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Abstract

This dissertation establishes and presents an approach that may be taken, while designing
and developing new conducting nanocomposites based on magnetic nanoparticles and
conjugated polymers.

The main goal of the first phase of this research, was to study the influence of content of
dopants on size, shape and magnetic properties of metal oxide nanoparticles. To achieve
that the synthesis of iron oxide and zinc ferrite nanoparticles was realized with thorough
analysis using numerous methods like vibrating sample magnetometry, X-ray
photoelectron spectroscopy, transmission electron microscopy and more. In addition, the
presence of a shell, made of capping agents used during the synthesis, was observed and
studied. Such a shell adds additional interface which must be taken into consideration,
while designing nanocomposites based on polymers and nanoparticles. This issue was
further investigated in the following parts of the study.

In the next step, a unique measurement procedure was established. It was proposed that
proper application of X-ray photoelectron spectroscopy combined with Gas Cluster Ion
Beam allows to study the chemical composition of not only the surface of nanoparticles,
but also the deeper layers of measured samples. What is more important, it was proven
that here established procedure of sample’s sputtering, allows to study subsequent shells
of nanoparticles without changing the states of elements present in the sample, which
sometimes may be an issue.

Then, I have proposed an altered method of synthesis of nanoparticles involving
conjugated polymers during the whole process of nanoparticle formation to resolve the
problem of additional layer covering nanoparticles. As a result, there was less control over
the morphology, but the shell was modified, so that the electrical conductivity of pure
nanoparticles was observed. What is more, two distinct nanocomposites, based on two
different types of nanoparticles, were formed (using the classical and newly designed
synthesis protocol), and enhanced electrical properties of newly designed nanoparticles

were shown.

Finally, the study presents the comparison of resistance of six different nanocomposites.
Namely, magnetite, cobalt ferrite and nickel ferrite nanoparticles, obtained following the
classical and newly designed synthesis protocol, were mixed with poly(3-hexylthiophene-
2,5-diyl). Subsequently, not only their electrical resistance was measured, but also the
electric response in the external magnetic field, changing in the range of up to 1500 mT,
was studied for four out of sixed samples. As a result, I have obtained over 5% change in
the resistivity for the nanocomposite based on iron oxide nanoparticles synthesized in the
presence of conjugated polymer. On the other hand, similar nanocomposite, but with
nanoparticles coated with surfactant capping agents, showed only 1% of such alteration,
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proving that the interface engineering is a crucial point in nanocomposite materials of
that type.

To sum up, during my doctoral studies | have modified and created a synthetic protocol
which allows to obtain nanoparticles with two distinct shells - electrically insulating or
conducting. What is more, the importance of interface between the nanocomposite’s
components was evidenced, which paves the way for enhancement of the electromagnetic
response in the field of inorganic/organic nanocomposites.



Streszczenie

Celem niniejszej rozprawy jest przedstawienie procedury projektowania i wytwarzania
nowych kompozytéw przewodzacych na bazie nanoczastek magnetycznych i polimerow
skoniugowanych.

W poczatkowej fazie badan skupiono sie na syntezie nanoczastek tlenku zelaza i ferrytow
cynku o réznej zawarto$ci domieszek. Zastosowanie takich technik badawczych jak
magnetometria z wibrujgca sonda, spektroskopia fotoelektronow z zakresu
promieniowania X, transmisyjna mikroskopia elektronowa oraz inne, pozwolito na
okres$lenie wptywu zawartos$ci domieszek na rozmiar, ksztatt i wtasnosci magnetyczne
otrzymanych nanoczastek. Ponadto zaobserwowano obecno$¢ otoczki zbudowanej z
zastosowanych podczas syntezy $rodkéw powierzchniowo czynnych, ktéra dodaje
dodatkowg warstwe na granicy pomiedzy nanoczastka a polimerem, co powinno by¢
wziete pod uwage w trakcie projektowania nanokompozytu. Obecnos$¢ powtoki byta
tematem kolejnego etapu pracy.

Kolejnym krokiem bylo opracowanie procedury pomiarowej nanoczastek, ktora
pozawalataby na pomiar sktadu nie tylko powierzchni, ale rowniez rdzenia materiatu.
Zaproponowano, aby za pomoca spektroskopii fotoelektronéw w zakresie
promieniowania X w potaczeniu z rozpylaniem jonowym dziatem klastrowym mozliwe
byto nie tylko badanie sktadu chemicznego powierzchni nanoczastek, ale takze gtebszych
warstw probek. Dodatkowo udowodniono, Ze zastosowana metoda rozpylania
powierzchniowego pozwala na badanie gtebszych warstw powierzchni nanoczastek bez
zmiany stanu chemicznego probki, co jest czestym problemem w podobnych uktadach.
W celu rozwigzania problemu dodatkowej warstwy pokrywajgcej nanoczastki,
opracowano zmodyfikowang synteze, w ktérej polimer byt obecny podczas catego
procesu formowania nanoczgstek. W rezultacie kontrola nad morfologig byta mniejsza,
jednakze powloka =zostata zmodyfikowana, a nanoczastki wykazaly zdolnos¢
przewodzenia pradu elektrycznego. Stworzono réwniez, dwa odrebne nanokompozyty,
oparte na dwoch roznych typach nanoczastek (otrzymanymi w obecnosci i bez obecnosci
polimeru podczas syntezy), oraz pokazano ulepszone wtasciwosci elektryczne nowo
opracowanych materiatow.

Koncowym etapem badan byto zbadanie odpowiedzi elektrycznej szesciu réznych
nanokompozytow opartych na nanoczgstkach magnetycznych 1 polimerze
skoniugowanym. Nanoczastki magnetytu, ferrytu kobaltu i ferrytu niklu, otrzymane
zgodnie z pierwszg i nowo opracowang syntezg, zmieszano z poli(3-heksylotiofeno-2,5-
diylem) i zbadano ich odpowiedZ elektryczng w zewnetrznym polu magnetycznym,
osiggajacym warto$¢ do 1500 mT. W efekcie uzyskano ponad 5% zmiane rezystywnoSci
nanokompozytu na bazie nanoczastek tlenku zZelaza syntetyzowanego w obecnosci
skoniugowanego polimeru. Warto nadmieni¢, Ze podobny nanokompozyt, ale z



nanoczastkami pokrytymi $rodkami powierzchniowoczynnymi, wykazywat tylko 1%
zmiane odpowiedzi elektryczne;j.

Podsumowujac, podczas moich studiéw doktoranckich zmodyfikowatam i opracowatam
synteze nanoczastek magnetycznych z dwoma réznymi powtokami. Pozwolito mi to na
stworzenie nanokompozytéw i zbadanie ich przewodnictwa w zewnetrznym polu
magnetycznym w szerokim zakresie temperatur. W zaleznosci od rdzenia i powtoki
uzytych nanoczastek, nanokompozyty réznity sie zmiang oporu w zewnetrznym polu
magnetycznym. Dodatkowo udowodnitam, Ze podczas projektowania nanokompozytéw
do zastosowania w elektronice nalezy pamieta¢ o wptywie interfejsu miedzy zwigzkami
nieorganicznymi i organicznymi. Wszystko to, moze znaczgco wptyna¢ na odpowiedz
elektromagnetyczng materialéw otrzymywanych w przysztosci.
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The structure of the dissertation

This doctoral thesis describes my published findings in the fields of magnetic
nanoparticles and magnetoelectric hybrid nanocomposites. The research was focused on
the impact of the nanoparticles’ shell on the electrical conductivity and magnetoresistive
response of the nanocomposites consisting of magnetic nanoparticles and conjugated
polymer. The dissertation is based on four publications, which were published in the
international journals from the Thomson Scientific Master Journal List, and are as follows:

[1] Lachowicz D., Wirecka R., Gérka-Kumik W., Marzec M. M., Gajewska M., Kmita A.,
Zukrowski J., Sikora M., Zapotoczny S., Bernasik A., ,,Gradient of zinc content in core-shell
zinc ferrite nanoparticles - precise study on composition and magnetic properties”,
Physical Chemistry Chemical Physics, 2019, 21(42), 23473, doi: 10.1039/c9c p03591e

[2] Wirecka R., Marzec M. M., Marciszko-Wigckowska M., Lis M., Gajewska M., Trynkiewicz
E., Lachowicz D., Bernasik A., , The effect of shell modification in iron oxide nanoparticles

on electrical conductivity in polythiophene-based nanocomposites”, Journal of Materials
Chemistry C, 2021, 9(32), 10453, doi: 10.1039/d1tc02949¢

[3] Wirecka R., Lachowicz D., Berent K., Marzec M. M., Bernasik A., ,Jon distribution in iron
oxide, zinc and manganese ferrite nanoparticles studied by XPS combined with argon gas
cluster ion beam sputtering”, Surfaces and Interfaces, 2022, 30, 101865, doi:
10.1016/j.surfin.2022.101865

[4] Wirecka R., Mackosz K, Zywczak A, Marzec M. M., Zapotoczny S., Bernasik A,
»,Magnetoresistive Properties of Nanocomposites Based on Ferrite Nanoparticles and
Polythiophene”, Nanomaterials, 2023, 13(5), 879; doi: 10.3390/nano13050879

This work consists of three general parts. Firstly, the introduction describes the aim and
focus of my research, additionally showing the importance of such study in the field. The
second part consist of four chapters describing and summarizing the findings of the
aforementioned articles, which should help in understanding the path that was taken in
my studies. Lastly, I have created a summary of all my work done during my doctoral
studies, in the field of magnetic nanoparticles and organic electronics to demonstrate the
relevance of my research. At the end of the thesis, there is a chapter consisting of articles
with statements of authorship, list of my achievements, conferences I have participated
in, and all scientific articles to which [ have contributed.
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My contribution to the presented articles

During my doctoral studies and the preparation of the abovementioned articles, I was

responsible for:

Optimization and performing the syntheses of nanoparticles in squalene and
dodecanoic acid;

Modification and performing the syntheses of nanoparticles in P3HT;

Design and synthesis of nanocomposites;

Analysis of TEM results;

All XPS measurements were conducted and analyzed by me. Discussions were
carried out with M.M. Marzec and A. Bernasik;

Sample preparation for VSM measurements, with partial contribution to their
analyses;

Sample preparation for conductivity measurements in dark and under
illumination, and all connected measurements;

Sample preparation for conductivity measurements in the external magnetic field,
and all connected measurements;

| prepared the XPS analysis and TEM analysis chapters and [ was involved in the

formulation of the main goals of the studies presented in the article entitled: ,Gradient

of zinc content in core-shell zinc ferrite nanoparticles - precise study on composition

and magnetic properties”. For the three remaining articles, I was the main author of

the manuscripts in which I conducted most or all experiments and participated in the

conceptual part of the studies. The discussions were carried with all the authors. What

is more, [ was responsible for the design and writing of the first drafts of the

manuscripts.
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Introduction

Synthesis of magnetic nanoparticles

Thanks to numerous potential as well as already commercialized applications of magnetic
nanoparticles based on iron oxides, they have attracted great scientific interest. As
a result, many routs to obtain oxides with precisely controlled size, morphology and
magnetic properties, were developed [5]. The commonly used synthesis methods include
(co)precipitation, electrochemical, solvothermal and thermal decomposition [6].

One of the simplest approach to synthesize iron oxide nanoparticles is by using
(co)precipitation method applying iron salts in an aqueous medium. It allows to get
a large amount of the product in an affordable and fast way. However, the synthesis
medium (water) typically results in a surface functionalization of nanoparticles with
hydroxylic groups that may lead to their aggregation and poor stability in non-polar
solvents [7]. Nevertheless, such nanoparticles may be good candidates for biological
applications, like hyperthermia [8]. When nanoparticles are supposed to be used in
organic solvents, the poor stability may be tackled by ligand exchange, which increases
their stability in organic solvents [9]. As an alternative method, creating a shell over the
magnetic core may be applied. Another problem may be related to the control over
diameter, size distribution or shape that in the coprecipitation approach is often not
satisfying, nor reproducible [10].

Another interesting synthesis route is a thermal decomposition method. Typically, in this
group of syntheses, metalloorganic compounds are mixed with solvents and surface
control agents (capping agents) and are heated up to approx. 300°C. In such a high
temperature, the decomposition of metalloorganic compounds occurs and formation of
nanoparticles takes place [11]. Depending on the temperature, time of decomposition,
and used components, it is possible to obtain nanoparticles of different sizes, shapes, ion
distribution or magnetic properties [12]. Additionally, the control over the physical
properties is relatively good, syntheses are reproducible, and nanoparticles are stable in
organic solvents. All of that makes this group of syntheses a perfect candidate to obtain
nanoparticles for organic-inorganic nanocomposites. On the negative side - most
syntheses are made only in the small batches, because of potential problems with heating
distribution in large syntheses vessels. Additionally, the presence of capping agents may
result in creation of shell made of them, covering the magnetic core of nanoparticles [13],
which may impact the interface between nanoparticle and another material.

Synthesis of nanocomposites

The properties of nanocomposites based on nanomaterials and polymers depend on
several factors, among which the four most important are: the properties of the materials
that make the composite, the quality of dispersion of one component in another, the
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homogeneity of the entire material, and the interactions between the matrix and the filler
[14]. Depending on the properties we want to focus on, one of four main methods of
obtaining nanocomposites can be selected.

Mixing nanoparticles

and polymer
Simultaneous synthesis Nanocomposites based on Mixing nanoparticles
of nanoparticles and nanoparticles and with in-situ synthesized
polymer polymers polymer

In-situ synthesis of
nanoparticles in the
polymer

Figure 1. Summary of different approaches to create nanocomposites based on nanoparticles and polymers.

The methods of obtaining nanocomposites, not only differ in potential results and final
properties, but also the difficulty may rise with introduced alterations (Figure 1). The
simplest way, and probably the most popular one, is to obtain nanoparticles and polymer
separately before creating nanocomposite, and then mix them together [15]. It results in
obtaining a material of potentially isolated ingredients, with no control over the interface,
with clustered nanoparticles between the polymer chains. The final properties of such
formed composites may not be as good as in more complex approaches, but still materials
with improved toughness or enhanced power conversion efficiency in solar cells may be
obtained [16,17].

The two other methods involve either synthesis of a polymer in the presence of
nanoparticles, or nanoparticles in the presence of a polymer. For the first one, we can
possibly obtain the polymer with desired parameters, for example, if we want to design
composites with increased toughness and selectivity for polymer based membranes
[18,19]. Unfortunately, in this approach nanoparticles may influence the chain formation
and the physicochemical properties of obtained polymer [20,21]. In the second approach,
we can synthesize nanoparticles in the already formed polymer. This may result in better
connections between nanoparticles and macromolecules, which is very important if we
want to use such nanocomposite in e.g., electrical devices [22]. When no insulating shell
is present on the surface of nanoparticles, their electrical properties may enhance the
properties of the whole nanocomposite [23]. Unfortunately, using this procedure may
resultin polymer degradation or irregularity of shape and size of nanoparticles if no shape
controlling substances (capping agents) are used. These two methods give us more
control over the connection made between the components but are far more complicated
than the simple mixing of nanoparticles in the polymer matrix. In addition, it may be very
hard to synthesize particles with small size distribution or a shape of choice. In case of
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polymer synthesis, it may bring unexpected results with high chain length distribution. In
case of conducting polymers, it is highly probable that the conductivity of such compound
will be poor as it relies highly on the regioregularity of a polymer chain.

The last and the most difficult approach is to design and perform simultaneous synthesis
of both materials [24]. This potentially may bring the best results, because we can
precisely choose the properties of the nanoparticles used, and the polymer used.
Unfortunately, this kind of synthesis is very hard to perform, as it combines the drawbacks
of two beforementioned approaches [25].

Interfaces in nanomaterials

One of the most important advantage of using organic compounds in composite materials
for electronic applications is their distinguishing characteristics - no oxidating and
insulating form is created on their surface when exposed to air [26]. This results in
undisturbed interface between organic/organic or organic/inorganic material, with
possibly enhanced control over engineering of such interface which impacts the
properties of a nanocomposite.

In organic electronics, the interface influences the mobility, charge transport, width of
energy bandgap and overall efficiency of a device [27]. One of interesting example is
organic photovoltaics (OPVs), in which newly designed devices have numerous interfaces,
and the careful engineering of those allows to obtain power conversion efficiencies which
can compete with classical silicon-based photovoltaics [28]. At the border between
electron accepting material and electron donor material, the exciton diffusion and
dissociation takes places which directly impacts the efficiency of the OPV. The creation of
a complex, interpenetrating layer, highly increases the area between two materials and
the transport of charge carriers is facilitated, as well as a number of recombined
electron/hole pairs is diminished [16]. What is more, the addition of layers in such
devices, increase the spectrum of photons that can be absorbed, and enhances the energy
level alignment between the donor and acceptor materials, which may enhance the power
conversion efficiency. At the border of these layers, the interface must be carefully
modelled to minimize the loss of charge carriers [26].

Another interesting use of the interface engineering is coating of nanoparticles with shells
to enhance their magnetic response or biocompatibility [29,30]. In one of the studies, the
problem of dangling bonds of iron in iron oxide nanoparticles was analyzed and resolved.
The iron atoms at the surface of nanoparticle negatively influence the magnetic response
of the material, but coating of the iron oxide surface with gold was proposed to create
a nanocomposite in which the noble metal atoms stabilize the dangling bonds of Fe304,
which increase their resemblance to the core of nanoparticles [30].

15



Electrical conductivity of nanoparticle based polymer nanocomposites

The conduction mechanisms in metal based systems have been thoroughly studied, and
the theory behind it is accepted, but the description of conduction in organic materials is
more complex. There are many theories of charge transport in organic materials but they
have number of limitations [31-34]. What is more, if nanocomposites are considered
additives can dramatically change the mechanism of conductivity, so it may be very hard
to propose a mechanism, which will describe the electrical conductivity of
organic/inorganic nanocomposites. It is worth mentioning that even a small amount of
nanoparticles (<1 vol.%) can increase the conductivity of a polymer-based
nanocomposite by a factor of ~108. To achieve such good results, the careful engineering
of nanomaterials (nanoparticles, nanowires, nanotubes etc.) based on the understanding
of the relation between structure and properties is a must [31].

The variable range hopping model of conductivity in amorphous materials is often used
to describe the conduction mechanisms in nanoparticle/polymer nanocomposites. This
model is based on an assumption that the charge carriers with variable activation energy
may “hop” between sites by the certain length, which is increasing with the decrease of
the temperature. Recently, this model was used to describe the electrical conductivity in
the nanocomposites based on polyaniline and magnetic nanoparticles for which, after the
addition of nanoparticles, the conductivity decreased from ~60 (1/cm (for pure polymer)
to the ~300 Q/cm (polyaniline mixed with cobalt ferrite). Such behavior was ascribed to
the creation of isolated islands of nanoparticles in the polymer matrix. What is more, the
change in the conductivity varied between magnetite and ferrite nanoparticles, showing
that even a small difference in a type of filler may have a significant impact of the electrical
properties of the final nanocomposite [35].

Magnetic Field Effects (MFE)

Some properties of organic semiconducting materials may change when the external
magnetic field is applied. Such phenomenon is called Magnetic Field Effect, and it can
affect the electrical conductivity, photoluminescence, photocurrent, dielectric constant,
and many more parameters. The effect is the result of spin-dependent carrier
recombination, exciton dissociation, and electric polarization, and the general value of
MFE may be calculated by the formulae presented below:

S — So

MFE =
So

In which Sg is a measured value of a chosen parameter (for example resistance) under the
applied external magnetic field and So is the measured value without applied external
magnetic field. The MFE is typically presented in percentage. The external magnetic field
influences the spin mixing and spin conserving process, which may result in the positive
or negative change of the measured value [36].
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One of the interesting examples of MFE is the magnetoresistance. It is a change of
resistivity (hence conductivity) of a substance in the external magnetic field and it was
observed for numerous materials and systems. There are five types of magnetoresistive
phenomena: ordinary, anisotropic, tunnelling, giant and colossal magnetoresistance.
Additionally, if change of resistivity is observed in organic materials, in which no magnetic
material is present, then it may be called as organic magnetoresistance. The organic
magnetoresistance is typically not as strong as for the metallic materials, but it created a
new field of studies thanks to flexible and semitransparent properties of such materials,
which can be used for magnetic field sensors, or even used in electronics. Since magnetic
field influences the spin, a new field emerged - organic spintronics [37].

