DLS (Figure 44). Table 8 shows that the particle size measurements obtained by XRD 
and TEM do not match, thus verifying that the particles are not well-individualized. 
Polydispersity index (PdI) measures the homogeneity of the particles, whereas the 
smaller the value, the more unimodal distribution of NPs. Regarding MNPs, the PdI 
should not be higher than 0.2.222,223  

 
Table 8. Polydispersity index of the as-prepared ferrofluid for both MnϰZn1-ϰFe2O4@Citric acid 
sample (FP16) and MnϰZn1-ϰFe2O4@EDTA sample (FP18). 

Sample PdI1 PdI2 PdI3 

MnϰZn1-ϰFe2O4@Citric acid 0.439 0.438 0.335 

MnϰZn1-ϰFe2O4@EDTA 0.410 0.383 0.365 
 
 

 
 
 
Figure 44. Hydrodynamic diameter of the as-prepared a) MnϰZn1-ϰFe2O4@Citric acid sample and 
b) MnϰZn1-ϰFe2O4@EDTA sample. 

 
 

a)

b)
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3.4.4. SEM analysis 

For simplification, only SEM micrographs of FP16 and FP18 sample are depicted 
in Figure 45, as they correspond NPs stabilized with citric acid and EDTA, respectively. 
The herein presented micrographs serve to evaluate the stabilization of the MNPs, in 
which notable particle aggregation is shown. Moreover, comparing with the data from 
DLS, a higher hydrodynamic diameter was exhibited, suggesting that the NPs, although 
successfully stabilized with these compounds still are not devoid of aggregation. 

 
Figure 45. SEM micrographs of a) MnϰZn1-ϰFe2O4@Citric acid sample and b) MnϰZn1-

ϰFe2O4@EDTA sample. 

 
3.4.5. Internalization of the stabilized NPs 

 
Envisaging the ultimate goal of these NPs, concerns arise regarding the efficient 

uptake of these particles by the cells to properly create a 3D temperature map. To this 
end, there are three main factors to consider, namely the size of the NPs, their surface 
charge, and hydrophobicity.224,225 Regarding the first, ideally nanoparticles should 
possess a size higher than 10 nm to avoid renal filtration, but less than 200 nm to prevent 
liver and spleen accumulation. In addition, it is noteworthy that NPs with less than 100 
nm are thought to possess longer circulation times since they show reduced protein 
attachment.19,78,86  Now with respect to surface charge, slightly negative charged NPs 
are less susceptible to be captured by the liver or spleen due to electrostatic repulsion 
between the NPs and the cells surface.224 As for hydrophobicity, its influence on this 
matter is more ambiguous. On one hand, the hydrophobic NP surfaces can improve 
cellular uptake due to their affinity to the cell membrane lipid bilayer. On the other, 
hydrophobicity can increase the interaction with proteins in the blood, leading to 
premature clearance.225 With this in mind, the hereby presented NPs possess a size 
range from 5.9 to 15 nm, hydrophobic character and a negative surface charge. As far 
as size is concerned, these are considered acceptable for being internalized by the cells, 

a) b)

1 µm 1 µm
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although this would have to be confirmed with more practical studies in the future. 
However, to address cell internalization issues, a common approach relies on 
establishing a coating for the NPs, which can simultaneously increase its size, change 
its surface charge and hydrophobicity, depending on the used material. Some studies 
show it is possible to achieve cellular uptake without a coating, such as the work done 
by Iacovita et al., where MnϰZn1-ϰFe2O4 NPs with an average size of 30 nm demonstrated 
effective cell penetration through endocytosis.138 Nevertheless, there are also reports of 
employing a mesoporous SiO2 coating on the NPs, as demonstrated by Wang and 
coworkers, having developed NPs with 7 nm, that with the coating possessed an 
effective size of 55 nm, displaying good cellular internalization.179 Yet another example 
is given by Kandasamy and colleagues, who produced amine-functionalized MIONs, 
increasing its size from 11.5 to 120 nm and providing a hydrophilic character to the 
particles, which showed excellent intra-cellular uptake.226 This opens new pathways for 
future works where, if needed, similar strategies may be pursued to ensure proper size, 
surface charge and hydrophobicity to allow a successful cellular uptake and thus enable 
the creation of a temperature map with these nanothermometers. 
 

3.4.6. Final remarks 

In sum, it can be concluded that the stabilization of the herein produced NPs was 

successfully achieved, as demonstrated by FT-IR spectra and x-potential 
measurements, which confirmed the presence of citric acid and EDTA on the NPs 
surface. The negative surface charge of FP16 and FP18 sample is associated with the 
presence of carboxylic groups (–COO-), which are exposed to the solvent. However, both 
SEM and DLS analysis indicated considerable particle aggregation regardless of the 
concentration and stabilization agent used, thus suggesting that this approach should be 
optimized in order to obtain a colloidal suspension capable of remaining stable for long 
periods of time, as well as present well-individualized particles. Moreover, as was 
mentioned before, increasing the number of experiments under the same reactional 
conditions may lead to new conclusions regarding the method's reproducibility. 
 