Worth mentioning are the hardships connected to the magnetic field effects in the organic
or hybrid materials. It is important to acknowledge that there are numerous potential
phenomena occurring between two materials, which may greatly affect the final
performance of the systems including e.g. organic magnetoresistance. Additionally, giant
magnetoresistance or tunnelling magnetoresistance may be observed, as well as
anisotropic phenomena, so to be able to improve the future hybrid spintronic devices, the
interface between materials should be well established, with a reliable tracking of the
source of MFEs in the final devices [38].
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Motivation and aim

Composites based on magnetic nanoparticles and electrically conducting polymers are of
high interest due to possibility to alter their physiochemical properties in numerous ways,
their sustainability and low costs of production. As our understanding of such materials
expands rapidly and significantly, one day they may become the basis for cheap, rapidly
produced and environmentally friendly organic electronic devices. However, to achieve
that, much more studies must be conducted to fully understand what and how influences
the final properties of such hybrid materials.

The motivation behind this dissertation was not only to study factors influencing the
electromagnetic response of polymer based nanocomposites, but also to analyze the
interface between nanoparticles and polymers. Thorough analysis of a border between
matrix and the filler could be a study that was missing to better understand the
phenomena occurring in such systems. An additional motivation, yet not less important
part of this study, was to get an insight into the nanoparticles formation process, with the
emphasis on different shells. What is more, the procedure that would allow to analyze the
distribution of different compounds in the core and shell of iron oxide based nanoparticles
and not destroy the chemical composition of the sample itself, was missing in the field of
nanoparticles.

The aim of this work was to propose the method to enhance the electromagnetic response
of the nanocomposites based on electrically conductive polymers and magnetic
nanoparticles. Until now, numerous studies have shown that the introduction of the
nanoparticles to the polymer matrix has an impact on the electric response of the final
composite but detailed understanding of the influence of various factors on the
physiochemical properties of such materials was missing. What is more, a clear path how
such a response can be altered and enhanced was not yet paved.

The study presented in this dissertation, showing the influence of iron oxide based
nanoparticles on the electromagnetic response of the nanocomposites with polymer
matrix, namely poly(3-hexylthiophene-2,5-diyl), paves the way to the improvement of
such response in similar systems, which may broaden application of the composites in the
field of organic electronics.
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Synthesis of nanoparticles

In the hybrid systems based on nanoparticles and polymers it is important not only to
analyze the properties of nanoparticles, but also to understand the interface and its role
in the final properties of the materials.

Based on the article entitled: “Gradient of zinc content in core-shell zinc ferrite
nanoparticles - precise study on composition and magnetic properties”.

One of the important things that needs to be taken into consideration while creating a
nanocomposite or hybrid material, is to be able to synthesize nanoparticles in a controlled
manner with the properties that will be of use in the final material. For that purpose, I
synthesized four different types of nanoparticles: iron oxide and three zinc ferrites with
different zinc content. [ chose the modified thermal decomposition method in a controlled
gas atmosphere as a synthesis procedure, which uses organometallic compounds as an
iron oxides precursor. As a size and shape controlling substances squalene and
dodecanoic acid were used, which also affect the boiling temperature of the reactive
mixture. The goal was to obtain superparamagnetic nanoparticles with high saturation
magnetization (Ms) and to study how different synthetic parameters affect the shape and
structure of the nanoparticles.

To confirm that the obtained products are in fact nanoparticles, the transmission electron
microscopy was used while the energy dispersive X-ray spectroscopy allowed to confirm
the presence of iron, zinc and oxygen in the samples. The average size of the iron oxide
nanoparticles was determined to be equal to 28.6 + 3.4 nm. For the rest of the samples the
sizes of the nanoparticles decreased with the increasing content of zinc and ranged from
22.3 £ 2.6 nm, through 11.2 + 1.4 nm to 9.6 * 0.9 nm. Based on the TEM micrograph some
magnetic interactions between the nanoparticles may be expected.

To further exploit the magnetic properties of obtained nanoparticles, I prepared samples
for the VSM and MS measurements. The measurements confirmed that the dominant
phase is superparamagnetic, with saturation magnetization between 70 to 85 emu/g at
80 K. Based on a weak correlation between the size of nanoparticles and the temperature
maxima observed in the zero field cooling curve, the VSM measurements suggested the
core/shell structure of the nanoparticles. The MS measurements indicated similar
characteristics as the results showed non-homogenous distribution of zinc in the ferrites
structures. In the next steps of the study, I observed the core/shell structure of the
nanoparticles not only related to the zinc inclusions, but also the organic layer at the outer
shell of the nanoparticles.

During the synthesis [ used squalene and dodecanoic acid acting as the capping agents to
ensure small size distribution and regular shapes of the nanoparticles. The TGA was used
to check if this compounds attach to the surface of nanoparticles permanently. The results
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showed that the samples have high content of organic matter, varying in the range 17%-
20.6% depending on the sample. These results allowed to estimate the thickness of the
carbon outer layer on the nanoparticles, which was found to be 4.1 nm for iron oxide, and
between 3.0 to 1.5 nm for the zinc ferrites, depending on the zinc content.

Since the interface between two materials formed in hybrid systems is one of the main
factors influencing the properties of the final nanocomposite, I decided to perform full X-
ray photoelectron spectroscopy analysis (XPS) combined with the Argon Gas Cluster Ion
Beam sputtering (GCIB). Using GCIB allowed me to reveal the composition of the samples,
layer by layer, with highly reduced risk of changing the chemical structure of sputtered
material. I analyzed the Cls region and showed that the lines of 0-C=0, which can be
assigned to dodecanoic acid, have higher concentration in the samples consisting of
smaller nanoparticles, which suggest that the acid has the largest impact on the size of the
nanoparticles. For the zinc ferrite nanoparticles, two types of structures were observed:
the high zinc content layer is between the carbon layer and the mostly iron core, or the
core of the nanoparticle is made of the zinc rich phase covered with iron rich shell.
Comparing the precursors content in the reactive mixture prior to the synthesis, the
results from the ICP-OES and XPS, allowed me to conclude that if the amount of zinc is
high then it will be mostly incorporated in the core of the nanoparticles, but if the zinc
content is small it will cover the iron rich core (see Figure 2).
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Figure 2. Atomic concentration ratio of (a) C/Fe and (b) Zn/Fe determined from XPS measurements combined with Ar-
GCIB sputtering measured after every 2 minutes of sputtering; (c) core/shell model structures proposed on the basis of the
obtained results [1]

This study gave me good insight into the factors influencing the size and magnetic
properties of nanoparticles. Furthermore, the carbon shell, which is a result of the chosen
way of synthesis, is unavoidable and may be thick enough to have negative insulating
impact especially if such nanoparticles will be used in the polymer/nanoparticle hybrid.
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Distribution of dopants in iron oxide based nanoparticles

X-ray photoelectron spectroscopy is a surface sensitive method which can measure
chemical composition of a material with the sampling depth up to 10 nm. As one of the
goals of my studies was to characterize the surface of the nanoparticles, this method was
chosen, as it is precise, nondestructive and greatly informative. In addition, XPS can be
enhanced with sputtering guns: monoatomic and cluster, which can remove the surface
impurities or provide us with the depth profiles of the measured samples. Knowing that,
[ decided that the next part of my study should be focused on developing the measurement
protocol for nanoparticles and optimizing the fitting procedure of Fe2p spectra to reflect
the structure characterized by other methods, which can be of use in the investigation of
a core/shell structure of nanomaterials.

Based on the article entitled: “lon distribution in iron oxide, zinc and manganese ferrite
nanoparticles studied by XPS combined with argon gas cluster ion beam sputtering”

To analyze the impact of XPS and sputtering method on the structure of chosen
nanoparticles, firstly I checked the influence of X-rays on the iron oxide crystal. As
expected, even after extended exposure time (170 minutes) of irradiation, the spectra of
Fe2p region did not change. This proved that the longtime of X-ray based measurement
has no altering effect on the iron oxide structure, and even long time of irradiation during
depth profiling will not false the results.

Secondly, I checked the influence of Ar* monoatomic sputtering on the chemical state of
iron. The iron oxide crystal was sputtered 17 times for 1 minute at a time. In the middle
of the sputtering the reduced to the ground state iron (Fe?) line appeared, which
indicated, that the sputtering will reduce the iron present in the sample. Moreover, the
shape and intensity of the satellite region changed significantly suggesting that the line
connected to the Fe2* satellite is increasing and the line connected to the defected states
of iron is becoming more prominent. Knowing that, I could conclude that the monoatomic
gun should not be used to characterize the core/shell structure of nanoparticles, and
another approach is necessary.

Lastly, I checked the influence of GCIB sputtering on the structure of zinc ferrite
nanoparticles. The first approach was to sputter for two minutes, measure and analyze
the same spot for 7 subsequent series. As a result, the sputtering lasted for 14 minutes,
during which most of the carbon layer was removed, and the iron rich layer was revealed.
The zinc content was stable during the whole measurement. Surprisingly, when I removed
the sample from the apparatus there was a visible square in the center of the substrate.
After the SEM examination, it was concluded that, when the carbon layer was removed
from the nanoparticles, they were probably sintered by the X-ray radiation. Knowing that
another approach was proposed, and from now, the sputtering would be done in one
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place, but the XPS measurement would be taken from 16 different spots in the range of
the sputtering area (the spot-by-spot procedure, with schematics shown in Figure 3).

X-ray beam

& Photoelectrons

lon beam A ’

Figure 3. Schematic view of the procedure of sputtering and spectra acquisition in the Spot-by-Spot Procedure. Each dot
represents spot of 100 um in diameter which was irradiated by the X-ray beam [3].

Firstly, I conducted the measurement on the iron oxide crystal to optimize the procedure
on a fully characterized sample. During the optimization of the fitting procedure, I decided
to analyze only one part of the Fe2p region, the Fe2ps,2, because the Fe2pi,2 region has
lower intensity and as the binding energy rises (the measurement error may be larger).
With the use of GCIB I was able to obtain a depth profile for 16 subsequent layers of the
samples. At the surface I confirmed presence of the Fe203, which upon further removal,
changed to the Fe30s4 with 1:1:1 ratio of three different iron species
(FeZ*octa:Fe3*octa:Fe3*tetra), and two satellites present in the positions similar to that found
in the literature. This model I have used to characterize four types of nanoparticles: iron
oxide, zinc ferrite, manganese ferrite and zinc-manganese ferrite. I synthesized all
nanoparticles using the same synthesis protocol (modified thermal decomposition
method), with the same iron to dopant ratio, and with the same size and morphology of
the final product.

The XPS results showed that pure iron oxide nanoparticles were covered with a carbon
layer under which some non-stoichiometric iron oxide was found. After five cycles of
2 minutes of sputtering, the 1:1:1 ratio of iron species was observed, with two satellites
line, meaning that the core of the nanoparticle is made of magnetite. Based on the XPS
results and the fitting procedure created based on the iron oxide crystal, I concluded that
the core/shell structure of the nanoparticle was made of (from the core) Fe304 followed
by the layer of a- or y-Fe203 (and FexOy) and a shell made of squalene and dodecanoic acid,
which [ used as capping agents during the synthesis (for atomic concentrations of all four
types of nanoparticles, please see Figure 4).
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Second nanoparticles that I studied, were manganese ferrites. Similarly, nanoparticles
were covered with carbon layer, followed by some non-stoichiometric iron oxides. During
the sputtering concentration of manganese was decreasing along with the thinning of the
FWHM of iron states, which may mean that some iron states connected to the manganese
in the structure are less abundant in the core area. As a result of changes in the
concentration of different metal ions, I proposed that the manganese may replace some
Fe2* ions at the surface of the nanoparticles. Moreover, [ observed two states of
manganese in the structure of the nanoparticles - Mn?* and Mn3*. During the sputtering
the proportion Mn2+:Mn3* is moving towards the access of Mn3*, which was an important
observation. Typically, when using ion sputtering, the ion state of metal ions may reduce,
but here I observed the exact opposite, which indicates that the GCIB sputtering applied
with the spot-by-spot procedure can be used to analyze depth profiles of metal oxide
materials in a reliable manner without damaging the chemical structure of the studied
materials.

The third type of nanoparticles I studied were zinc ferrites. Typically, in the stochiometric
ZnFe204, the spinel structure changes from inverse (observed for magnetite) to normal.
In case of these nanoparticles, line ascribed to Fe2+octa is present, but no characteristic
features in the satellite region can be found (the intensities of two satellite lines are
similar) suggesting that the iron phase is made of a- or y-Fe203 with the inclusions of zinc
ferrite. What is more, the concentration of iron and zinc remains stable during 30 minutes
of sputtering. As a result of this analysis, [ concluded that zinc can stabilize the structure
of the nanoparticle, and if used in the zinc/iron molar ratio of 0.2/0.8 it is possible to
obtain a homogenous ferrite throughout the nanoparticle.

The last nanoparticles I studied, were based on two dopants: zinc and manganese. During
sputtering, the ratio between iron states is not changing, and the FWHMs for the dopants
are stable and similar to this for the beforehand described ferrites, except that additional
line in the zinc region was observed. Such results suggest that manganese may occupy
similar interstices, regardless the presence of zinc in the structure, but for zinc the atoms
may occupy different states if other dopant are introduced during the synthesis.
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Figure 4. Graphs representing changes in the relative atomic concentration for iron, zinc and mangan in the (a) Mn(Sq),
(b) Zn(Sq) and (c) for MnZn(Sq) nanoparticles after every two minutes of Ar-GCIB sputtering. In case of Mn(Sq), after 10
minutes of sputtering the concentration of iron and dopant is stabilizing in the structure of the nanoparticle. In case of two
other types of materials, the concentration is not altering during the sputtering.

All of the studies and analyses I conducted and presented were an important part of the
characterization method created for the iron oxide based nanoparticles. These results
showed that, depending on the used dopant (and its amount), the structure of the final
product may be different, which greatly increased my understanding of the ferrites and
iron oxides composition-structure relationships. Additionally, I showed that GCIB and
spot-by-spot procedure does not reduce the oxidation state of metal ions, which was of
great importance for a reliable study of the structure and interfaces in the next stage of
my doctoral studies.
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Shell of the nanoparticle and its influence on the electrical
conductivity

My XPS studies showed, that carbon shell, made of squalene and dodecanoic acid in the
synthesized nanoparticles, is unavoidable, and it’s thickness may negatively impact the
electrical properties of the nanoparticles. As | presented the ability to synthesize different
types of ferrite nanoparticles using thermal decomposition method using the mentioned
capping agents, I decided to try to synthesize nanoparticles in the presence of
a conductive polymer to possibly enhance the electrical properties of the
nanoparticle/polymer interface. This part of my doctoral studies is thoroughly described
in the next article.

Based on the article entitled: “The effect of shell modification in iron oxide nanoparticles on
electrical conductivity in polythiophene-based nanocomposites”

The next step to obtain materials, which would have desired magnetic and electric
properties, was to mix magnetic nanoparticles with an electrically conductive polymer. I
chose poly(3-hexylthiophene-2,5-diyl) (P3HT) as it is thoroughly studied and its electrical
properties are well-defined [39]. As this polymer has high decomposition temperature I
decided to try to synthesize magnetic nanoparticles in the presence of P3HT without any
other capping agents to study how different interface influence the properties of
nanocomposites. Similar syntheses had been previously conducted so [ knew that P3HT
can be used in such synthesis [23].

Firstly, | compared morphology, crystallographic structure and magnetic properties of the
nanoparticles formed either in the presence of squalene and dodecanoic acid (Fe(Sq)) or
P3HT (Fe(P3HT)). For those techniques I was responsible for preparation of the samples
and analysis of the results, but the measurements were not conducted by me. As a result,
it was shown that nanoparticles are single crystalline with similar diameters (around
10 nm). The characteristic peaks for crystalline P3HT in the diffractogram are visible in
both pure polymer sample and Fe(P3HT) which confirms that the polymer is present in
the nanoparticles’ sample. In case of magnetic properties, Fe(P3HT) has slightly higher
saturation magnetization, which is surprising, knowing that the polymer shell may
increase the surface spin disorientation, by changing the nanoparticles’ surface magnetic
anisotropy. The enhancement may be the result of the weak ferromagnetic properties of
P3HT, which improved the properties of the magnetic nanoparticle covered with it.

The next step was the analysis of the chemical structure of the nanoparticles with the use
of Fourier transform infrared spectroscopy (FT-IR) and XPS. I selected these techniques
as they should show whether the thiophane rings from the polymer’s structure were
altered during the synthesis (for example if they were oxidized) and the XPS would
provide me with the chemical structure, hence the type, of iron oxide nanoparticles that
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were obtained. The analysis of the FTIR results confirmed the presence of P3HT and iron
oxide in the Fe(P3HT). The XPS measurement and analysis I conducted proved that the
polymer’s structure is not destroyed during the synthesis and, more importantly, the
analysis of S2p region indicated that coordinate bonding is created between sulphur from
the polymer and iron atoms from the nanoparticle. Additionally, GCIB sputtering was used
to unravel the structure of nanoparticles. Similarly to my previous studies, Fe(Sq)
nanoparticles were covered shell made of squalene and dodecanoic acid. The thin layer of
iron oxide between shell and core, both in Fe(Sq) and Fe(P3HT), was made from either
hematite or maghemite. Furthermore, I uncovered the core of the nanoparticles, using
GCIB sputtering, and showed that it is made of magnetite.

All of the beforementioned techniques and results showed that the used and modified
protocol of nanoparticles’ synthesis may be applied to successfully create nanoparticles
with the shell of choice. What is more, I did not find any significant differences in both
types of nanoparticles, except for the shell - one made of potentially insulating squalene
and dodecanoic acid, and the other one made of electrically conductive P3HT. Thus, these
nanoparticles are great candidates for the study of electrical properties of materials based
on electrically conductive polymer matrix ad magnetically responsive filler. This result
was important for reaching a final goal of my doctoral studies that was to obtain a
magnetoelectrically responsive nanocomposite.

During my research on the conductivity of the nanoparticles, pure Fe(Sq) gave no
electrical response, which was somehow surprising since it is well-known that iron oxide
nanoparticles are p-type semiconductors [40]. This is possibly a result of carbon shell
which insulates the core of nanoparticles. On the other hand, Fe(P3HT) conduct electricity
much better than pure thin polymer film. I believe it may be explained by the conductivity
of nanoparticles which, when directly connected with the conductive matrix, enhances
the conductive properties of P3HT. In the last part of this study, I obtained
nanocomposites made of P3HT matrix and 30% weight content of nanoparticles. It
allowed me to study the influence of nonconductive filler on the electrical properties of
the films. The Fe(Sq) nanoparticles increased the conductivity of polymer, which I was
explained by doping of the polymer chain by the dodecanoic acid. Additionally, I checked
the influence of light, and the best results gave pristine polymer, showing that my
nanocomposites are not suitable if one wants to obtain highly electrically conductive
materials in light. However, when used in dark conditions, nanocomposites based on
Fe(P3HT) and P3HT conduct electricity 6 times better than the pure polymer. The
increase of the conductivity is explained not only by the direct connection between
semiconductive nanoparticle and the polymer, but also by the better adjustment of the
hole injection barrier, which height was checked by the ultraviolet photoelectron
spectroscopy.
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Figure 5. Conductivity values measured for thin films of P3HT, NP(Sq) and NP(P3HT). In dark, nanoparticles covered with
squalene do not influence the conductivity of the polymer film, but the nanoparticles synthesized in-situ of the P3HT matrix
are improving the conductivity of the material over 9-times [2].

All of these results, show that the obtained materials are good candidates for the
electrically conductive hybrid nanomaterials. As the main goals of my doctoral studies
were to study the interface between nanoparticle and polymer and to obtain
magnetoelectrically responsive hybrid material,  managed to show that even the residual
carbon shell may have significant impact on the conductivity of the composite and that
iron oxide nanoparticles enhance the transport of electric charge carriers in the material.
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Magnetoelectrically responsive nanocomposites based on
magnetic nanoparticles

Previous chapters have already proven that magnetite nanoparticles with the conductive
shell can be synthesized and that the interface has an impact on the conductivity of
polymer-based nanocomposites. As a result, I decided to check the influence of such fillers
on the properties of the nanoparticle/polymer nanocomposite. My approach to this
subject and the obtained results are the main topic of the last article involved in this
dissertation.

Based on the article entitled: "Magnetoresistive Properties of Nanocomposites Based on
Ferrite Nanoparticles and Polythiophene”

To understand the influence of the filler and properly characterize nanocomposites,
different magnetic nanoparticles were chosen. For the primary filler I selected magnetite,
and for two additional, cobalt ferrite and nickel ferrite were used. All three types of
nanoparticles were synthesized following the same protocol as in the previous works,
with two distinctive shells - insulating and electrically conductive.

To check the morphology of nanoparticles, TEM was used. All NP(Sq) samples had larger
diameters and had more regular shapes than theirs P3HT-coated counterparts. The
diameter of magnetite nanoparticles, both Fe(Sq) and Fe(P3HT), was calculated to be
around 10 nm, regardless of the shell. The same was observed for nickel ferrite
nanoparticles (Ni(Sq) and Ni(P3HT)), but in this case the nanoparticles were two times
smaller (diameter equal to 5 nm). It was a surprising result showing that the capping
agent used during the synthesis had no influence on the size, but could help to obtain more
regular nanoparticles. The second characteristics checked for all samples was the
magnetic response. The parameter which was interesting for us, from this analysis point
of view, was the samples’ Ms, so the VSM method was used. The highest Ms was observed
for the magnetite samples, which was almost the same, regardless of the shell. In case of
nickel ferrite nanoparticles, the Ms values were small, almost 4 times smaller in
comparison to Fe(Sq). This may be the result of the small particle diameter, hence the
biggest surface to core volume ratio. In such case, the highest impact of the structural
distortions on the overall magnetic response may be observed. The cobalt ferrite
nanoparticles with the shell made of polymer (Co(P3HT)) are two times smaller than the
nanoparticles formed in the presence of the capping agents (Co(Sq)), which has its
reflection in the Ms values. For Co(Sq) saturation is achieved with the two times higher
value than for Co(P3HT). Additionally, I compared the measured values of Ms with the
bulk values from literature, and found that for all samples the bulk values are higher.
These result suggest that the magnetic core of the nanoparticle is covered with a magnetic
dead layer, which potentially lowers the magnetic response of the nanoparticles [41].
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The next step was to create nanocomposites and determine the electrical response of the
nanoparticles. To achieve that I mixed solutions of nanoparticles with P3HT. Secondly, I
measured the conductivity of the samples in a wide range of temperatures (200 to 400 K)
to determine the conduction mechanism. Based on the results, I concluded that in the
nanocomposites we can observe thermally activated conduction mechanism, with the
charge carriers hopping or tunneling between nanoparticle and polymer chain. I was not
able to measure conductivity of pure P3HT and in the [2] I showed that nanoparticles
covered with squalene and dodecanoic acid, cannot conduct electricity. Since all
nanocomposites were electrically conductive, we can conclude that nanocomposites
based on P3HT and magnetic nanoparticles enhance the electrical properties of a final
material. To further study the mechanism, I calculated the disorder ratio, to check how
different types of nanoparticles disturbed the polymer chains present in all samples. The
NP(Sq) fillers had smaller influence on the samples disorder, which can be explained with
the isolated character of the nanoparticles. When it comes to NP(P3HT), the addition of
chains from shells, may lead to increased number of distortions and interactions, which
results in an increased disorder of the conduction paths. Additionally, better conductivity
results should be observed for NP(P3HT) based nanocomposites, since the highly spin
polarized charge carriers may be injected to the polymer matrix, without as high barrier
as in case of NP(Sq) nanoparticles. This was proven by applying the variable-range
hopping model (VRH), which allowed to calculate the Mott temperature, which reflects
the disorder of the polymer chain present in the sample (similar to the already calculated
disorder ratio). The result for magnetite and cobalt ferrite based samples followed the
trend of the VRH function well, which suggested the 3D VRH electrical conduction
mechanism. Since, these four types of nanoparticles gave the highest magnetic response,
it is possible that the magnetic core of nanoparticles play an important role in the
stabilization of spins of charge carriers, which leads to lowering the probability of
scattering.

In the last part of this study, I focused on the electrical properties of the formed materials,
but in the external magnetic field. The conductivity of nanocomposites was measured in
the external magnetic field with varying strength of up to 1500 mT. The nickel based
nanoparticles showed no change of conductivity with the increase of magnetic field. These
samples showed the weakest response to the magnetic field in the VSM measurement and
followed the VRH model with poor results, with no change in the conductivity, even in the
high magnetic field, as it was anticipated. On the other hand, four remaining
nanocomposites, showed good response. The increase of the conductivity in the external
magnetic field was observed - from 1%, for Fe(Sq) based nanocomposite, to 5.5%, for
Fe(P3HT) based nanocomposite at 200 K. For the Co(Sq) to Co(P3HT) based
nanocomposites the observed increase was from 2.5 % to 4.5 % at 200 K (Figure 6). Better
results for NP(P3HT) based samples, might be explained by the forward interference
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model proposed by Nguyen, Spivan and Shlovskii [42]. It discusses the conductivity of a
system by the sum of all possible paths that the charge carrier may use. If the NP(P3HT)
acts as a filler, the carriers from nanoparticles bring high added value, but if the NP(Sq)
are used, they act like insulated elements, hence are not adding much to the overall
performance of the material.
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Figure 6. The graph shows the summary of change in magnetoresistance values in external magnetic field of 1500 mT for
all measured samples in different temperatures [4].

To sum up these findings, nanoparticles acting as a filler can be a simple solution to
enhance the electric properties of the polymer based materials. In addition, the magnetic
response can be achieved which opens many potential applications for relatively easy
obtainable nanocomposite. Moreover, the performed studies showed that the interface
play a pivotal role in the conductivity and magnetoelectric response of materials based on
more than one component.
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Summary

In this study, [ showed a comprehensive approach that may be taken to design and create
nanocomposites based on nanoparticles and conjugated polymers. This study brings new
approaches to obtain materials with well-described interactions between filler and matrix
and a good understanding of the consequences of choosing the nanocomposite’s
components.

Firstly, I proposed a synthesis of magnetite and zinc ferrites, with varying substitution
amounts, in the presence of capping agents. This allowed me to study the influence of a
feed composition and synthetic conditions on the size, and magnetic properties of final
products. Additionally, I realized that the carbon shell is unavoidable, and its thickness
may result in the electric insulation of single nanoparticles.

Next, | performed a thorough analysis of FeZ2p XPS spectra of magnetite and three
different ferrites, to enrich my characterization protocol and understanding of the dopant
distribution in different nanoparticles. What is more, the study proved the negative
impact of often-used monoatomic sputtering on the structure of studied material. As an
alternative, | proposed a nondestructive procedure for the XPS measurements performed
with a use of GCIB sputtering, which allows a reliable study of subsequent layers of
materials covering metal oxide nanoparticles.

The second part of my dissertation was more focused on the creation of an electrically
responsive nanocomposite. An alternative approach to the synthesis of nanoparticles was
proposed - in the presence of polymer instead of capping agents. This way I could create
nanoparticles, which could have a direct connection to the polymer matrix without the
insulating barrier made of capping agents. Both types of nanoparticles were thoroughly
studied to establish differences in morphology and magnetic response, and the
interactions between nanoparticles and conjugated polymer were proved. The electric
characterization showed that nanoparticles synthesized in the presence of capping agents
are insulators, but mixing with conductive polymer can enhance the properties of such a
system. On the other hand, nanoparticles created directly in the polymer matrix showed
very good electrical properties even without the addition of polymer post-synthesis.

The last part of my doctoral thesis showed an easy way to create an electromagnetically
responsive nanocomposite based on conjugated polymer and magnetic nanoparticles.
The study confirmed, that the used filler and its properties greatly influence the
characteristics of a final material. In the analyzed system it was possible to enhance the
conductivity of material by 5 times, just by altering the shell of nanoparticles, which shows
and proves that the interface plays an important role in materials based on more than one

component.
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The main goal of my thesis was to create a hybrid material and analyze the role of an
interface in the systems based on nanoparticles and conjugated polymers. All of the
results presented above confirm the importance of the interface between a magnetic core
of a filler and a polymer. What is equally important, they show successful synthesis of
different magneto-responsive hybrid systems, which fulfills the assumptions made at the
beginning of my doctoral studies and this thesis.
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Co(Sq) - cobalt ferrite nanoparticles synthesized in the presence of capping agents
Co(P3HT) - cobalt ferrite nanoparticles synthesized in the presence of P3HT
FT-IR - Fourier transform infrared spectroscopy

Fe(Sq) - iron oxide nanoparticles synthesized in the presence of capping agents
Fe(P3HT) - iron oxide nanoparticles synthesized in the presence of P3HT

FWHM - full width at half maximum

GCIB - Gas Cluster Ion Beam

ICP-OES - Inductively coupled plasma optical emission spectroscopy.

MFE - Magnetic Field Effects

Mn(Sq) - manganese ferrite nanoparticles synthesized in the presence of capping agents

MnZn(Sq) - zinc manganese ferrite nanoparticles synthesized in the presence of capping
agents

MS - Mossbauer spectroscopy
M;s - saturation magnetization

NP(Sq) - magnetic nanoparticles synthesized in the presence of squalene and dodecanoic
acid

NP(P3HT) - magnetic nanoparticles synthesized in the presence of P3HT
OPVs - organic photovoltaics

P3HT - poly(3-hexylthiophene-2,5-diyl)

TEM - transmission electron microscopy

TGA - Thermogravimetric analysis

VSM - Vibrating Sample Magnetometry

XPS - X-ray photoelectron spectroscopy

Zn(Sq) - zinc ferrite nanoparticles synthesized in the presence of squalene and
dodecanoic acid
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Introduction

Gradient of zinc content in core—shell zinc ferrite
nanoparticles — precise study on composition and
magnetic propertiest
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and

A broad spectrum of applications of magnetic nanoparticles leads to the need for the precise tuning of
their magnetic properties. In this study, a series of magnetite and zinc-ferrite nanoparticles were successfully
prepared by modified high-temperature synthesis in a controlled gas atmosphere. Nanoparticles with
different zinc to iron ratios and pure FesO,4 were obtained. The structure of the nanoparticles was studied by
transmission electron microscopy and Mdssbauer spectroscopy. These revealed the single domain character
of the nanoparticles and the influence of the synthesis temperature and zinc to iron ratio on their shape and
size. Chemical structure was characterized by inductively coupled plasma optical emission spectroscopy,
energy dispersive X-ray spectroscopy and thermogravimetric analysis. X-ray photoelectron spectroscopy
coupled with an argon gas cluster ion beam (Ar-GCIB) allowed the study of subsequent layers of the
nanoparticles without altering their chemical structure. This revealed the presence of a carbon layer on all
nanoparticles consisting of capping agents used in the synthesis and revealed the core—shell character of the
zinc ferrite particles. In addition, different types of zinc infusions in the nanoparticle structure were observed
when using different Zn/Fe ratios. Finally, magnetic studies performed by means of vibrating sample
magnetometry proved the superparamagnetic behavior of all the samples.

are: hematite (a-Fe,O;), maghemite (y-Fe,O3) and magnetite
(Fe;0,).57'° Presently, studies on iron oxide-based magnetic

Magnetic nanoparticles with characteristic properties can be
used in many applications, such as catalysis," electronics® and
medicine.® Control over the size, morphology and surface
treatment of these nanoparticles makes it possible to broaden
their applicability in many areas. The controlled properties of
magnetic nanoparticles make them a promising candidate as a
component of new hybrid materials for future magnetic sensors
or solar cell applications.*”

Among the many magnetic particles containing iron, one of
the largest groups are iron oxides. The most common of these
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nanoparticles are focused on the development of new methods
for their synthesis and surface modification.>'"™"* The main
problem is obtaining monodispersed objects of a certain size
and shape in a repeatable process. Unfortunately, typical methods
of synthesis require a purification step such as magnetic filtration
or size exclusion. Currently, a lot of magnetic nanoparticle
synthesis methods have been described, e.g. sonochemical
reactions,"” thermal decomposition reactions,"®"” hydrolysis,
sol-gel, microemulsions and co-precipitation techniques.'®™>°
However, control over the size, shape and magnetic properties of
nanoparticles during these processes still remains a challenge.

The size of the nanoparticles has a decisive impact on their
magnetic properties. When magnetite nanoparticles (Fe;0,) are
smaller than 20-30 nm, they exhibit exceptional magnetic behavior
called superparamagnetism.>'* This phenomenon is characterized
by two properties: nanoparticles exhibit no hysteresis loop, and
hence the coercivity equals zero; and secondly, when magnetization
(M) dependencies are measured at different temperatures (7), such
plots should overlap when M is normalized to T.>* Magnetic
properties of magnetite nanoparticles can be tuned by:

Phys. Chem. Chem. Phys., 2019, 21, 23473-23484 | 23473


http://orcid.org/0000-0001-9394-5297
http://orcid.org/0000-0001-8089-5673
http://orcid.org/0000-0003-4918-2506
http://orcid.org/0000-0001-9834-3930
http://orcid.org/0000-0003-3303-3768
http://orcid.org/0000-0001-8634-2084
http://orcid.org/0000-0003-2307-8380
http://orcid.org/0000-0003-4491-3496
http://orcid.org/0000-0001-6662-7621
http://orcid.org/0000-0003-2018-0312
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp03591e&domain=pdf&date_stamp=2019-10-15
http://rsc.li/pccp
https://doi.org/10.1039/c9cp03591e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021042

Published on 02 October 2019. Downloaded by Biblioteka Glowna AGH on 12/2/2022 10:41:45 AM.

Paper

e partial substitution of iron ions with zinc,*® barium,**
manganese or cobalt,®” for example

e adding ‘“capping” agents to the synthesis, which, by
influencing the boiling point of the reaction mixture, can limit
the growth of the nanoparticles during their synthesis;'”"*® (this
allows us to obtain nanoparticles of desired shapes and sizes,
and hence adjust the magnetic properties®);

e synthesis of core-shell nanoparticles, instead of homo-
genous particles.*”

Additionally, a high surface-to-volume ratio permits their
functionalization which, with the tuning of magnetic properties,
results in potential uses of the final product in many fields, such
as: hyperthermia,® organic photovoltaics,®*** drug delivery
systems,** ferrofluids®® and as a promising anode material for
lithium-ion batteries.*®

Zn,Fe;_,0, belongs to the spinel ferrite family in which 0>~
ions create a face-centered cubic lattice. In this structure, metal
ions are equally divided into three groups: Fe** in an octahedral
structure (B-sites), Fe** in an octahedral structure (B-sites) and
Fe*" with Zn®" in tetrahedral interstices (A-site).>® Although
Fe;0, crystallizes in an inverse spinel structure, it is believed that
even a small addition of zinc changes its structure to normal
spinel.’” Because structure has a big impact on the magnetic
properties of nanoparticles, the transition from inverse to normal
spinel leads to a change in magnetic properties, such as magnetic
saturation, which is of great importance in the field of biology.*®

In the present paper, we have studied the structural and
magnetic properties of magnetite and zinc ferrite nanoparticles
with two different degrees of Fe substitution. Synthesis under
precisely controlled conditions allows us to obtain nano-
particles with a well-defined size and shape. In recent years,
there has been increased interest in the synthesis of mono-
dispersed nanocrystals with controllable sizes and well-known
structure. While indeed there are a number of ways to obtain iron
oxide nanoparticles, each of them has its particular advantages
and disadvantages. Up to now, various synthetic protocols for
obtaining iron oxide nanoparticles, based on a thermal decom-
position method, have been proposed. Among these is a method
using surfactants - dodecanoic acid*® and squalene.*® In this work,
we focused on the synthesis of zinc ferrite nanoparticles and on
how the presence of squalane and dodecanoic acid affects the
incorporation of zinc ions into the spinel structure. In previous
work on the synthesis of nanoparticles of non-stoichiometric zinc
ferrite by a thermal decomposition method, the usually used
surfactant was oleic acid.*' No effect of oleic acid was observed
on the formation of core-shell zinc ferrite nanoparticles.

For structural characterization, X-ray photoelectron spectro-
scopy with an argon gun cluster ion beam (Ar-GCIB) was used.
Sputtering with Ar-GCIB allowed the investigation of changes in
the Zn/Fe ratio in subsequent layers of nanoparticles. The layer
structures of the nanoparticles had a significant impact on
their magnetic properties, which were studied using vibrating
sample magnetometry and Mdssbauer spectroscopy. Magnetic
properties of the doped and undoped nanoparticles are discussed.
Finally, depending on the Zn concentration and size of the
nanoparticles, core-shell models have been proposed.

23474 | Phys. Chem. Chem. Phys., 2019, 21, 23473-23484
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Experimental

Materials

Fe(acac); (acac = acetylacetonate) (97%), Zn(acac), (=95%),
dibenzyl ether (>98%), squalane (>95%) and dodecanoic acid
(=98%) were purchased from Sigma Aldrich. All reagents were
used as received.

Synthesis of magnetite nanoparticles

Magnetite nanoparticles were synthesized using a modified thermal
decomposition method in a controlled gas atmosphere.**** In the
Fe;0, synthesis (S0) 176.5 mg (0.5 mmol) of Fe(acac); and 520.0 mg
(3 mmol) of dodecanoic acid were mixed with the addition of 7.5 ml
of dibenzyl ether and 5 ml of squalane. To obtain nanoparticles of
the desired chemical composition, the whole synthesis was carried
out in a controlled argon atmosphere. The synthesis consisted of
three temperature regimes. First, the flask was heated to 80 °C and
kept at this temperature for 90 minutes to provide good dissolution
of all ingredients and full degassing of the mixture. Then, the
mixture was heated to 200 °C and kept for 90 minutes at this
temperature, and finally the suspension was heated to 280 °C and
kept for 60 minutes at this temperature. After cooling to room
temperature, the mixture was washed with acetone and centrifuged.
The supernatant was disposed of and replaced with pure acetone.
This procedure was carried out 3 times. The final washing was
performed with chloroform, in which the nanoparticles were
finally suspended.

Synthesis of zinc ferrite nanoparticles

Three different types of zinc ferrite nanoparticles were synthe-
sized using a modified thermal decomposition method in a
controlled gas atmosphere. In the first synthesis (S1) 141.0 mg
(0.4 mmol) of Fe(acac)s, 26.5 mg (0.1 mmol) of Zn(acac), and
520.0 mg (3 mmol) of dodecanoic acid were mixed with the
addition of 7.5 ml of dibenzyl ether and 5 ml of squalane. To
obtain nanoparticles of the desired chemical composition,
the whole synthesis was carried out in a controlled argon
atmosphere. The synthesis consisted of three temperature
regimes. First, the flask was heated to 80 °C and kept for
90 minutes at this temperature to provide good dissolution of
all ingredients and full degassing of the mixture. Then, the
mixture was heated to 200 °C and kept for 90 minutes at this
temperature, and lastly the suspension was heated to 280 °C
and kept for 60 minutes at this temperature. After cooling down
to room temperature, the mixture was washed with acetone and
centrifuged. The supernatant was disposed of and replaced
with pure acetone. The procedure was carried out 3 times.
The last washing was performed with chloroform in which the
nanoparticles were finally suspended.