3.5. 3-D liquified compartmentalized systems as disease models 

This developed ferrofluid encapsulation system aims to establish a temperature 
responsive medium in which temperature measurements by the magnetic thermometers 
are compared to an external thermometer inserted in both the gelatin core and in the 
thick gelatin outer layer. This 3-D liquefied compartment will allow us to conclude if the 
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magnetic thermometers are able to display an accurate temperature measurement. 
There are several reports in literature concerning the encapsulation of ferrofluids for 
different purposes. For example, Martina and colleagues took advantage of liposomes 
and their vesicular structure to encapsulate a maghemite ferrofluid through extrusion of 
a phospholipid-ferrofluid mixture through porous polycarbonate filters. Alternatively, 
calcium sodium alginate matrix capsules with an aqueous core also can contribute to the 
encapsulation of active compounds, providing shielding functions and enabling 
controlled release.227 Obeid et al. produced magnetic alginate beads by dropping a 
mixture of sodium alginate and a maghemite ferrofluid through a syringe into a CaCl2 
solution. In this case alginate acts as an adsorbent for pollutants gathered through the 
magnetic pull of the encapsulated MNPs for water decontamination purposes.228 In a 
different study, Mosafer and his team produced poly(lactic-co-glycolic acid)  (PLGA)-
encapsulated superparamagnetic iron oxide NPs for theragnostic applications using 
various water/oil emulsion strategies with (PLGA).229 In addition, Rahman et al. prepared 
core-shell magnetic polymer seeds aimed to be used in the separation of biomolecules 
for biotechnology applications. The researchers used emulsion polymerization of styrene 
using potassium persulfate (KPS) as an initiator and divinylbenzene (DVB) as a cross-
linker in the presence of oil-in-water magnetic emulsion, which produced organic 
ferrofluid droplets.230 

As evidenced, there are several approaches to encapsulating ferrofluids. In the 
present work however, gelatin was chosen as the encapsulating material to acts as a 
temperature-responsive phantom and, in the liquefied core, serve as a temperature 
homogenization medium, avoiding the formation of temperature gradients which would 
hinder precise measurements.183,231,232 This choice is justified by gelatin cost-
effectiveness and its ease of access, making it a suitable choice for the aforementioned 
purposes.233,234 It is noteworthy to mention that to achieve a stable capsule, only two dip 
coatings with alginate were enough, whereas to obtain a stable macrocapsule, three dip 
coatings were necessary. This experiment also served to verify the mechanical stability 
of the system. Upon inserting the thermometer inside the microcapsule, as well as inside 
the core, no protrusions from the inside occurred, suggesting a stable assembly.  
 

Chapter 4: Conclusion and future perspectives 
 

This dissertation focused on the development of magnetic Mn-Zn nanoparticles 
to act as a temperature sensor for hyperthermia and cryopreservation applications, with 
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the ultimate goal being the internalization of this system within cells to create real-time, 
wireless 3-D temperature maps with the aid of a GMR sensor, to monitor processes 
requiring a thorough temperature control. Hence, monodispersive MnϰZn1-ϰFe2O4 NPs of 
different compositions were successfully synthesized and characterized. The synthesis 
of monodispersive MnϰZn1-ϰFe2O4 is currently under study by researchers all over the 
world, however, none was focused in the development on nanothermometers, neither by 
thermal decomposition nor molten-salts methodologies. Particle diameter was tuned 
from 5.9 to 15 nm, depending on the reaction conditions and the magnetic properties 
presented by the TD4 and TD9 samples showed a temperature dependence in a wide 
range of temperature, which proved suitable to be used in nanothermometry. On the 
other hand, the herein developed molten salts technique represents an unprecedented, 
simple and green methodology for the synthesis of MnϰZn1-ϰFe2O4 NPs. 

The surface stabilization of the MNPs obtained by both thermal decomposition 
methodology and MS methodology was successfully achieved with two stabilizing 
agents, namely, EDTA and citric acid. Despite almost maintaining their initial chemical 
composition, the stabilized NPs were not well-individualized and only demonstrated to 
be stable in a short time period, thus hinting that the concentrations of both these 
compounds should be optimized to obtain a more stable colloidal suspension for longer 
periods of time. 