In the second synthesis (S2), the amount of all substrates
was doubled and a bigger flask was used to achieve better
temperature distribution in the mixture. This also allowed us to
increase the final temperature to 290 °C. In the final synthesis
(S3) 213.7 mg (0.6 mmol) of Fe(acac)s, 105.4 mg (0.4 mmol) of
Zn(acac), and 1040 mg (6 mmol) of dodecanoic acid were mixed
with the addition of 15 ml of dibenzyl ether and 10 ml of squalane.

This journal is © the Owner Societies 2019
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The mixture was heated and cleaned in the same manner as in
the S1 synthesis.

Characterization methods

Transmission electron microscopy. The morphology, size
distribution and average particle size were measured using
micrographs from TEM Tecnai TF 20 X-TWIN (FEI). TEM and
HR-TEM pictures were analyzed using Image-J software. Additionally,
chemical composition was examined using energy dispersive X-ray
spectroscopy (EDX).

Inductively coupled plasma optical emission spectroscopy.
The chemical composition of the precipitated materials was analyzed
with inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a Thermo Scientific iCAP 7000 Plus. All samples
were dissolved in a mixture of hydrochloric acid and nitric acid.

Magnetometry. The volume magnetic properties of the nano-
particles were probed using a vibrating sample magnetometer
(VSM) LakeShore type 7407. Magnetization profiles (hysteresis
curves) were measured at selected temperatures using magnetic
flux up to 10 kOe. These provided a fingerprint of superpara-
magnetic behavior and allowed us to determine loop opening
characterized by a coercive field, Hc. In addition, the temperature
dependence of DC magnetic susceptibility was measured under a
steady magnetic flux of 100 Oe during sample heating, preceded
by zero field cooling (ZFC). These provided a fingerprint of the
blocking temperature evolution, which is expected to follow a
similar trend to the characteristic temperature corresponding to
maxima of the susceptibility curve, Tiax-

Mossbauer spectroscopy. The *’Fe Mossbauer absorption
spectra were measured at room temperature (7 = 300 K) and
at cryogenic temperatures (7 = 80 K) utilizing a >’Co source in
an Rh matrix. A spectrometer of an electromechanical type,
working in the constant-acceleration mode was used. The 14.4 keV
g-rays were detected with a proportional counter. The velocity scale
was calibrated at room temperature with metallic iron foil. The low
temperature spectra were analyzed by means of a least squares
fitting procedure with a set of magnetically-split spectral compo-
nents corresponding to different local environments of iron atoms.

Thermogravimetric analysis. Thermogravimetric analysis (TGA)
was done using a differential scanning calorimeter SDT Q600 (TA
Instruments, New Castle, DE, USA). Samples in the form of powder
were heated up to 1100 °C with a heating rate of =10 °C min~" in
a He flux of 100 ml min~". The results of TG analysis were used to
determine the mass of organic content in each as-made sample,
which allowed us to normalize the magnetization of the experi-
mental data with the nanoparticle amount.**

X-ray photoelectron spectroscopy. Chemical characterization
was carried out in a PHI 5000 VersaProbe II spectrometer with
an Al Ko monochromatic X-ray beam. The X-ray source was
operated at 25 W and 15 kV beam voltages. Spectra were
collected from 16 points each of 100 pm diameter. A separation
distance of 100 pm between points was kept. This procedure
allowed us to reduce the possible influence of the X-ray beam on
the nanoparticles at every measured spot. Dual beam charge
compensation with 7 eV Ar" ions and 1 eV electrons was used to
maintain a constant sample surface potential regardless of the
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sample conductivity. The pass energy of the hemispherical
analyzer for the iron (Fe 2p) spectra was fixed at 23.5 eV and
for other elements at 46.95 eV. Depth profiles were carried out
with an Ar-GCIB with approximately 4000 atoms per cluster,
10 kV beam voltage and 35 nA current. The sputter area was set
to 3 x 3 mm®. Starting from the second analysis point, prior to
the XPS measurement, sputtering was carried out for 2 minutes.
The spectra were charge corrected to the main line of the carbon
C 1s spectrum set to 284.8 eV.

For the XPS measurements, the synthesized nanoparticles
were suspended in chloroform, then drops of the solution were
deposited on a substrate (Si wafer) and left to dry. This procedure
was repeated until the substrate was completely covered.

Results and discussion
Morphological and chemical characterization

The preparation of nanoparticles in thermal decomposition
synthesis is usually carried out using one of two methods: ‘hot
injection’ or ‘heating-up’ methods. The hot-injection method is
based on achieving rapid homogeneous nucleation by injecting
reagents into the surfactant solution (at high temperature) and
then the growth phase can be controlled. The heating-up
process comprises the gradual heating of the pre-mixed pre-
cursor solution, solvent and surfactant to a predetermined
temperature, and thus initiation of the formation and growth
of nanoparticles. In this work we focused on the heating-up
process, in which the presence of squalane and dodecanoic acid
in the reaction mixture and the introduction of Zn additives strongly
affect the formation of the nanoparticles. Despite published
3738 on the mechanisms of nucleation and growth during
the formation of nanoparticles, creating an accurate model
which takes into account all the parameters is still a challenge.
The influence of all synthesis parameters on the shape, size
and chemical composition of the nanoparticles is still largely
empirically determined.*>™*’

As mentioned in the experimental part, thermal decomposition
syntheses of nanoparticles were undertaken in the presence of 0,
0.6 and 1.2 formula units of Zn in Zn,Fe;_,0,, as the formation of
magnetite was expected, based on existing literature on doping
iron oxide nanoparticles.*®*® In this method, zinc(u) acetyl-
acetonate and iron(m) acetylacetonate were used without any
other iron(u) source. The ICP-OES measurements indicated the
chemical composition of the obtained nanoparticles. Comparison
of theoretical and experimentally determined formulae are

works

Table 1 Theoretical amounts of zinc and theoretical formulae compared
with the actual amounts of zinc determined via ICP-OES measurements
with the respective determined formula

Theoretical Determined

amount of  Theoretical amount of Determined
Samples  zinc x formula zinc x formula
S0 0 Fe;0, 0.00 Fe,0,
S1 0.6 Zng¢Fe, .0, 0.14 Zng14Fe5 6604
S2 0.6 Zn,¢Fe, ,0, 0.12 Zng 1,Fe; 304
S3 1.2 Zn, ,Fe,; g0, 0.24 Zng ,4Fey 7604
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summarized in Table 1. The results clearly indicate that the actual
Zn content is much lower than expected. For these syntheses, it can
be seen that Zn impoverishment is about 75-80% of what should be
incorporated into the iron oxide structure. The lower content of
zinc in the structure could be related to different reaction
mechanisms, probably occurring when the nanoparticles were
forming. For example, the reaction of the reduction of Fe(ur) to
Fe(u) might disturb zinc incorporation.*’

The morphology of the synthesized nanoparticles, their size
and shape were determined using TEM. Observation of the
nanoparticles at higher magnification allows us to determine
their morphological details more precisely (for HR-TEM images
see ESIY).

The nanoparticles obtained during syntheses SO and S1 had an
average size of 28.6 + 3.4 nm and 22.3 + 2.6 nm, respectively, while
in the case of S2 and S3 syntheses, the obtained nanocrystallites had

p—————— 100 Nm

Fig. 1 TEM images for SO (a), S1 (b), S2 (c), S3 (d).
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slightly smaller average sizes, about 11.2 £+ 1.4 nm and 9.6 + 0.9 nm
respectively.

Additionally, the biggest nanoparticles are hexagonal while
the small ones consist of a mixture of hexagons, squares and
spheres. S1 and SO create agglomerates while S3 are mostly
separated. These show possible magnetic interaction between
larger nanoparticles. Micrographs with histograms are presented
in Fig. 1 and 2, respectively. EDX analysis confirmed iron and
oxygen in the SO sample with the addition of zinc in all of the zinc
ferrite nanoparticles (see ESIT). These resulted in a change in the
local concentration of reactants, which remained in accordance
with the literature data.*® The size of the obtained crystallites,
among other things, is significantly influenced by the temperature
of the synthesis process, especially in the case of the synthesis of
nanoparticles by the thermal decomposition of organometallic
compounds.*®>°

p—— 50 nm

p————— 50 nm
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Fig. 2 Histograms fitted with normal size distribution of SO (a), S1 (b), S2 (c), S3 (d).

Magnetic properties

In order to explore the magnetic properties of all the nano-
particle systems studied, a few milligram samples of loose particles
with different zinc contents and geometries were probed. The
magnetization of ferromagnetic nanoparticles is significantly
responsive to the microstructure of the samples. Superpara-
magnetism occurs when the volume of a particle is so small that
it consists of a single domain alone. Such particles preserve a
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Fig. 3 Magnetization profiles for SO (a), S1 (b), S2 (c) and S3 (d) samples.
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tendency to magnetization saturation, but magnetic hysteresis
is suppressed. The latter is only observed below the blocking
temperature, i.e. when the magnetic anisotropy energy of the
superparamagnetic nanoparticle exceeds the thermal fluctuation
energy.

Fig. 3 shows the hysteresis loops recorded at three selected
temperatures, namely cryogenic (T = 80 K), room (T = 290 K)
and elevated temperature (7 = 440 K). All the studied samples
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exhibit a clear tendency to magnetic saturation, with a simultaneous
lack of magnetic hysteresis at elevated temperature, which indicates
a dominant superparamagnetic phase.

In addition, all the samples reach a similar value of saturation
magnetization at 80 K, which is in the range of 70-85 emu g~ *
and decreases slightly with an increase in temperature, to reach
approx. 60 emu g~ at 290 K. Specific magnetization refers to the
inorganic volume of the samples studied, as derived from the
TGA described in a later paragraph. At room temperature,
hysteresis loop opening (Hc = 10 Oe) is observed in the case
of S1 alone (see ESIT). This suggests that the magnetic aniso-
tropy energy of the magnetic core of S1 is increased due to the
formation of a thick Zn-rich magnetic shell and thus the total
anisotropy of these particles is high enough to keep them
(partially) blocked at room temperature. As expected, at a
cryogenic temperature of 80 K, the larger nanoparticles exhibit
discernable coercivity. This equals 9 Oe, 50 Oe, and 6 Oe, for
samples SO, S1, and S2, respectively. Only sample S3 does not
reveal any traces of hysteresis, which suggest that the majority
of the particles forming this sample are thermally unblocked at
T= 80 K. An accurate determination of the blocking temperature
evolution is usually obtained by analysis of the temperature
dependence of magnetic DC susceptibility, x(7), upon zero-field
cooling (ZFC). Provided that all the samples reveal a unimodal
size distribution of similar width to mean size ratio and the
dipolar magnetic interaction is negligible, the effective blocking
temperature will be proportional to the temperature of the
characteristic maxima in the ZFC curves, Ty - and thus it
should correlate with the product of the magnetic volume and
anisotropy of the particles. As shown in Fig. 4 and Table 2,
correlation between Tp,.x and single particle diameter (drgy) is
rather poor. This indicates that a Zn distribution leading to a
core/shell structure enhances the magnetic anisotropy of the
particles, which is demonstrated especially in the case of S1 and S2.
Better correlation is observed between particle size and coercive field

30 T T T T T T T T
SZ Tmax
25} g
S3
> 20t E
=
= S1
— 15+ §
= S0
10+ .
5t 4

50 100 150 200 250 300 350 400 450
TIK]

Fig. 4 ZFC temperature dependence of DC magnetic susceptibility at
magnetic flux of 100 Gs.
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Table 2 Comparison of the parameters deduced from magnetic char-
acterization (Hc - coercive field, Tmax — temperature of ZFC curve
maximum) and mean particle size (drgm — diameter corresponding to
maximum of size distribution deduced from TEM micrographs)

Samples H at 80 K [Oe] Timax [K] drgm [Nm]
SO 9 135+ 5 28.6 + 3.4
S1 50 115 £ 5& 300 £ 5 22.3 £2.6
S2 6 180 £ 5 112 + 1.4
S3 <1 <80 9.6 + 0.9

observed at 80 K, with the exception of the S1 sample. In the latter
case two maxima in the ZFC curve are discernable — at T,.x ~ 115 K
and Ty ~ 300 K, which are attributed to single particles and
agglomerates of strongly interacting particles, respectively.

No traces of structural (Vervey type) phase transition in the
M(T) curves were observed within the temperature range probed
as expected for the samples with the relative amount of Zn
higher than x > 0.035. However, the lack of traces of such a
transition in the SO sample suggests that the magnetic core of
these particles is partially oxidized toward maghemite.>>

Mossbauer spectroscopy

>’Fe Mossbauer spectroscopy (MS) measurements were per-
formed in order to determine how Zn substitution influences
the distribution of Fe ions in the spinel lattice and in order to
search for possible traces of multiple phases due to e.g. particle
decomposition or formation of shells. MS spectra were collected
at room temperature (T = 300 K) and cryogenic temperature
(T = 80 K). As shown in Fig. 5, the measurements performed at
room temperature reveal significant differences between particles
of different size and morphology, while only slight differences are
present in the low temperature spectra. MS spectra of samples SO
and S1 collected at room temperature show a structured sextet
shape, which confirms the good crystallinity of the particles.*®
As expected for nanoparticles larger than 20 nm in diameter,
the magnetic hyperfine structure of these spectra can be well
resolved. It consists of overlapping, broadened and asymmetrical
lines, which demonstrate only weak traces of superparamagnetic
relaxation phenomena.>* Both spectra can be fitted using a linear
combination of components characteristic of magnetite and
maghemite (SO sample) or zinc ferrite (S1 sample).

In the case of MS spectra of samples S2 and S3 probed at
room temperature, strong relaxation is observed, which significantly
affects spectral shape. Both spectra consist of a broad structure
spanning —8 mm s ' to 8 mm s~ with a pronounced dip in the
center. Such spectra are characteristic of the smallest ferrite nano-
particles. By comparing these results with the results obtained by
Rebbouh et al.,>® one can estimate that samples S2 and S3 are
composed of ferrite nanoparticles with mean diameters of approx.
11 nm and 9 nm, respectively, which is in perfect agreement with
TEM analysis.

MS spectra were also collected at cryogenic temperature.
Lowering the temperature of measurement permits a reduction
in the effect of thermal relaxation and, thus, it allows us to fit the
spectra of the smallest particles with independent components in
order to determine hyperfine interaction parameters. All the MS
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Fig. 5 >’Fe Mdssbauer spectra measured for all for samples at 80 K (a) and 300 K (b). Red dots represent experimental spectra, while the blue solid line is
a result of the numerical fitting using individual components (green lines) corresponding to contributions described in text.

spectra collected at 80 K (Fig. 5) are primarily shaped by four
overlapping sextets corresponding to distinct iron sites within the
spinel structure.’® However, in the case of samples S2 and S3,
additional doublet or broad singlet lines, respectively, were added
in order to correctly fit the spectra in a low velocity region.
The latter are attributed to preserved relaxation profiles of the
significant volumes of the smallest particles, which remain
unblocked at T = 80 K.

Mean values of the hyperfine parameters determined from
the MS spectra are shown in Table 3. The evolution of both
mean isomer shift, (IS), and magnetic hyperfine field, (H),
shows a similar trend at 80 K and 300 K. The mean hyperfine
field increases with the mean size of the nanoparticles. This is
in line with the expected single domain character, where the
magnetic volume of the particles increases with their mean
size. On the other hand, the values of mean isomer shift do not
follow the expected stoichiometry. In spinel ferrites, the higher
the mean isomer shift, the larger the amount of formal Fe>*.
Based on the room temperature data and thanks to a recently

This journal is © the Owner Societies 2019

Table 3 Mean (IS) and (H) values for all samples obtained at 80 K and
300 K with according to amount of zinc. (IS) is a weighted average of all
the components of the spectrum, while (H) has been derived for magnetic
components (sextets) alone

-1
Determined (IS) [mm s ] {H) [kOe]
Samples amount of zinc 80 K 300 K 80 K 300 K
SO 0.00 0.402 0.348 502.7 469.4
S1 0.14 0.446 0.368 487.6 442.5
S2 0.12 0.370 0.272 453.0 406.0
S3 0.24 0.430 0.310 447.0 385.0

proposed method for determining mean iron oxidation from
the MS spectra of magnetite/magnetite nanoparticles,”” we
estimate the Fe*"/Fe®" ratio for sample SO to be o ~ 0.15. The
larger value of the mean isomer shift of the S1 sample is
attributed to a higher o value, but one significantly lower than the
o ~ 0.4 which is expected for homogeneous Zn, ;4Fe; g0, particles.
These results confirm the non-homogeneous distribution of Zn
within the particles, suggesting the possible core/shell character
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of the obtained nanoparticles. In the case of S2 and S3 samples,
the mean isomer shift values correspond to those observed in
pure Fe*" oxides. The latter can be rationalized by assuming that
the iron-rich phase is built from maghemite.

Thermogravimetric analysis TGA

In order to better understand the interactions of organic medium
(squalane, dodecanoic acid and dibenzyl ether) on the surface of
the nanoparticles, TGA was carried out in the range from room
temperature to 1100 °C (Fig. 6). Weight loss dependence on
temperature shows decomposition of the organic compounds
in four main distinct temperature ranges. At about 100 °C, loss of
moisture was observed for all samples. At a higher temperature
three steps of weight loss can be assigned to benzyl ether,
dodecane and squalene, in accordance with the expected boiling
points of these compounds. Within each step, the shapes of the
TG curves are slightly different, depending on the sample. These
can be caused by different compositions of the coating layers and
interfacial interactions with nanoparticles. These also suggest
that the stopping of the ongoing chemical decomposition reac-
tion of the multicomponent layer takes place at different stages.

Total mass losses were equal to 18.2 and 17.0% for samples SO
and S1, respectively. Higher values were measured for samples S2
and S3, which contained smaller nanoparticles and they were
equal to 19.6% and 20.6%, respectively (Table 4). Considering the
mass of the nanoparticles and their composition appointed
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Fig. 6 The thermogravimetric (TG) curves of the as-made nanoparticles
(S0-S3) at heating rate § = 10 °C min~* under an inert atmosphere.

Table 4 Summary of weight loss TGA results and particle size (drem —
diameter corresponding to maximum of size distribution deduced from
TEM micrographs) of obtained nanoparticles (S0-S3) and C, — mean
carbon layer size

Samples drgm [nm) Wt loss TGA [%] Cyp, [nm]
SO 28.6 + 3.4 18.2 4.1
S1 22.3 £ 2.6 17.0 3.0
S2 11.2 + 1.4 19.6 1.7
S3 9.6 £ 0.9 20.9 1.5
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by ICP-OES, the average thickness of the organic layer was
calculated. The results show that, although total mass losses
increase with nanoparticle diameter, the thickness of the organic
layer decreases with their size. The thickest layer was equal to
4.1 nm, which was calculated for nanoparticles of diameter
28.6 nm (S0), whereas the thinnest layer (1.5 nm) can be expected
for the smallest nanoparticle with a diameter of 9.6 nm.
Theoretically estimated values of carbon layer thickness
correspond to the data obtained from XPS measurements.

X-ray photoelectron spectroscopy (XPS)

To obtain preliminary information about the composition and
potential contamination, XPS low resolution wide energy range
spectra were taken (see ESIT). Spectra indicated the presence of
carbon, oxygen and iron in SO, with additional zinc in the S1, S2
and S3 samples. Such results are in agreement with the EDX
analysis shown in ESL{ To further exploit the structure of the
nanoparticles, high resolution spectra of C 1s and Fe 2p regions
were analyzed to determine the chemical states of the elements.

Fig. 7a shows a representative C 1s spectrum measured for
SO nanoparticles, after 2 minutes of argon cluster sputtering. It
was fitted with three peaks with binding energies of 284.8,
286.0 and 288.5 eV. The first peak corresponds to squalane and
dodecanoic acid capping of nanoparticles with residues of
dibenzyl ether. The latter two lines come from dodecanoic acid
(O-C=0) and dibenzyl ether (C-O), which were both used as an
organic medium in synthesis.”® These results correspond
well to TGA results. S1 nanoparticles show no presence of an
O-C=0O0 line in the C1s spectrum. In SO the O-C=0 line is not
as intense as in S2 and S3 (below 1% atomic concentration),
which, with the TEM results, suggests that dodecanoic acid,
alongside temperature, may have the biggest impact on the
final size and shape of the obtained nanoparticles.

Analysis of the Fe 2p spectrum (Fig. 7b) showed the presence
of Fe** and Fe*' in the octahedral sites, and Fe*" in the tetra-
hedral interstices.'”**® Similar spectra were observed for all
samples. They prove that the synthesized nanoparticles were
magnetite (S0) and zinc ferrite (S1, S2, S3).

The XPS information depth is about 10 nm for the organic
layer and 4.5 nm for Fe;0,4,°"°* which, combined with cluster
sputtering, can indicate a core-shell structure of the studied
nanoparticles, as was suggested on the basis of Mdssbauer
spectroscopy measurements. An Ar-GCIB allowed us to study
subsequent layers of material without significant damage to the
chemical composition, enabling elemental analysis of a core-
shell structure.®®"*®

The thickness of the organic shell on the nanoparticles
represents the maximum of their values. One can expect that
part of the organic compounds can form a thin layer on top
of the samples, which appeared during the preparation of
samples for XPS measurements. Nevertheless, the total thickness
of the organic layer is thin enough to detect the inner part of the
particles. This was proved by XPS measurements, in which the
presence of iron was noticed for as-received (not sputtered)
samples. Before sputtering, the C/Fe atomic concentration
ratios increase with increasing total mass loss and decreasing
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Fig. 7 XPS spectra C1s (a) and Fe2p (b) for SO after 2 minutes of Ar-GCIB sputtering.

nanoparticle size. For the sample with the largest nanoparticles
(S0) the ratio was estimated to be about 7 and it reached a value
above 20 for S3, which were the smallest nanoparticles.
Sputtering depth profiles also show a visible distinction
between large (S0 and S1) and small (S2 and S3) nanoparticles
(Fig. 8a). For SO the C/Fe atomic concentration ratio changed
two-fold over 8 minutes of sputtering and then remained unchanged
until the end of experiment. The initial carbon content in S1 was
slightly higher; however, after 8 minutes of sputtering the
ratio decreased two-fold and remained unchanged even after
28 minutes of sputtering, similar to the previously mentioned
sample. In the case of small nanoparticles, the carbon content

exceeds that of iron by almost 20 times. For S2, the C/Fe ratio is
decreasing during 24 minutes of sputtering, to finally stabilize
at a ratio of 6 at the end of the measurement. A different value of
the ratio is present in the S3 nanoparticles, where the carbon
content decreases through the first 6 minutes to stabilize at a
factor of 8 until the end of the experiment. Such a high factor
derives from the carbon layer between neighboring nano-
particles. These observations display agreement between the
C/Fe atomic concentration ratio and the organic content deter-
mined by TG analysis. It is also interesting to note that the relative
changes in the C/Fe ratios with respect to these values measured
after sputtering are very similar. For samples S1, S2 and S3 they vary

10
8 ‘ Iron rich layer
b SO
6
™ /.\‘\0—*‘\0——0—.-./0/’ Zincrich |
s0 ' ‘ ‘ \ ' N ' inc rich layer
10]% 0,20{& . Carbon layer
8] \ 0,16 \
> S1
] e 0,12
® j Se—¢—g—o_ ’\0\ o~
S s ‘ . .‘ ""‘I_‘\O—O—" ‘ 0.08-'51 D i S et M e S
55 1 0,20
16 4 g 0,16 4 S2
12 4 S 0,124
8 i
sl . : . : , iR : : :
20] 0,30
16 0,25 S3
121 0,20
8
4183 015488 , ; ; ; ;
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Sputtering Time [min] Sputtering Time [min]
Fig. 8 In depth atomic concentration ratio of (a) C/Fe and (b) Zn/Fe determined from XPS measurements combined with Ar-GCIB sputtering with (c)

core/shell model structures proposed on the basis of the obtained results.
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between 2.5 and 2.8, but the value is slightly lower for SO, where it is
estimated at 1.8. It can be concluded that the sample surface layer
has no significant influence on the measured composition of the
nanoparticles. The presence of the nanoparticle carbon shells can
be considered to be confirmed by XPS.

The zinc to iron ratio in the as-received samples is roughly
the same, however, after a sputtering change became notice-
able (Fig. 8b). In syntheses S1 and S2, the ratio between zinc
and iron behaves similarly: it significantly decreases during the
first 6 minutes of sputtering. After that time, the ratio is stabilizing
in S1 and slightly increases for the smaller nanoparticles of S2.
On the basis of the above results, it can be concluded that zinc
atoms are mostly present in the outer layer of the nanoparticles.
A different type of zinc infusion is visible in S3 nanoparticles. In
that case, the Zn/Fe ratio increases from 0.18 to 0.30 after 14
minutes of argon cluster sputtering, which indicates that zinc is
present mostly inside the nanoparticles. The results in S3
showed that the changes in the structure of the layer could be
formed at higher concentrations of zinc precursor. This increase
in the concentration of zinc in the reaction mixture may affect
the growth mechanism of the nanocrystallites.”> The presented
analysis of atomic concentration and ratios between C/Fe and
Zn/Fe allowed us to create model structures of the synthesized
nanoparticles, as depicted in Fig. 8c.

Conclusions

In this work we have developed a thermal decomposition
method that allows us to obtain zinc ferrite nanoparticles with
varying composition as well as defined shape and structure.
The reactant mixture was composed of squalane, dodecanoic
acid and dibenzyl ether acting as co-surfactants. Four sets of
nanoparticles with a well-defined size exhibiting a low statistical
distribution were prepared and tested using a wide spectrum of
methods to verify the proposed synthesis products. Depending
on the controlled variables, the diameter of the nanoparticles
varies between 9.6 nm and 28.6 nm. It was found that the size
decreases when the amount of zinc increases. The largest
nanoparticles were obtained for undoped nanoparticles (S0).
These showed hexagonal structures whereas small Zn-doped
nanoparticles consist of a mixture of hexagons, squares and
spheres.

In the final stage of synthesis, carbon layer shells were formed
on the nanoparticles. The shells were characterized by TG
analysis and XPS measurements, which allowed us to estimate
their thickness, varying between 1.5 nm and 4.1 nm, and their
increase with nanoparticle size. The carbon shell was enriched
mainly in squalane, although, after removing the outer part of the
shell by ion cluster sputtering, the concentration of dodecanoic
acid and ether slightly increases for small nanopatrticles (S2 and S3).
This was discussed as being due to the possibility of stronger
interaction of the carboxylate with the surface of iron oxide.

Magnetic characterization confirmed the single domain
character of the obtained nanoparticles in all proposed compositions
and proved the superparamagnetic behavior of all the samples.

23482 | Phys. Chem. Chem. Phys., 2019, 21, 23473-23484
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Systematic studies indicated that Zn acts as a dopant to iron
oxide nanoparticles. Both VSM and Mossbauer spectroscopy
confirmed the non-homogeneous distribution of Zn within
the particles, suggesting their core/shell character. XPS depth
profiling with Ar-GCIB revealed the Zn distribution within the
nanoparticles. A higher Zn concentration at the nanoparticle
shell was observed for nanoparticles with lower Zn content,
independently of their size (S1, S2). Inversion of the Zn distribution
was observed for particles with the highest Zn content (S3). In this
case, Zn concentration was lower at the surface in favor of a higher
content in the core of the nanoparticle.
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In this work, the influence of X-ray irradiation and two types of surface sputtering methods is thoroughly studied.
The first one, monoatomic sputtering, resulted in the reduction of iron oxide to the metallic iron in a short time of
sputtering. The second studied technique is argon cluster sputtering, which uses lower energies per atom, hence
the modification of the structure of the samples is greatly reduced. Based on the XPS characterization of Fe3O4
single crystal the fitting procedure for the Fe 2p spectra for nanoparticles is established. The preliminary results

showed that X-rays combined with cluster sputtering resulted in alteration of the morphology and solidification
of the surface of the samples. In the response to the morphology modification, the Spot-by-Spot Cluster Procedure
is proposed. It allows to thoroughly characterize the layer-by-layer structure of the nanoparticles, without
changing it. The Procedure was used to determine the structure of zinc, manganese and zinc-manganese ferrite
nanoparticles. Finally, the results show, that depending on the used dopant, its incorporation and the state of iron

are changed.

1. Introduction

Ferrite nanoparticles are a group of materials in which some of the
iron atoms are substituted with other metals, such as zinc, manganese,
cobalt, nickel, and others. Even with the small alteration of the stoi-
chiometry, tremendous changes in the biocompatibility [1], magnetic
response [2-4], electrical properties [5], or thermal conductivity [6] of
the material can be seen. Such a broad spectrum of possibilities, paved
the way for numerous applications in different fields like catalysis [7],
hyperthermia [8], electrical technologies [9], magnetic aerogel mate-
rials [10], or even water splitting [11]. However, the understanding of
the structure, hence the different properties may be a challenge.

Since the distribution of cation dopants has a significant impact on
the final properties of the material, knowledge of how different dopants
incorporate into the structure is of high importance in the field of ma-
terials engineering [12,13]. Up till now, one of the methods used for
such analysis was X-ray photoelectron spectroscopy (XPS) which could
reveal only the surface composition and chemical state at the surface of
the material, unless combined with synchrotron radiation [13-15]. To
obtain information about subsequent layers of the material the depth
profiling technique must be applied, which can be achieved by

* Corresponding author.
E-mail address: roma.wirecka@fis.agh.edu.pl (R. Wirecka).

https://doi.org/10.1016/j.surfin.2022.101865

combining XPS with ion sputtering [16,17] Unfortunately, studies show
that monoatomic ion sputtering tends to alter the structure of the ma-
terial because of the preferential sputtering and other phenomena like
interlayer mixing which is a result of high kinetic energy influencing
small part of the material [18,19]. Another approach allowing to reveal
subsequent layers of the materials is ion gas cluster sputtering. This
technique is characterized by the bombardment of the surface with
clusters of atoms, in which final energy delivered per atom to the sample
is much lower, hence the risk of structural alteration is greatly reduced
[20,21]. An additional advantage of the large cluster sputtering is the
reduction of ion mixing, interlayer mixing and preferential sputtering
which consequently leads to better depth profiling resolution in com-
parison to the monoatomic one [22-24].

In this study, a thorough analysis of the influence of X-ray photon
beam and two different types of argon sputtering is presented. Firstly,
monoatomic sputtering characterized with the high energy of sputtering
is used to examine the iron oxide single crystal. Secondly, as an alter-
native, argon cluster sputtering is proposed. It is a gentler technique
with the incident energy per atom of single electronvolts, which allows
observing the subsequent layers of the material. Finally, a fitting pro-
cedure with additional suggestions on how to distinguish different types
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of iron species that may be present in the XPS Fe 2p spectra is proposed.
The procedure based on the macroscopic magnetite crystal is tested on
the four types of iron oxide nanoparticles as a way to study the incor-
poration of the different dopants in the structure of the nanoparticles.

2. Experimental
2.1. Materials

Fe(acac)s (acac = acetylacetonate) (97%), Zn(acac)z (>95%), Mn
(acac)s (>95%), dibenzyl ether (>98%), squalane (>95%), dodecanoic
acid (>98%) were purchased from Sigma Aldrich. Al reagents were of
analytical grade and were used without any purification.

2.2. Synthesis of the nanoparticles

Synthesis of the nanoparticles was performed following the proced-
ure described elsewhere [25]. Briefly, for the iron oxide and ferrite
nanoparticles (Fe3O4 (Fe(Sq), ZniFe3 404 (Zn(Sq)), MnyFes 04 (Mn(Sq))
or MnyZnyFe3.y04 (MnZn(Sq))), 0.8 mmol Fe(acac)s, 0.2 mmol M
(acac)s (M = Zn, Mn or (0.5Zn+0.5Mn)), 3 mmol of dibenzyl ether, 10
mL of squalane and 15 mL of dodecanoic acid were mixed in a glass
flask. For the Fe(Sq) nanoparticles 1.0 mmol of Fe(acac)s was used. The
mixture was heated to 80°C and kept for 90 minutes. Subsequently, the
mixture was heated to 200°C and kept for 90 minutes and finally, flask
was heated to 280°C and the temperature was maintained for 60 mi-
nutes. The final product was let to cool down to the room temperature,
cleaned in the acetone and suspended in the chloroform. To prepare the
samples for the spectroscopy measurements, the suspension was
drop-casted onto previously cleaned silica substrate and left to dry. Such
parameters allowed obtaining nanoparticles with similar diameter of 10
nm.

2.3. X-ray Photoelectron Spectroscopy (XPS)

The XPS measurements were carried out on PHI 5000 VersaProbe II
spectrometer with an Al Ko monochromatic x-ray beam. The X-ray
source was operated at 25 W and 15 kV beam voltage. The incident angle
was set to 45°. To avoid any kind of charge deposition, samples were
neutralized by low energy electron beam and monoatomic argon beam
(Ar"). The pass energy was set to 23.5 eV (for iron) or 46.95 eV (for
other elements). The Argon Gas Cluster Ion Beam (Ar-GCIB) sputtering
parameters were set to 10 kV beam voltage and 35 nA current with
approx. 4000 atoms per cluster. The size of the sputtered area was set to
4 x 4 mm and spectra were collected from its center. During the sput-
tering Zalar rotation was applied. The main oxygen line, with the
binding energy of 529.8 eV, was used as the charge shift correction. This
value was applied as a result of the previous experiments [25]. For
background subtraction, the Iterated Shirley method was applied.

In order to establish the influence of the X-ray beam and the type of
the sputtering (Ar™ for monoatomic or Ar-GCIB for cluster) on the iron
oxide crystallite, three different procedures for the XPS measurements
were performed: Single-Spot Procedure, Spot-by-Spot Monoatomic
Procedure and Spot-by-Spot Cluster Procedure. For both Spot-by-Spot
procedures, spectra were collected from the neighboring spots sepa-
rated by 100 um from each other (Figure 1).

The X-ray influence

In this procedure, all of the spectra were collected from one spot at
the surface of the crystal. Before the first spectrum acquisition, Ar-GCIB
sputtering was performed for 2 minutes to eliminate surface impurities.
Afterward, no further sputtering was performed. Seventeen collections
were taken with total irradiation time being approx. 170 minutes.

Single-Spot Procedure
The influence of Ar-GCIB and X-ray on the ferrite nanoparticles was
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X-ray beam

Photoelectrons

lon beam

Z

Figure 1. Schematic view of the procedure of sputtering and spectra acquisi-
tion in the Spot-by-Spot Procedures. Each dot represents spot of 100 pym in
diameter which was irradiated by the X-ray beam.

established by taking succeeding acquisitions in one spot of 400 pm.
Before every acquisition, Ar-GCIB sputtering was performed for 2 mi-
nutes. After the measurement of zinc ferrite nanoparticles, the protocol
was modified. Since then, spectra were collected using the Spot-by-Spot
Cluster Procedure (see section 0).

The monoatomic sputtering (Spot-by-Spot Monoatomic Procedure)

In this case, before each spectra acquisition, Ar" sputtering was
performed for 1 minute (with Zalar rotation) with 2 kV beam voltage
and 2 pA current.

The sputtering rate for Ar" sputtering with presented parameters
(current density equals 0.13 pA/mm?) was 2 nm/min of sputtering
determined by the stylus profilometer DektakXT on the silica oxide
substrate and similar results were reported [26].

The Gas Cluster Ion Beam sputtering (Spot-by-Spot Cluster Procedure)

In the last proposed approach, the first measurement was made with
as received sample but before following measurements, Ar-GCIB sput-
tering was performed for 2 minutes. Such procedure was established to
avoid repetitive X-ray irradiation of the same area more than once.

The sputtering rate for Ar-GCIB on the silica oxide substrate with
chosen parameters was lower than the detection limit of the stylus
profilometer DektakXT.

3. Results and discussion

As a result of the spin-orbit splitting in 3d transition metals, the Fe 2p
spectrum is divided into two regions — Fe 2ps/» and Fe 2pj/5. FesO4
crystallizes in a cubic inverse spinel structure. It consists of iron in two
different oxidation states and in two different crystallographic struc-
tures: Fe?" in octahedral sites (Fe2+octa) and Fe®* in octahedral
(Fe3+octa) and tetrahedral sites (Fegﬂetra) [27]. Those three species with
the addition of the Feger line, are present in Fe 2ps3/, region. Addition-
ally, both oxidation states have ascribed satellites shifted approximately
6-8 eV to the corresponding mainline [28,29]. Feger line is typically
connected with defected structures [30], and examined Fe304 crystallite
may have some surface and lattice defects, which have an impact onto
the iron chemical state. As a result of smaller intensity of Fe 2p; 2 region
and errors that can occur in the higher binding energy range, the anal-
ysis will be based only on Fe 2p3,; region [31].
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3.1. Fe304 crystal and the influence of the X-ray beam on the iron oxide

To study the influence of the X-ray beam, on the magnetite, one spot
at the surface of Fe3O4 single crystal was chosen and 17 subsequent
measurements were performed. Every acquisition was done in the same
area. During the measurement, the Fe 2p spectra were not changing
which showed, that X-ray used in the XPS does not have a measurable
influence on the iron oxide (Figure 2a).

3.2. The influence of the method of the sputtering on the iron oxide

One of the most commonly used methods of sputtering in XPS is Ar™
ion sputtering, which can cause sample modification even with possible
damage [2]. To establish the difference between the two types of sput-
tering, two different measurements were made. Firstly, the Fe3O4 single
crystal was sputtered with the Ar" beam using Spot-by-Spot Monoa-
tomic Procedure. Another measurement was based on the Spot-by-Spot
Cluster Procedure made in a different place of the sample.

As it can be seen in the Figure 2b and e, an alteration occurs in the Fe
2p spectra, depending on the applied method of sputtering. After 7
minutes of Ar' sputtering, Fe® line appears at the binding energy of
706.4 + 0.1 eV which corresponds well with the literature [32]. It in-
dicates that a monoatomic argon beam can reduce the oxidation state of
the iron. Analysis of the atomic concentration showed that, while Fe®
concentration rises, the concentration of other iron species present in the
measured sample, decreases. Worth emphasizing observation is that the
sample sputtered with Ar-GCIB has no reduced iron in its structure
(Figure 2d).

The second visible alteration of the Fe 2p spectra occurs in the sat-
ellite region (712-720 eV). Before sputtering, the line ascribed to the
Fe3" satellite has a higher intensity which indicates the presence of a-,
y-Fe;03 at the surface of the sample [29,33]. After sputtering, Fe?*
satellite line increases drastically when sputtered with Ar*, however
only slight and steadily progressing changes are visible after Ar-GCIB
sputtering (shown in the Figure 2e). Additionally, right to the Fe*
satellite line, Feqer line can be placed. Looking at the drastic increase of
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the intensity of the lines in the Ar™ sputtering, there is a possibility, that
not only Fe" satellite increases, but also the concentration of the
defects.

Knowing the differences in the impact of both Ar" and argon cluster
sputtering, the results obtained with the Ar-GCIB were used to create the
fitting procedure for Fe 2p region, which after small adjustments is
useful for spectra analysis of the nanoparticles. Fitting was based on the
spectra collected after every two minutes of sputtering which showed,
that the topmost layer of the crystal is made of Fe;O3 which after layer-
by-layer removal by argon clusters, changes to the Fe304 with the 1:1:1
ratio of the iron species (Fe? o Fe¥toeta: Feotierra). Additionally,
before sputtering, the peak attributed to Fe?* qtellite; iS DOt visible,
though after sputtering its intensity is increasing (Figure 2c,d), and both
satellite lines can be properly fitted with binding energies of 715.6+0.2
and 718.740.2 eV for Fe?* and Fe>* satellite, respectively.