Regarding the nanothermometry application, it was not possible to measure the 
magnetic properties of all the synthetized magnetic particles, although the 
measurements made for a select few show promising features for hyperthermia and 
cryogeny applications. In addition, a phantom tissue was successfully fabricated using a 
simple layer-by-layer technique. Although no temperature measurements could be 
performed within the current time scope of this thesis, this is already a starting point for 
future work, where the temperature sensitivity of these nanothermometer will be 
assessed. With all this in mind, the planned future work includes (Figure 46): 

i) Optimize the crystallinity and size of the particles obtained with the molten salts 
methodology, for example, by increase the reaction time at the annealing 
temperature or use a slower heating ramp; 

ii) Selection of the best suited MnϰZn1-ϰFe2O4 nanoparticles to act as 
nanothermometers, i.e., those that show a strong temperature dependence with 
the magnetization; 

iii) Optimization of the concentrations of the biological compounds chosen for 
functionalization (e.g., SiO2, PEG) while maintaining the structure composition; 
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iv) Selection of the optimal ferrofluids for further studies of their magnetic properties, 
i.e., verify that even in form of ferrofluid they still show a strong temperature 
dependence with the magnetization; 

v) Conduct cytotoxicity assays in order to validate the usage of these systems in 
biological tissues for in vivo real time assessment of temperature changes during 
hyperthermia and/or cryopreservation. 

vi) Internalization of the optimal ferrofluids in gelatin capsules in order to simulate a 
phantom tissue and evaluate once again the temperature dependence with 
magnetization, as well as the sensitivity of the thermometers regarding their 
exterior environment; 

 
Figure 46. Schematic representation of the possible future work approaches to pursue. 

 
Overall, the results presented in this thesis led to the development of optimized 

synthesis methodologies for MnϰZn1-ϰFe2O4 nanoparticles, giving rise to unprecedented 
applications, namely in nanothermometry and hopefully being used as a platform for the 
development of new projects regarding temperature mapping at cellular level. 
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Appendix 
 
Table 9. Reaction conditions of MnϰZn1-ϰFe2O4 NPs obtained by thermal decomposition methodology as well as chemical composition. ϰ indicates the desired 
stoichiometric content of Mn in the final composition. 
 

Sample 
“ϰ” 

value 
MnII(acac)2 

(g) 
ZnII(acac)2 

(g) 
FeIII(acac)3 

(g) 

OAm OA 1,2-HDO DBE 
(mL) 

Chemical composition 
(g) (mol) (g) (mol) (g) (mol) 

TD1 

0.13 

0.0401 0.2312 0.7331 0.8158 3 0.8821 3 0.4003 1.5 37.5 Mn0.15Zn0.79Fe2O4 

TD2 0.0319 0.2247 0.7209 0.8137 3 0.8454 3 1.2527 1.5 37.5 Mn0.17Zn1.73Fe2O4 

TD3 0.0327 0.2291 0.7102 0.8031 3 0.9034 3 0.3900 1.5 37.5 Mn0.13Zn0.81Fe2O4 

TD4 0.0437 0.4923 0.7121 0.8108 3 0.8671 3 0.3923 5.0 37.5 Mn0.12Zn0.77Fe2O4 

TD5 
0.35 

0.0907 0.2324 0.7082 0.8221 3 1.0005 3 0.3871 1.5 37.5 Mn0.36Zn0.82Fe2O4 

TD6 0.0901 0.1879 0.7138 0.8115 3 0.8634 3 0.3941 1.5 37.5 Mn0.35Zn0.64Fe2O4 

TD7 

0.60 

0.1539 0.1086 0.7210 0.8039 3 0.8661 3 0.4125 1.5 37.5 Mn0.60Zn0.38Fe2O4 

TD8 0.1571 0.3178 0.7076 0.8054 3 0.8693 3 0.3849 1.5 37.5 Mn0.62Zn1.13Fe2O4 

TD9 0.1638 0.2761 0.7168 0.8124 3 0.8543 3 0.3918 1.5 20 Mn0.64Zn0.97Fe2O4 

TD10 0.1784 0.3169 0.7070 0.8152 3 0.8656 3 0.3885 1.5 20 Mn0.71Zn1.13Fe2O4 

TD11 0.2041 0.2390 0.7117 0.8039 3 0.8039 3 0.3895 1.5 20 Mn0.80Zn0.84Fe2O4 

TD12 0.1610 0.1246 1.1217 0.8777 3 0.9265 3 1.3025 5.0 20 Mn0.40Zn0.28Fe2O4 

TD13 0.1523 0.1068 0.7243 1.5992 6 1.7100 6 2.6091 10 20 Mn0.59Zn0.37Fe2O4 
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Table 10. Chemical composition and structural properties of MnϰZn1-ϰFe2O4 NPs based on XRD and ImageJ measurements. ϰ indicates the desired 
stoichiometric content of Mn in the final composition, and a is the lattice parameter of the cubic cell. 
 