3.3. Influence of Ar-GCIB and X-ray on the Zn(Sq) nanoparticles

During the Fe304 single crystal measurements, it became clear, that
the impact of the monoatomic Ar" beam onto the structure of the sample
may be too high to perform a reliable nanoparticles structure study with
the Spot-by-Spot Monoatomic Procedure. As a result, another approach
was chosen. All acquisitions were made in one spot and before each, 2
minutes of Ar-GCIB sputtering was performed. The goal was to remove
the carbon layer present at the surface of the nanoparticles, as the post-
synthesis drawback, and with little to no alterations in the structure and
morphology of the nanoparticles [25].

Spectrum acquisition following the Single-Spot Procedure resulted in
the removal of most of the carbon layer, made of capping agents from
the synthesis. The atomic concentration of carbon decreased from 41%
to 5% during 14 minutes of sputtering. On the other hand, the concen-
tration of iron increased from 14.2% to 34.3%. The amount of zinc in the
structure was stable with a value of 1.8%. The table with all concen-
trations can be found in the ESI as a Table S1. After the XPS measure-
ment (14 minutes of sputtering) and removing the sample, there was a
visible 400 pm x 400 pm square left, possibly made of unsputtered

Normalized Intensity [a.u]

730 725 720 715 710
Binding Energy [eV]

Figure 2. Selected XPS spectra for the Fe30, single crystal showing the impact of X-ray, Ar*, and Ar-GCIB sputtering on the iron oxide structure; (a) two XPS Fe 2p
spectra of first and seventeenth measurement made in one spot, presenting nondestructive impact of the X-ray on the Fe304 structure even after approx. 170 min of
irradiation. The inset presenting both spectra normalized and overlapping showing no differences between two spectra; (b) XPS results for the Fe 2p region measured
after four different times of Ar" sputtering, presenting the impact of sputtering on the iron oxide structure, with arrows pointing alterations resulting from the Ar"
sputtering; (c) XPS spectra for Fe304 crystal before Ar-GCIB and (d) after 22 minutes of Ar-GCIB sputtering, with fitted lines showing changes in the line intensities
and the crystal structure; (e) all Fe 2p spectra made after every two minutes of Ar-GCIB sputtering.
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nanoparticles (Figure 3a). SEM image of the remaining part of the
sample was taken, which showed that nanoparticles free from carbon
layer, connect so strongly that it is not possible to remove them with the
use of the low energetic Ar-GCIB. Additionally, energy delivered with
the X-ray beam locally sinter zinc ferrite nanoparticles. Before sputter-
ing, Zn(Sq) nanoparticles create visible steps of layers on the SEM im-
ages (Figure 3c and d). After the XPS measurement, no regular lines are
visible (Figure 3e). These results show, that taking multiple spectra
acquisition in one spot results in the alteration of the morphology of the
sample possibly by combining the energy of the argon clusters and the X-
ray. Thorough structure study for the Zn(Sq) (results published in the
[25]) state that iron-rich phase in such nanoparticles is made from
maghemite which is in contradiction to the results obtained after 14
minutes of the single-spot sputtering. Hence, to ensure the lack of the
influence of the applied methodology of the XPS measurement on the
results, another approach for the nanoparticles is necessary - the
Spot-by-Spot Cluster Procedure.

The XPS spectra comparing both proposed procedures are shown in
the Figure 3f and Figure 3g, for the Single-Spot and the Spot-by-Spot
Cluster Procedure, respectively.

3.4. Comparison of the Fe 2p region in the Fe(Sq), Mn(Sq), Zn(Sq) and
MnZn(Sq) nanoparticles

The Fe 2p spectra for all studied ferrite nanoparticles are presented in
the Figure 4. On the left side are presented spectra before Ar-GCIB
sputtering, while on the right side - after 30 minutes of cluster sputter-
ing following the Spot-by-Spot Cluster Procedure. All of that results
concern nanoparticles with similar morphology and diameter. Addi-
tionally, detailed changes of concentrations in the iron species with the
dopant concentrations alterations are presented in the Figure 5. Fitting
parameters for all four types of nanoparticles can be found in the
Table S2 and Table S3 in the ESI for Fe 2p and Zn 2p with Mn 2p,
respectively.

In case of the pure iron oxide nanoparticles (Fe(Sq), Figure 4 a, b),
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before sputtering the intensity ratio of iron lines is 0.5:1:1 (Fe*" oeta:
Fe3+0cta: Fe3+tetra), suggesting that the nonstoichiometric structure cre-
ates the surface of the nanoparticle. After 10 minutes of sputtering, most
of the carbon layer is removed and the ratio of iron lines reaches almost
1:1:1 (Figure 5 a) — the theoretical value for the structure of magnetite
(Fe304). One should acknowledge, that the Feger line is not taken into
account while establishing Fe?* /Fe>" ratio. The ratio is stable during the
rest of the sputtering. Additionally, the satellite area (712-720 eV)
changes during the measurement suggesting, that the surface of the
nanoparticle is mostly made of a- or y-FeoO3 with the Fe3O4 in the core
(drastic rise of the intensity in the Fe2+sat line).

Similar changes in the iron species ratio can be found in the man-
ganese ferrite (Mn(Sq), Figure 4 c, d). At the surface, the Fe?T yera line is
of low intensity (the ratio of iron lines being 0.3:1:0.8), and the pro-
portion of the manganese ions to iron is high. After 6 to 8 minutes of
sputtering, the iron line ratio changes, to reach the 1:1:1 with additional
decrease of the manganese to iron ratio from 0.6 to 0.14 (Figure 5 c).
Moreover, the FWHM (full width at half maximum) for all of the iron
lines decreases during sputtering by the 0.2 eV. Such observations sug-
gest that some additional states of iron, possibly connected to the
manganese atoms in the structure, are removed with the decrease of the
manganese in the core. Knowing that it can be proposed that at the
surface of the nanoparticle manganese replaces the Feer(,Ctal atoms.
During the substitution of the iron by the manganese, the structure tends
to change from inverse to the mixed spinel, hence it can be stated that
the Mn(Sq) sample is made of the mixed spinel. Additionally, the Mn 2p
XPS spectrum analysis confirms that the manganese is present in two
states in the sample: Mn?*(640.64+0.2 eV) and Mn>*(642.44+0.2 eV)
(spectra can be found in the Figure S1 in the ESI). The (Mn%":Mn*") ratio
of the lines decreases during the sputtering from 2:1 to 1.7:1, which
proves small alterations in the Mn(Sq) nanoparticles in the subsequent
layers of the sample. Because the ion sputtering tends to reduce the
oxidation state of metal ions in the sample, results in which the exact
opposite is happening proves, that the established Spot-by-Spot Cluster
Procedure is a suitable and effective choice for the characterization of
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Figure 3. SEM pictures of the Zn(Sq) nanoparticles after acquisitions made in one spot with multiple Ar-GCIB sputtering with corresponding XPS results. (a)
sputtered area, with the square of 400 um by 400 pm showing the area where X-ray beam was directed; (b) Ar-GCIB sputtered area without the measurement taken
(no X-ray acting onto the nanoparticles); (c) nanoparticles before sputtering with visible layers made of the nanoparticles (inset d); (e) nanoparticles after sputtering
and the X-ray radiation affecting them, without visible rows of the nanoparticles; (f) Normalized Fe 2p XPS spectra for Zn(Sq) nanoparticles not sputtered and after 14
minutes of sputtering in the Single-Spot Procedure (corresponding to the c. and e. pictures, respectively); (g) Normalized Fe 2p XPS spectra for Zn(Sq) nanoparticles

sputtered following the Spot-by-Spot Cluster Procedure.
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Figure 4. The XPS spectra of Fe 2p regions before and after sputtering (left and right side, respectively) with Ar-GCIB for Fe(Sq) and three other ferrites.

the metal oxide nanoparticles.

On the other hand, the Zn(Sq) nanoparticles (Figure 4 e, f) show
differences in the comparison to the Fe(Sq) and Mn(Sq). 7Zn%" ions tend
to occupy the tetrahedral interstices and change the spinel structure
from inverse to normal [27]. In the Zn(Sq) the content of zinc atoms is
deficient to obtain stoichiometric zinc ferrite with normal spinel struc-
ture, hence a mixed structure should be observed. Here, the Zn?" is
believed to occupy the tetrahedral interstices with the Fe?* oea line still
present, though with very little intensity. The difference between Fe(Sq)
or Mn(Sq) and Zn(Sq) is the little to no sign of the feature characteristic
for the magnetite: no difference in the intensities of the lines in the
satellite region is observed during cluster sputtering. This implies that
the iron-rich phase is made mostly of maghemite or hematite. All of the
presented results, with the addition of only small alterations in the Zn
and Fe content during sputtering (Figure 5 d, e) imply that the presence
of the zinc atoms in the structure allows obtaining a homogenous
product with unchanging structure throughout the nanoparticle.

The last type of analyzed nanoparticles is mixed ferrite of manganese
and zinc (MnZn(Sq), Figure 4 g, h), which both act as the dopants to the
iron oxide. The spectrum shows similarities to both zinc and manganese
ferrite samples. The overall content of dopants in the nanoparticles (4%
and 6.5% for zinc and manganese, respectively) and the ratio of iron
species, stays the same regardless of sputtering (Figure 5 f, g). On the
other hand, the iron content increase from 7.3 to 11.0% and the shape of
the Fe 2p spectrum alters during the cluster sputtering. The FWHMs and
the binding energies for manganese lines are the same for Mn(Sq) and
MnZn(Sq), same as FWHM for zinc when comparing to Zn(Sq)). The
main difference is the presence of additional low-intensity line in the Zn
2p spectrum suggesting that manganese occupy the same interstices for
both types of nanoparticles while zinc is in more than one state when
other dopants are added to the structure of the nanoparticles (Figure S3
and S4 in ESI).

4. Conclusions

In the presented study, a thorough analysis of the impact of X-ray
radiation and the two different types of sputtering on the iron oxide and
three different ferrites was conducted. The X-ray radiation does not have
any measurable influence on the macroscopic iron oxide single crystal,
but if the sample is made of the nanoparticles and the gas cluster sput-
tering is used some alterations of the structure are visible. Additionally,
the use of monoatomic sputtering results in the reduction of the iron
oxidation state and the alteration of the oxide structure even in the
macroscopic single crystal. As a result of these observations, the original
technique is proposed to ensure no damage to the sample’s structure.
Moreover, we proved, that depending on the substituting ion, the
structure of the ferrite nanoparticle alters significantly. The doping with
zinc results in the mixed spinel structure almost without Fe?*. When
manganese is used as the dopant, it is present in at least two states, with
a decreasing amount of manganese in the core of the nanoparticles.
Finally, when both proposed elements are introduced into the structure
zinc behaves differently, and occupies more than one state. Those
findings are a result of the usage of gas cluster ion sputtering combined
with the X-ray Spot-by-Spot Cluster Procedure, which ensures very low
impact to the structure, with the delicate removal of the subsequent
layers of the sample.
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Figure 5. Graphs representing the differences in the areas of the lines after
fitting of the XPS spectra with corresponding atomic concentration for the iron

and
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1:1:

the dopants in the nanoparticles; areas are normalized to the sum of four
s equivalent to 100%; (a.) results of the Fe(Sq) fitting, showing almost ideal
1 ratio of the Fe?* i Fe®" o oa:Fe emra lines; (b. and c.) results for the Mn

(Sq) nanoparticles, showing similarities with the Fe(Sq) nanoparticles in the
areas of the fitted lines, additionally, (c) shows the stabilization in the con-
centration of the dopant after 10 minutes of Ar-GCIB sputtering; (d. and e.) data
concerning Zn(Sq) showing lower intensity of the Fe“wa1 line suggesting the
normal or mixed spinel structure of the nanoparticles; (f. and g.) percentages
related to MnZn(Sq) showing the highest intensity for the Fe®tera line and
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ost stable concentration of the dopants irrespective to the time of sputtering.
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Table S1. Atomic concentration for the Zn(Sq) sample following Single-Spot Procedure

Atomic concentration [%]
fiz:‘;t[en:';g] C1s 01s Fe 2p Zn2p Si 2p
0 41.0 39.8 14.2 1.8 3.2
2 38.2 41.4 16.0 1.7 2.7
4 26.5 46.6 21.9 1.8 3.2
6 135 51.8 27.7 1.7 53
8 7.1 53.5 32.2 1.7 5.5
10 7.3 53.5 31.8 1.7 5.7
12 6.2 52.2 34.2 1.7 5.7
14 5.0 54.8 343 1.8 4.2

:
MnZ*
Mn**]|

Intensity [a.u.]
Intensity [a.u.]

650 648 646 644 642 640 638 650 648 646 644 642 640 638
Binding Energy [eV] Binding Energy [eV]

Figure S1. Mn 2ps2 XPS spectra for the Mn(Sq) nanoparticles before sputtering (a) and after 30
minutes of sputtering (b) following the Spot-by-Spot Cluster Procedure.
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Figure S2. Zn 2p XPS spectra for Zn(Sq) nanoparticles before sputtering (a) and after 30 minutes of
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Figure S3. Zn 2p XPS spectra for MnZn(Sq) nanoparticles before sputtering (a) and after 30 minutes
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Figure S4. Mn 2ps2 XPS spectra for the MnZn(Sq) nanoparticles before sputtering (a) and after 30
minutes of sputtering (b) following the Spot-by-Spot Cluster Procedure.



Table S2. Summary of the fitting parameters for Fe 2p spectra for all measured nanoparticles before
and after 30 minutes of sputtering following Spot-by-Spot Procedure

Sputtering time 0 min Sputtering time 30 min
sample Line Binding FWHM %Area Binding FWHM %Area
energy [eV] [eV] energy [eV] [eV]
Fe*octa 708.9 2.1 10.6 708.9 2.0 17.9
Fe3*octa 710.2 2.1 21.2 710.2 2.0 17.3
Fe3*ietra 711.5 2.1 19.6 711.5 2.0 16.1
Fe(Sa) Feder 713.2 2.1 10.8 713.2 2.0 10.4
Fe?*sat 715.7 3.1 6.5 715.7 3.4 9.5
Fe3*sat 719.4 3.1 4.9 719.4 3.4 3.2
Fe*octa 709.0 2.4 7.9 708.8 2.3 10.7
Fe3*octa 710.2 2.4 30.7 710.1 2.3 23.3
Fe3*ietra 711.6 2.4 23.2 711.4 2.3 22.6
Zn(Sa) Feder 713.4 2.4 10.8 713.3 2.3 10.6
FeZ*sat - - 0.0 715.5 2.9 2.6
Fe3*sat - - 0.0 719.2 2.9 3.7
Fe*octa 709.0 2.2 9.2 708.7 2.1 16.9
Fe3*octa 710.1 2.2 24.5 709.9 2.1 15.8
Fe3*ietra 711.6 2.2 20.2 711.3 2.1 14.5
Mn(Sa) Feder 713.5 2.2 10.1 713.1 2.1 7.2
FeZ*sat 715.7 3.3 4.6 715.4 41 13.2
Fe3*sat 719.4 3.3 6.6 719.1 4.1 3.6
Fe*octa 708.6 2.3 10.4 708.7 2.3 14.1
Fe3*octa 709.9 2.3 14.0 710.0 2.3 14.5
MnZn | Fe3*tetra 711.2 2.3 24.0 711.3 2.3 20.9
(Sq) Fedef 713.1 2.3 11.7 713.2 2.3 12.2
Fe?*sat 715.3 3.8 6.5 715.4 3.3 6.8
Fe3*sat 719.0 3.8 4.6 719.1 3.3 45

Table S3. Summary of the fitting parameters for zinc and manganese in the Zn(Sq), Mn(Sq) and
MnZn(Sq) samples

Sputtering Time 0 min Sputtering Time 30 min
Sample Line EnBei:‘g(:[ir[‘egV] F\[IZI\-I/;VI %Area EnBei:g(:[ir[‘sV] F‘[’ZI\-I/;VI %Area

Zn(Sq) Zn? 1021.8 1.9 100 1021.8 1.9 100
Zn? 1021.5 2.5 100 1021.5 2.3 88.0

MnZn(Sq)
1023.5 2.3 12.0
Mn?* 641.1 2.3 61.8 641.0 2.1 56.1
Mn(Sq) Mn3* 643.0 2.3 25.1 642.8 21 29.6
Mngat 646.5 3.0 13.1 646.5 35 14.3
Mn?* 640.7 23 53.7 640.8 21 53.9
MnZn(Sq) | Mn3* 642.5 23 33.0 642.6 21 33.5
Mngat 646.1 31 13.3 647.0 3.1 12.5
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In the field of organic electronics, the energy level alignment between the components of a device is
crucial for its final performance. Improvement in the final properties can be achieved using hybrids
made of organic and inorganic materials. In highly defected systems, like polymers or nanoparticles,
every charge carrier matters, and the potential barriers or possible defects must be considered when
designing a hybrid consisting of such components. However, the difference in the interface modifica-
tion in such materials and its influence on final conductivity were never studied before. This paper
shows how modification of the medium in iron oxide nanoparticle synthesis can increase the
hole transportation efficiency without altering the morphology, magnetic properties, and chemical
composition of the obtained nanoparticles. We found that a six-time increase of conductivity can be
achieved, mainly due to the shift in the hole injection barrier which was reduced from 1.7 eV for pristine
P3HT to 1 eV for materials made of nanoparticles and P3HT, and also by lack of the diffusion barrier
between the nanoparticles and conducting polymer. Until now, research on such systems has mainly
focused on the dispersity and stability of nanoparticles, which led to the isolation of components in the
final product caused by capping agents at the surface of the additive. Our results demonstrate how
surface functionalization of iron oxide nanoparticles can reduce the barrier at the nanoparticle/
polythiophene interface and influence the energy level alignment, hence improving the electrical
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rsc.li/materials-c conductivity of the final material.

polymer solution,"* in situ polymerization in the presence of
nanoparticles’> and synthesis of polymer and nanoparticles

Introduction

Composites based on magnetic oxide nanoparticles and con-
ducting polymers are in demand for potential applications as
microwave absorbers,? electromagnetic shielding materials,’®
or as a part of organic solar cells.*> Additionally, due to the
semiconducting properties of some metal oxides, they can
potentially contribute to the overall electrical properties of
hybrid materials, providing basics for thin, flexible, and cheap
organic electronic devices.®™®

Hybrid materials consisting of nanoparticles and conducting
polymers can be obtained in four different ways: mixing polymer
and nanoparticles,”'® in situ synthesis of nanoparticles in the

“AGH University of Science and Technology, Faculty of Physics and Applied
Computer Science, al. A. Mickiewicza 30, 30-059 Cracow, Poland.
E-mail: roma.wirecka@fis.agh.edu.pl

b AGH University of Science and Technology, Academic Centre for Materials and
Nanotechnology, al. A. Mickiewicza 30, 30-059 Cracow, Poland

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d1tc02949e¢

This journal is © The Royal Society of Chemistry 2021

simultaneously."® The first two proposed methods allow studying
the changes of electrical properties in the obtained materials
induced by the alteration of the interface between the polymer
and nanoparticles, while the two latter methods allow the
enhancement of polymer properties by control over the length
and polydispersity of polymers and the overall architecture of the
final composite.

The interface and energy level alignment plays a crucial role
in the final performance of organic electronic devices.'*™° By
adjusting the energy levels of the subsequent layers of the
device, the efficiency of charge injection and collection can
be significantly enhanced, while geminate charge recombina-
tion may potentially be reduced."”” One way of modifying,
hence, adjusting the energy level alignment, is through the
use of metal and metal oxide nanoparticles.>'®'® Additionally,
by creating a conduction path directly in the active layer by
nanoparticles, improvement of conductivity of the electronic
device can be obtained directly.> Within the conduction path
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and subsequent energy level alignment lies the interface of the
nanoparticles and polymer matrix; this can be seen as the most
important part for the successful fabrication of composites
with enhanced conduction properties. The synthesis of nano-
particles ends with the obtainment of a core-shell type struc-
ture in which the core (nanoparticle) is covered with a capping
agent typically made of large organic molecules.”’ This
architecture prevents undesirable aggregation of nanoparticles
but on the other hand introduces a few nanometer-thick
insulating layer between the polymer matrix and nanoparticles
which in turn blocks the undisturbed electron/hole flow.>*

This study presents the synthesis of iron oxide nanoparticles
covered with two different shells: an insulating shell made of
a capping agent and a conducting shell made of poly
(3-hexylthiophene) (P3HT). Second, we propose two hybrid
materials made of nanoparticles mixed with P3HT. In the final
part of this study, an electrical conductivity model based on
chemical characterization of the obtained materials, conductivity
measurements and energy level alignment of the created materials
is proposed.

View Article Online

Journal of Materials Chemistry C

Results and discussion
Morphology and crystallographic structure

The morphology with the corresponding histograms of the
synthesized nanoparticles is presented in Fig. 1. Both types of
synthesized nanoparticles show aggregation, and a similar
diameter of around 10 nm with low polydispersity. It is possible
that even though the capping agent was used to stabilize
SPION(Sq), the magnetic interactions between the particles
were higher than the stabilizing factor. Due to the lack of a
capping agent in SPION(P3HT) synthesis, the obtained nano-
particles are of irregular shape and have a lower degree of
crystallinity, compared to the particles synthesized with squa-
lane in the reactive mixture.

To learn more about the crystallographic structure of the
nanoparticles, XRD analysis was conducted. Observed peak
broadening can be ascribed to the small crystallite size of the
nanoparticles. Both types of synthesized nanoparticles possess a
cubic inverse spinel structure, Fd3m group (JCPDS no. 98-015-8741).
On the basis of the Rietveld refinement, the lattice constant of

b. C.
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Fig.1 TEM micrographs of the synthesized nanoparticles with the corresponding histograms are presented. For SPION(Sq) (a and b), the average
diameter was calculated to be 9.3 £+ 1.9 nm and for SPION(P3HT) (c and d) 9.6 £+ 1.4 nm. At the bottom (e), XRD pattern for both types of nanoparticles
can be found, showing characteristic peaks for the cubic inverse structure Fd3m group, with an additional diffractogram for pure P3HT.
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SPION(Sq) is 8.34 A, though in the case of SPION(P3HT) the intensity
and the number of profound XRD peaks corresponding to Fe;O,
were not high enough for reliable Rietveld refinement. However, the
lattice constant of SPION(P3HT) was calculated to be approx. 8.36 A.
Both values correspond well with the bulk lattice constant of
8.39 A% The average crystallite size was calculated using the
Scherrer formula for the (113) crystalline plane and it was found
to be 10.7 (FWHM = 0.933°) and 12.9 nm (FWHM = 0.785°) for
SPION(Sq) and SPION(P3HT), respectively. This, combined with the
TEM results, proves that nanoparticles are of single crystalline
character.

Additional analysis was conducted for thin polymer films
made from pure P3HT. The diffraction peaks at 5.5° 10.7°
16.0° and 23.8° were observed and ascribed to crystalline P3HT
(100), (200), (300) and (010) planes, respectively.***” Further-
more, the same diffraction peaks were found in the diffracto-
gram of SPION(P3HT), proving the presence of the polymer
around the synthesized nanoparticles.

Magnetic properties

The magnetic behavior of SPION(P3HT), SPION(Sq) nano-
particles and unmodified P3HT was investigated using a vibrat-
ing sample magnetometer. The samples were measured as
dried powders. Fig. 2a shows the M-H hysteresis loops of the
three materials, which were recorded at 80 K using a field
sweep rate of 1 mT s~ '. To study the changes in the magnetic
properties of nanoparticles, additional M-H loops were
recorded for 290 K and 440 K. Multiple factors determining
the magnetic properties such as coercivity (H.), saturation
magnetization (M), remanence ratio (M,/M), and blocking
temperature (Tg) are shown in Table 1. Both nanoparticle
samples depict open loops at a very low temperature, 80 K,
with a slightly higher coercivity for SPION(P3HT) than
SPION(Sq), which is equal to 32 mT and 20 mT, respectively.
The existence of a polymer on the surface of magnetic oxide
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Fig. 2 (a) Magnetic hysteresis cycles for P3HT, SPION(P3HT) and
SPION(Sq) measured at 80 K, (b) zero field cooled (ZFC) and field cooled
(FC) magnetization curves as a function of temperature taken in an
external magnetic field of 10 mT, (c) derivative of the difference between
FC and ZFC as a function of temperature.
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Table 1 Summary of the magnetic characterization: coercivity (H.),
saturation magnetization (M) and remanence ratio (M,/My)

H. [mT] M, [Am?® kg '] MM [%] Ts [K]

80 K 80K 290K 440K 80K

SPION(P3HT) 32
SPION(Sq) 20

77.8 679 562 79
67.5 62.6 52.3 3.6

<80, 300, 320
<80, 270

nanoparticles can possibly change the surface magnetic aniso-
tropy leading to the enhancement of the surface spin
disorientation.>® However, despite this fact the saturation
magnetization of SPION(P3HT) is noticeably higher compared
to that of SPION(Sq). For P3HT powder, no magnetic response
was observed, which is possibly limited by the apparatus
resolution, but the weak ferromagnetic properties of P3HT were
proven by Majumdar et al.®* Such properties can possibly
enhance the magnetic response of SPION(P3HT) which is
visible as a higher M; of the material. At higher temperatures
(290 K, 440 K), the nature of magnetization of both the samples
is typical for an ensemble of superparamagnetic nanoparticles,
as evidenced by negligible coercivity and remanence (hysteresis
loops can be found in ESI in Fig. S11).

Fig. 2b shows the temperature dependence of magnetiza-
tion, which is probed using the magnetic flux of 10 mT after
zero field cooling (ZFC) and field cooling (FC). Both samples
were measured under identical conditions. The temperature
shift in the ZFC curve reveals that the blocking temperature of
SPION(P3HT) is significantly higher than that of SPION(Sq).
The blocking temperature allows determining the regime
above which the ferromagnetic response is destroyed since
the magnetic anisotropy energy barrier of single domain nano-
particles is overcome by thermal activation energy, leading to
the fluctuation of magnetization typical for paramagnets. A flat
maximum of ZFC and non-monotonic difference between FC
and ZFC dependences suggest that some volumes of both the
systems have several blocking temperatures.®® Indeed, the plot
of the temperature derivative of the difference between FC
and ZFC profiles shows the maximum at approx. 270 K for
SPION(Sq) as well as approx. 300 K and approx. 370 K for
SPION(P3HT). These are attributed to the strongly coupled
nanoparticles in the forms of nanoflower multicore particles.

Chemical structures

The first method applied to study the chemical structure of
SPION(P3HT) was FT-IR spectroscopy (Fig. 3a). It allowed con-
firming the presence of both polythiophene and iron oxide in
the final product. Peaks located at 2962, 2933 and 2853 cm "
can be ascribed to CH, out-of-plane mode, CH, in-plane mode
and CH; asymmetry mode, respectively.*’*> Additionally, four
peaks around 1410 cm ™" belong to the vibration of a thiophene
ring, which can be observed for both SPION(P3HT) and pure
P3HT samples. The additional line at 560 cm ' in the
SPION(P3HT) and SPION(Sq) spectra can be ascribed to the
stretching vibration mode of O-Fe bonds in magnetic
nanoparticles.*® Such FT-IR results confirm the presence of
iron oxide nanoparticles in the polymer matrix.
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(a) FT-IR spectra showing the presence of the polymer in SPION(P3HT) and iron oxide in both nanoparticle samples, (b) XPS S 2p spectra for

SPION(P3HT) and pristine polymer showing a shift of 0.3 eV and suggesting coordinate bonding between iron and sulphur, (c and e) XPS Fe 2p spectra for
SPION(Sq) before sputtering and after different times of Ar-GCIB sputtering, with characteristic features depicted in the figure, (d and f) XPS Fe 2p spectra

for SPION(P3HT) before and after different times of Ar-GCIB sputtering.

To further analyze the structure of the obtained nano-
particles and their possible core-shell structure, XPS analysis
of nanoparticles and the pristine polymer was conducted. The
analysis of C 1s and S 2p regions allowed the investigation of
possible changes in the polymer chemical structure and a
thorough analysis of the Fe 2p region allowed checking how
different synthesis media, thus nanoparticle coating, influence
iron oxide formation.

The S 2p region in the SPION(P3HT) spectrum consists of
two lines at 164.0 and 165.2 eV for S 2pz, and S 2pip,
respectively. In the case of P3HT, two peaks can be ascribed
to sulphur with energies of 163.7 and 164.9 eV (Fig. 3b). The
chemical shift between these two sulphur spectra implies that
the coordinate bonding between iron atoms and sulphur from
the thiophene ring may take place,** but no oxidation or other
forms of degradation of the thiophene ring, as a result of
synthesis, are observed. For the Fe 2p region, it was possible
to distinguish six lines from which three were ascribed to Fe",
Fe*" in octahedral, and Fe®" in the tetrahedral interstices, one
to defected iron atoms which are mostly located at the surface
of nanoparticles and two satellite peaks were ascribed to Fe**
and Fe** (Fig. 3c and d).

The second part of XPS measurements was based on XPS
analysis combined with argon gas cluster ion beam sputtering
(Ar-GCIB). It allowed studying how different coatings of
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nanoparticles influence iron oxide formation by observing the
spectra in the subsequent layers of both types of synthesized
nanoparticles. Ar-GCIB sputtering is characterized by meager
energy impact on every atom (in this case 4 eV per atom) in the
measured sample, which limits chemical state alterations.*>>®
One thing that was shown in the Fe 2p region was the core-
shell character of the obtained nanoparticles. Measurements
were taken after every 2 minutes of cluster sputtering. To show
the possible changes in the chemical state of iron atoms with
in-depth analysis of the samples, five different spectra were
chosen: after 0, 2, 4, 6 and 30 minutes of sputtering (Fig. 3e and f).
There were 3 characteristic features in the Fe 2p spectra that
were observed during sputtering that proved the variation in
the structure of nanoparticles.>” First, at the early stages of
sputtering (up to 6 minutes), the intensity of Fe** lines in
octahedral interstices is very low which suggests the hematite
or maghemite shell of nanoparticles, and although when its
intensity gradually increases, it shows that the core of nano-
particles consists mainly of magnetite. The second change
occurs for satellite peaks. There is an increase of satellite peak
related to Fe®" which is a characteristic of magnetite. Addition-
ally, the maximum of the Fe 2p;, peak shifts towards lower
energies after every 2 minutes of sputtering, which shows that
the iron oxide structure in nanoparticles shifts from o-, y-Fe,O3
to Fe;0,.
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When comparing the XPS spectra of iron, the change in the
iron state in SPION(P3HT) is more prominent. The char-
acteristic line of Fe>" in octahedral interstices (709.0 eV) has
a very low intensity in the non-sputtered sample, but after
30 minutes of cluster sputtering, the intensity of that line severely
increases. This may come from a thick polymer shell which covers
the nanoparticles, so before sputtering, the XPS spectrum of iron
comes from the outermost layer of nanoparticles in comparison to
that of the SPION(Sq) sample.

Analysis of the C 1s region confirmed the presence of
squalane and dodecanoic acid in SPION(Sq) and the presence
of the polymer shell in SPION(P3HT) samples. In the case of the
SPION(Sq) sample, the carbon content decreased during sput-
tering from 25% to 4.3% atomic concentration. The most
visible change occurred between 0 and 6 minutes of sputtering,
when the concentration decreases to 8% and after that steadily
decreases to 4.3%. The reason why it is not reaching 0% lays in
the carbon shell, not only at the top of the nanoparticles,
but also between adjacent nanospheres. In the case of the
SPION(P3HT) sample, the carbon content reaches almost 50%
before sputtering and decreases to 12% steadily for 30 minutes
of sputtering (XPS spectra for the C 1s region and carbon
content data are presented in the ESIf in Fig. S2 and S3,
respectively). Such a high amount of carbon in the sample
may come from a thick polymer layer surrounding the nano-
particles in the sample which proves the statement made in the
previous paragraph. Additionally, the carbon layer indirectly
protects the iron core of the studied nanoparticles from a
possible negative impact of irradiation during sputtering and
measurement itself, therefore more prominent change of the
iron state in the SPION(P3HT) sample should not be connected
to the degradation of the chemical structure during XPS mea-
surements, but only as a result of different environments
during synthesis.

Conductivity and UPS measurements

Fig. 4 presents three different /-V characteristics observed for
P3HT, SPION(Sq) and SPION(P3HT). Measurements were con-
ducted either under dark conditions (Fig. 4a) or illumination
(Fig. 4b). It is clearly visible that nanoparticles covered with the
capping agent cannot conduct electricity, but when squalane is
replaced by a thin polymer shell, the conductivity in the dark
increases dramatically in comparison to pure P3HT. The
increase of conductivity in the SPION(P3HT) sample, in com-
parison to that of the pristine polymer, can be explained by the
possible p-type of semiconductivity of magnetic nano-
particles.*® Semiconductivity may originate from iron defi-
ciency in octahedral interstices which was suggested by XPS
and XRD measurements. In the measured films, p-type nano-
particles are connected directly to the p-type polymer, which in
this example is P3HT, resulting in the increase of the number
of charge carriers (holes) and overall growth of the hybrid
conductivity. Lack of electrical conductivity in the SPION(Sq)
sample may be explained by an insulating shell made of
squalane and dodecanoic acid which was shown in XPS results.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 -V characteristics for pristine P3HT, SPION(Sq) and SPION(P3HT)
in the dark (a) and under illumination (b), showing lack of conductivity in
the SPION(Sq) nanoparticles, and a significant impact of illumination on
the conductivity of pure polymer and SPION(P3HT) nanoparticles.

Additional attention was paid to the influence of light on the
conductivity of composites consisting of either SPION(Sq) or
SPION(P3HT) and P3HT. To study the influence of the carbon
shell on the conductivity of the proposed materials, a high
amount (30% wt) of nanoparticles was mixed with P3HT. As
depicted in Fig. 5a, the most significant change in the dark can
be seen for hybrids consisting of nanoparticles covered with the
polymer and mixed with pure P3HT (six-time increase). For
nanoparticles covered with capping agents (squalane and
dodecanoic acid), only a minor impact on the sample’s con-
ductivity is observed (three-time increase), which may originate
from the doping of the polymer by dodecanoic acid.>® These
results are in line with the UPS measurements of the valence
state region shown in Fig. 5b. For the pristine P3HT the hole
injection barrier height between the HOMO and Fermi-edge is
the largest and is equal to 1.7 eV, whereas the addition of 30%
SPION(Sq) to P3HT lowers this value to 1.4 eV, possibly due to
the doping of the polymer by the capping agent. The lowest
barrier (1 eV) is found for 30% SPION(P3HT) in the P3HT
composite which explains its increase in conductivity com-
pared to pristine P3HT.
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Fig. 5 (a) Conductivity values measured for the pure polymer, nano-
particles covered with capping agents and nanoparticles covered with
P3HT. Under dark conditions, nanoparticles covered with squalane do not
influence the conductivity of the polymer film, whereas nanoparticles
synthesized in situ polymer matrix are enhancing conductivity over 9
times. (b) UPS measurements of valence states showing the HOMO edge
shift for the pristine P3HT sample and 30% SPION(P3HT) and 30%
SPION(Sqg) in P3HT composites. It can be stated that the HOMO-Fermi
edge barrier decreases from 1.7 eV for pristine P3HT to 1 eV for the
composite made of 30% SPION(P3HT) in P3HT.

Under illumination the best performance is observed for
pristine P3HT, but the trend for composites remains; higher
conductivity is found for 30% SPION(P3HT) in the P3HT compo-
site. The decrease of conductivity of 30% SPION(Sq) composite in
relation to pristine P3HT can be explained by the fact that the
addition of insulating nanoparticles decreases the P3HT content
and thus, with the same volume, there is less material capable of
conduction. However, it can be stated that under illumination the
dominant influence on the conductivity is driven by P3HT.

Conclusions

Magnetic nanoparticles of two different shells, electrically
insulating and conducting, were successfully created using
the thermal decomposition method. The influence of the
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created shell on the morphology, crystallographic structure,
magnetic properties and conductivity of the proposed materials
was thoroughly studied.

Both types of synthesized nanoparticles are single crystalline
with a diameter of 10 nm. The alteration of the surface
magnetic anisotropy made by the P3HT shell leads to the
enhancement of surface spin disorientation, and additionally
in the second prepared material, the decrease of magnetization
is observed due to the carbon shell made of squalane and
dodecanoic acid. Chemical characterization, based on FT-IR
and XPS results, confirmed the presence of unmodified P3HT
covering of magnetic nanoparticles with coordinate bonding
between iron atoms and sulphur from the thiophene ring.
Additionally, no negative alteration of sulphur, such as oxida-
tion of the thiophene ring during synthesis, was observed.

In this study, we showed that stabilization of nanoparticles
achieved by capping agents (such as squalane or dodecanoic
acid) separates two elements of hybrid devices which results in
a decrease of electrical performance. Nanoparticles synthesized
directly in the polymer matrix are characterized by higher
aggregation in the final polymer film, but the overall conduc-
tivity is enhanced significantly. These results show that hybrid
devices consisting of magnetic nanoparticles and conducting
polymers can possibly achieve even better results than those
reported till now by designing the interface between the com-
ponents of electronic devices.

Experimental

Materials

Fe(acac); (acac = acetylacetonate) (97%), dibenzyl ether (>98%),
squalane (>95%), dodecanoic acid (>98%) and anhydrous
dichlorobenzene were purchased from Sigma Aldrich. Poly
(3-hexylthiophene-2,5-diyl) (P3HT) 51000 molecular weight and
over 90% regioregularity was purchased from Rieke Metals. All
reagents were used as received.

As substrates for conductivity measurements, the Inter-
digitated ITO Substrates for OFET and Sensing (Ossila Ltd)
were used.

Synthesis of Fe;O, nanoparticles capped with P3HT
(SPION(P3HT))

Magnetite nanoparticles were synthesized using the thermal
decomposition method of iron acetylacetonate under an argon
atmosphere. First, 60 mg of P3HT were dissolved in 45 ml of
dibenzyl ether at 100 °C and kept in the dark for 12 hours. In
the next step, the hot mixture was added to 15 ml of dibenzyl
ether and 353 mg (1 mmol) of Fe(acac); and was heated to
around 200 °C and held for 90 minutes under a controlled
continuous argon gas flow in a three-neck round-bottom flask.
This step allowed complete dissolution and degassing of the
mixture. In the last step of synthesis, the mixture was heated to
over 280 °C and maintained at the same temperature for
60 minutes to allow particle formation.
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The solution was left in argon overnight to cool down to
room temperature. Then, the nanoparticles were cleaned using
acetone by centrifugation (10 min, 10000 rpm). The final
product was suspended in dichlorobenzene and stored at
4 °C in the dark.

Synthesis of Fe;O, nanoparticles capped with squalane
(SPION(Sq))

Magnetite nanoparticles were synthesized using a thermal
decomposition method of iron acetylacetonate under an argon
atmosphere. The entire procedure was described previously in
ref. 40. Briefly, 1 mmol of Fe(acac)s, 3 mmol of dodecanoic acid,
15 ml of dibenzyl ether and 10 ml of squalane were mixed in a
three-neck round-bottom flask under a continuous argon gas
flow. First, the mixture was heated up to around 80 °C, and
maintained for 60 minutes to assure complete dissolution of
reagents. Second, the flask was heated up to around 200 °C and
maintained for 60 minutes to assure good degassing of the
solution. In the last step, the mixture was heated up to over
280 °C to reach the decomposition temperature of iron acet-
ylacetonate and to allow nanoparticle formation.

As in the previous synthesis, the solution was left in argon
for several hours to cool down to room temperature. After
reaching around 20 °C, the nanoparticles were cleaned with
acetone by centrifugation (10 min, 10000 rpm). The final
product was suspended in dichlorobenzene and stored at
4 °C in the dark.