 
 
 
 
 
 

Sample “ϰ” value Chemical composition Mn:Zn:Fe dXRD (nm) a (Å) <d>TEM (nm) 

TD1 

0.13 

Mn0.15Zn0.79Fe2O4 0.15:0.47:2 8.3 8.4223  
TD2 Mn0.17Zn1.73Fe2O4 0.13:0.77:2 7.2 8.4427  
TD3 Mn0.13Zn0.81Fe2O4 0.07:0.56:2 9.0 8.4262  
TD4 Mn0.12Zn0.77Fe2O4 0.11:0.78:2 8.0 8.4308 6.6 
TD5 

0.35 
Mn0.36Zn0.82Fe2O4 0.14:0.54:2 6.8 8.4349  

TD6 Mn0.35Zn0.64Fe2O4 0.18:0.58:2 6.4 8.4335 7.7 
TD7 

0.60 

Mn0.60Zn0.38Fe2O4 0.23.0.20:2 10 8.4086  
TD8 Mn0.62Zn1.13Fe2O4 0.15:0.34:2 14 8.4264  
TD9 Mn0.64Zn0.97Fe2O4 0.30:0.47:2 6.9 8.4388 7.2 
TD10 Mn0.71Zn1.13Fe2O4 0.21:0.45:2 15 8.4282 6.6 
TD11 Mn0.80Zn0.84Fe2O4 0.42:0.65:2 5.9 8.4366  
TD12 Mn0.40Zn0.28Fe2O4 0.25:0.22:2 8.9 8.4085  
TD13 Mn0.59Zn0.37Fe2O4 0.21:0.20:2 7.2 8.3958 5.1 

dXRD: particle diameter obtained by XRD data, a: lattice parameter of the cubic cell, <d>TEM: particle diameter estimated by TEM analysis 
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Table 11. Reaction conditions of MnϰZn1-ϰFe2O4 NPs obtained by molten salts methodology. ϰ indicates the desired stoichiometric content of Mn in the final 
composition. 
 

Sample ”ϰ” value Mn(NO3)2·4H2O (g) Fe(NO3)3·9H2O (g) Zn(NO3)2·6H2O (g) KNO3 (g) 
Chemical 

composition 

MS1 0.1 0.0248 0.7995 0.2627 1.0001 Mn0.10Zn0.89Fe2O4 

MS2 0.2 0.0497 0.7992 0.2355 1.0000 Mn0.20Zn0.80Fe2O4 

MS3 0.3 0.0754 0.7991 0.2060 1.0010 Mn0.30Zn0.70Fe2O4 

MS4 0.4 0.0992 0.7997 0.1767 1.0010 Mn0.40Zn0.60Fe2O4 

MS5 0.5 0.1245 0.7992 0.1471 1.0037 Mn0.50Zn0.50Fe2O4 

MS6 0.6 0.1491 0.7992 0.1178 1.0023 Mn0.60Zn0.40Fe2O4 

MS7 0.7 0.1739 0.7991 0.0883 1.0008 Mn0.70Zn0.30Fe2O4 

MS8 0.8 0.1989 0.7994 0.0587 0.9996 Mn0.80Zn0.20Fe2O4 

MS9 0.9 0.2238 0.7992 0.0297 1.0002 Mn0.90Zn0.10Fe2O4 
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Table 12. Chemical composition, and EDS results of MnϰZn1-ϰFe2O4 NPs synthesized by molten salts methodology. ϰ indicates the desired stoichiometric content 
of Mn in the final composition, and a is the lattice parameter of the cubic cell. 
 

Sample Chemical composition Mn:Zn:Fe dXRD (nm) a (Å) <d>TEM (nm) h (%) 

MS1 Mn0.10Zn0.89Fe2O4 - - - - - 
MS2 Mn0.20Zn0.80Fe2O4 0.21:0.74:2 4.2 8.4176  48.8 
MS3 Mn0.30Zn0.70Fe2O4 0.31:0.52:2 3.1 8.4005 5.5 49.0 
MS4 Mn0.40Zn0.60Fe2O4 0.42:0.62:2 2.7 8.4115 3.9 45.0 
MS5 Mn0.50Zn0.50Fe2O4 0.52:0.48:2 2.4 8.3628 7.8 49.7 
MS6 Mn0.60Zn0.40Fe2O4 0.63:0.40:2 2.0 8.3461 6.1 43.4 
MS7 Mn0.70Zn0.30Fe2O4 0.62:0.28:2 2.0 8.4125  49.4 
MS8 Mn0.80Zn0.20Fe2O4 0.74:0.18:2 1.3 8.3677  50.0 
MS9 Mn0.90Zn0.10Fe2O4 0.94:0.10:2 1.7 8.3238 3.0 54.0 

dXRD: particle diameter obtained by XRD data, <d>TEM: particle diameter estimated by TEM analysis 
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