Thin-film fabrication

The pre-patterned ITO substrates (Ossila Ltd.) with the overall
channel dimensions of 30 mm X 50 um with a 100 nm
thickness of the ITO layer and a roughness of 1.8 nm RMS
(data supported by Ossila Ltd) were used. Before the thin-film
preparation, the substrates were ultrasonically cleaned in three
steps: cleaning in 1% Hellmanex solution, deionized water and
pure methanol. Each step took approximately 20 minutes.
Additionally, two different solutions of nanoparticles, either
covered with squalane or the polymer, were placed in the
sonication bath for an hour prior to the thin film preparation
process. Both, substrates and solutions, were transferred to an
argon-filled glovebox (O, < 0.1 ppm and H,O < 0.1 ppm).

For the conductivity measurements of pure nanoparticles
and the polymer, the concentrated nanoparticle solutions were
drop cast onto pre-patterned ITO substrates and annealed at
130 °C for 15 minutes. After that time, the contact pads were
carefully cleaned with a cleanroom swab dipped in chloroform.
All samples were left overnight in the glovebox to assure
complete evaporation of dichlorobenzene and stabilization of
the sample temperature.

In the case of thin-films for conductance measurements, an
appropriate amount of nanoparticle solution was mixed with
the polymer powder to obtain a final concentration of
30% weight content of nanoparticles in relation to 14 mg ml™*
final concentration of P3HT. Such solutions were kept at 70 °C for
12 h in the glovebox to ensure full dissolution of the polymer
without oxygen contamination. Later, the solutions were
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transferred to the sonication bath for an hour and transferred
back to the glovebox. Thin films were made on the spin coater
with a speed of 1300 rpm for 60 s. After that time, the samples
were annealed for 15 minutes at 130 °C and left overnight to
ensure complete evaporation of the organic solvent and the
stabilization of the samples’ temperature.

Conductivity measurements

The I-V characteristics of thin films were determined with a
Keithley model 2400 source meter and illumination generated
with an AM1.5 solar simulator with an irradiation intensity of
100 mW cm 2. To ensure that oxygen and humidity do not have an
influence on the conductivity results, measurements were made in
an argon-filled glovebox (O, < 0.1 ppm and H,O < 0.1 ppm). All
measurements were made using the two point probe method in the
voltage range of —5 V to 5 V. All of the samples were prepared using
the Interdigitated ITO Substrates for OFET and Sensing by
Ossila Ltd.

Nanoparticle characterization techniques

To investigate the size and shape regularity of nanoparticles of
both types, transmission electron microscopy (TEM) was
employed. The preparation of samples consisted of dropwise
addition of diluted nanoparticle solution onto a carbon coated
copper grid and letting the solvent to evaporate overnight.
Bright field images were taken using a Tecnai TF 20 X-TWIN
(FEI). The crystalline structure of the obtained nanoparticles
was examined using a PanAnalytical Empyrean diffractometer
(Cu Ka = 1.5406 A) in Bragg-Brentano mode using parallel
beam geometry.

A vibrating sample magnetometer (VSM), type 7407 Lake-
Shore Inc., was used to determine the magnetic properties of
the obtained nanoparticles. Prior to the measurement, the
nanoparticles suspended in dichlorobenzene were dried, and
as a powder transferred to the apparatus in a Teflon vessel.
Measurements were carried out at three different temperatures,
80 K, 290 K and 440 K, in an external magnetic field ranging
from —1000 to 1000 mT. Additionally, to determine the block-
ing temperature evolution, zero field cooled (ZFC) and field
cooled (FC) characteristics were determined at 10 mT.

To observe the influence of high temperature synthesis on
the polymer chain, Fourier transform infrared spectroscopy
(FTIR) was employed. Measurements of the dried samples were
carried out using a Tensor II Spectrometer, Bruker, with a
single reflection diamond ATR. A further study of changes in
the chemical structure of nanoparticles was carried by X-ray
photoelectron spectroscopy (XPS) combined with argon gas
cluster ion beams (AR-GCIBs). A PHI 5000 VersaProbe II spec-
trometer with an al Ko monochromatic X-ray beam with an
X-ray source operating at 25 W and 15 kV beam voltages was
employed. To avoid changes in the sample surface potential,
dual beam compensation was applied - with 7 eV Ar' ions and
1 eV electrons. Additionally, argon gas cluster ion beam
sputtering of samples was carried out with approximately
4000 atoms per cluster which resulted in an energy of
4 eV per atom. The sputter area was set to 5 x 5 mm? with
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Zalar rotation during sputtering. All spectra were charge cor-
rected to the main carbon line at 284.8 eV.

Ultraviolet photoelectron spectroscopy (UPS) measurements
were performed using PHI VersaProbe II apparatus (ULVAC-
PHI, Chigasaki, Japan) using He I line (21.22 eV) from an UHV
gas discharge lamp. Each sample was set to an acceleration
potential of —5 V leading to a much more pronounced second-
ary electron cut off (SE cut-off). The work function (measured as
the difference between the photon energy and SE cut-off posi-
tion) and hole injection barrier (given by the difference of the
substrate Fermi level to the HOMO onset of the material) were
measured by UPS. For each UPS spectrum, the emission
features due to the secondary line excitation of the He-I gas
discharge are subtracted. Since the actual relative intensities of
the satellite excitation depend on the He discharge pressure,
the secondary line subspectra were adjusted marginally in
intensity to the measured UPS spectrum and subtracted incre-
mentally starting with the highest photon energy satellite. The
measurement times were kept as short as possible to avoid UV
degradation damage of the examined materials.
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Figure 1. M-H loops for powder samples of P3HT, SPION(P3HT) and SPION(Sq) in three different temperatures, namely: (a, b)
80K, (c, d) 290K, (e, f) 440 K
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Figure 2. XPS spectra of C 1s region acquired for (a) SPION(Sq) and (b) SPION(P3HT)
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Figure 3. XPS derived changes of atomic concentration in SPION(Sq) and SPION(P3HT) samples during Ar-GCIB sputtering
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Abstract: In the presented study, we have synthesized six nanocomposites based on various magnetic
nanoparticles and a conducting polymer, poly(3-hexylthiophene-2,5-diyl) (P3HT). Nanoparticles
were either coated with squalene and dodecanoic acid or with P3HT. The cores of the nanoparticles
were made of one of three different ferrites: nickel ferrite, cobalt ferrite, or magnetite. All synthesized
nanoparticles had average diameters below 10 nm, with magnetic saturation at 300 K varying between
20 to 80 emu/g, depending on the used material. Different magnetic fillers allowed for exploring their
impact on the conducting properties of the materials, and most importantly, allowed for studying the
influence of the shell on the final electromagnetic properties of the nanocomposite. The conduction
mechanism was well defined with the help of the variable range hopping model, and a possible
mechanism of electrical conduction was proposed. Finally, the observed negative magnetoresistance
of up to 5.5% at 180 K, and up to 1.6% at room temperature, was measured and discussed. Thoroughly
described results show the role of the interface in the complex materials, as well as clarify room for
improvement of the well-known magnetoelectric materials.

Keywords: magnetic nanoparticles; magnetoresistance; magnetic nanocomposites

1. Introduction

Having both electrical properties and magnetic response, with addition of possible
flexibility and ease of synthesis, nanocomposites based on conducting polymers and
magnetic nanoparticles are of high interest both in the scientific and commercial worlds [1,2].
Continuous studies aiming at a better understanding of their electrical properties, the
influence of the filler, and the interface between components, on the final properties of the
nanocomposite materials resulted in numerous reports showing new methods for their
synthesis and potential applications [3-8].

Among many interesting and adjustable properties of such composite materials, the
alteration of their properties under the influence of the magnetic field (magnetic field
effects—MFE) is of high interest. The influence of the magnetic field was observed to
have an impact on the photocurrent (magneto-photocurrent) [9,10], electroluminescence
(magneto-electroluminescence) [11,12], electrical current (magneto-electrical current, mag-
netoresistance, magnetoconductance) [13,14], and other properties [15]. All those properties
mainly originate from three phenomena: carrier recombination, exciton dissociation, and
electric polarization. As the external magnetic field introduces coherent and incoherent spin
precessions, the spin of the electron may be affected. As a result, it can remain unchanged
or it can alter its orientation, which leads to positive or negative MFEs, respectively [16].
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Among other MFEs, one that is constantly drawing attention to the polymer-magnetic
nanoparticle composites is magnetoresistance (MR). It is described as the alteration of the
electrical resistivity (R) of the material in the external magnetic field (H).

R 100% 1)

The positive MR is seen as the increase, while the negative MR results in the decrease
of the resistivity in the external magnetic field. The use of magnetic semiconducting
nanoparticles allows for tuning the conductivity of the material [17,18]. Thanks to the
magnetic properties of the filler, the magnetic response can be modified, and the MR can be
amplified [19].

This study presents the synthesis of six different core—shell nanoparticles which are
later suspended in the electrically conductive polymer matrix to obtain nanocomposites
with magnetoelectric properties. The shell of the nanoparticle, made of either insulating
material (squalene and dodecanoic acid) or conducting material (poly(3-hexylthiophene-
2,5-diyl)), covers a magnetic core made of one of three different ferrites. The morphology
and magnetic properties of the nanoparticles are thoroughly analyzed to help understand
the differences between the obtained nanoparticles. Finally, the electrical and magne-
toresistive properties of thin composite films made of nanoparticles suspended in P3HT
are carefully studied to establish the influence of the shell-covering nanoparticle on the
conductivity mechanism.

2. Materials and Methods
2.1. Materials

Fe(acac); (acac = acetylacetonate) (97%), Ni(acac), (97%), Co(acac), (97%), dibenzyl
ether (98%), squalene (95%), dodecanoic acid (98%), and anhydrous dichlorobenzene were
purchased from Sigma Aldrich. Poly(3-hexylthiophene-2,5-diyl) (P3HT) M, = 51,000 u
and over 90% regioregularity was purchased from Rieke Metals. All reagents were used
as received.

2.2. Synthesis of Nanoparticles Capped with Squalene

The synthesis of the Fe304 nanoparticles (Fe(Sq)) was based on the thermal decompo-
sition of the acetylacetonates in a controlled argon gas atmosphere, thoroughly described in
our previous work [20]. The synthesis of cobalt (Co(Sq)) and nickel ferrites (Ni(Sq)) followed
the same protocol, but the molar ratio of iron to dopant was chosen to be 2/1. The synthesis
consisted of three stages: dissolving of the solution (at 80 °C for one hour), degassing (at
200 °C for one hour), and the formation of nanoparticles from decomposed metal acetylace-
tonates (at 280 °C for one hour). After this time the content of the flask is left overnight to
cool down and then cleaned with acetone by centrifugation (10 min, 10,000 rpm) at least
three times. Afterward, the nanoparticles are suspended in the dichlorobenzene and stored
in the dark at 4 °C.

2.3. Synthesis of Nanoparticles Capped with P3HT

The synthesis of magnetite nanoparticles capped with P3HT (Fe(P3HT)) was al-
ready described in our previous work [20]. The synthesis of nickel (Ni(P3HT)) or cobalt
(Co(P3HT)) ferrite follows the same procedure with the molar ratio of iron to the chosen
dopant being 2/1. Briefly, the synthesis consists of three steps. Firstly, a flask containing
P3HT and dibenzyl ether is kept at 100 °C for 12 h in dark to assure good dissolution of
the polymer. Then, the solution is transferred to the pre-heated (200 °C) flask containing
dibenzyl ether and the proper amount of metal acetylacetonate and kept for 90 min. The
final stage, in which the decomposition of the acetylacetone and nanoparticles’ formation
takes place, lasts 60 min at 280 °C. After the synthesis, the mixture is kept in argon gas
for 12 h to cool down, then is cleaned with acetone by centrifugation (10 min, 10,000 rpm).
Cleaned nanoparticles are suspended in the dichlorobenzene and kept in the dark at 4 °C.
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2.4. Nanocomposite Preparation

Nanoparticles obtained following the previously described procedures (NP(Sq) for
nanoparticles capped with squalene and NP(P3HT) for nanoparticles covered with P3HT)
were suspended in P3HT dissolved in dichlorobenzene. The concentration of polymer was
set to 14 mg/mL and nanoparticles to 10 mg/mL. The solutions were put in the ultrasonic
bath for one hour to ensure good distribution of the nanoparticles in the polymer solution.
Six different prepared solutions were further used to obtain nanocomposite films.

2.5. Vibrating Sample Magnetometry

For the magnetic characterization of obtained nanoparticles, a vibrating sample magne-
tometer (VSM), type 7407 Lake Shore Cryotronics, Inc., (Westerville, OH, USA) was chosen.
Before the measurement, the nanoparticles were dried, and as a powder transferred to the
apparatus in a Teflon vessel. All measurements were conducted at three temperatures: low
(80 or 100 K), nearly room temperature (290 or 300 K), and high (440 K), in an external
magnetic field ranging from —1500 mT to 1500 mT.

2.6. Conductivity Measurements of Nanocomposites

Substrates for the conductivity measurements were custom made. They consisted
of two 100 nm thick gold electrodes evaporated on top of the S5iO, wafer/substrate. The
distance between electrodes was set to 75 um.

Nanocomposite solutions were drop cast on the described substrates in the argon-filled
glovebox (O < 0.1 ppm and H,O < 0.1 ppm). The samples were annealed at 130 °C for
15 min and left overnight to cool down. Afterward, the contact pads were cleaned with
a cleanroom swab dipped in dichlorobenzene. Samples were transferred in the isolated
sample holder to the VSM apparatus equipped with a conductivity measurement holder.
The continuous nitrogen gas flow in the apparatus ensured the elimination of the oxygen
and humidity in the vicinity of the sample. Conductivity measurements were carried out
using the two-point method with a Keithley 2400 source meter. The distance between the
electrodes was set to 75 pm. The R(T) characteristics were collected at different temperatures
ranging from 200 K to 400 K.

2.7. Conductivity Measurements of Nanocomposites in the External Magnetic Field

Samples were prepared in the same manner as for R(T) measurements. The external
magnetic field was applied parallel to the sample’s surface. The magnetic field was applied
in the sequence starting at 0 mT, then increasing to 1500 mT, and then changing to —1500 mT,
and finishing at 0 mT with the 10 mT/s step and 5 V applied to the sample to measure
the magnetoconductivity of the sample. The same measurements were conducted in the
temperature regime ranging from 300 K to 200 K, all with the same sequence.

3. Results
3.1. Morphology of the Nanoparticles

The morphology with the corresponding histograms of all six types of obtained
nanoparticles is presented in Figure 1. The Fe(Sq) and Co(Sq) samples are characterized
by regular cubic and hexagonal shapes with ~10 nm diameter, while Fe(P3HT) samples
have the same mean diameter (~10 nm) but their dispersity of size is higher. The Co(P3HT)
particles are slightly smaller (~7 nm) and irregular, similar to Fe(P3HT). The most regular
shapes, hence least defected structures, were obtained from the pure Fe304 and nanoparti-
cles doped with cobalt in the presence of surface agents—squalene and dodecanoic acid.
There is a visible distinction between nanoparticles synthesized directly in the polymer
matrix and the surface agent—nanoparticles in the presence of polymer become more
irregular and smaller. The aggregation of nickel and cobalt ferrite nanoparticles is similar,
but pure Fe3O4 nanoparticles synthesized in the presence of polymer are not aggregated at
all. A possible explanation is that the magnetic interactions between the particles are much
smaller in comparison to the Fe(Sq) or Co(Sq), which can be established during the VSM
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measurement. Secondly, there is a possibility the polymer coverage is stabilizing small
nanoparticles. The dispersity of sizes between NP(Sq) and NP(P3HT) is similar in two out
of three types of nanoparticles, which is surprising and shows that the use of size- and
shape-controlling mediums during the synthesis, such as squalene and dodecanoic acid,
has little effect on the distribution of sizes, but affects the regularity of obtained shapes.

9.4:1.4nm g h 9.842.1 nm

d 10.7+1.3 nm : o 6.8+1.7 nm

 55:09nm | 4.7+1.4 nm
0 3 6 9 12 15 0 3 6 9 12 15
Diameter [nm] Diameter [nm]

Figure 1. TEM micrograph with corresponding histograms of synthesized nanoparticles: (a,b) Fe(Sq);
(c,d) Co(Sq); (e/f) Ni(Sq); (g/h) Fe(P3HT); (i,j) Co(P3HT); (k1) Ni(P3HT).

3.2. Magnetic Characterization

The magnetic hysteresis loops of as-received nanoparticles at three different temper-
atures are presented in Figure 2. The saturation magnetization (M;) of all synthesized
nanoparticles with corresponding bulk values taken from the literature are presented in
Table 1. The M is a characteristic value of the field that aligns all of the magnetic moments
in the sample. The comparison of alterations of values between the bulk and the nanoparti-
cles allows making some assumptions about the magnetic dead layer (MDL) [19] and the
influence of the synthesis on the magnetic properties and structure. The largest difference
between the bulk value and the M; of the nanoparticle is observed for Co(P3HT) and Ni(Sq)
nanoparticles, which is probably caused by the structural distortions present at the surface
of the nanoparticles in the samples. Additionally, almost no difference of M; is observed for
magnetite nanoparticles, showing that the magnetic properties are similar regardless of the
less regular size of Fe(P3HT) and different outer layers. The M; of nickel nanoparticles is
four times smaller than magnetite (and two times smaller than cobalt ferrite nanoparticles),
which is a result of the highest proportion between the surface and the core. Since the
surface may be treated as a defected structure, the MDL will have the biggest impact on the
magnetic properties when the nanoparticles’ size is decreasing. The results for Co(P3HT)
nanoparticles support this hypothesis: Co(Sq)’s Mg and the nanoparticle’s diameter are
two times bigger than those of Co(P3HT). Worth pointing out is the lack of (or very low)
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coercivity in almost all samples (Co(Sq) in 100 K being one exception), which shows that
the addition of polymer to the nanoparticles does not have a negative, insulating impact
on the magnetic properties of the composite, which was observed for a similar P(VDF-H
FP)/Cobalt ferrite nanocomposite [21].

80
60

Moment/mass [emu/g]

1
—+—100K ]
——300K ]

——440K ]
1

-40 ] — T T T T T T I T T T T T
-1500 -750 O 750 -1500 -750 O 750 1500
Field [mT] Field [mT]

Figure 2. M(H) loops for (a) Fe(Sq), (b) Fe(P3HT), (c¢) Co(Sq), (d) Co(P3HT), (e) Ni(Sq), and
(f) Ni(P3HT). The dotted lines show the field value for which the magnetization saturation for
300 K is observed.

Table 1. Summary of sizes and saturation magnetization in 300 K of all samples.

Sample Diameter [nm] Experimental Mg M; for Bulk at 300 K

for NPs [emu/g] [emu/g]

Fe(Sq) 94+14 65.5
96.0 [22]

Fe(P3HT) 9.8+21 70.0

Co(Sq) 10.7 1.3 52.7
80.8 [23]

Co(P3HT) 6.8+ 17 28.9

Ni(Sq) 5.5+ 0.9 16.9
55.0 [24]

Ni(P3HT) 47+14 30.6

Next, the electrical properties of nanocomposites based on the nanoparticles described
above were checked. The materials were studied without and with the magnetic field
applied during the conductivity measurements.

3.3. Electric Properties

To determine the electrical conductivity mechanism of obtained nanocomposites,
the resistivity of the samples was measured at temperatures ranging from 200 to 400 K.
Because the resistivity is decreasing with the increase of temperature, the nanocomposites
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are typical semiconducting materials with a negative temperature coefficient (insets in
Figure 3). Such results suggest a thermally activated conduction mechanism [25] in which
the charge carriers are tunneling or hopping between nanoparticles and P3HT.

—&—Fe(Sq) ]
—@ Fe(P3HT)
—4—Co(Sq)

—=@ Co(P3HT) |

1280

380 400 200 | 250 350 | 400

200 300 : 300
: TIK] T : TIK] ;
6.0 ' i : i : b | ey
-1500 -1000 -500 0 500 1000 -1500 -1000 -500 Q 500 1000 1500
H [mT) H [mT]

Figure 3. Graphs presenting changes in the magnetoresistance: (a) Fe(Sq), (b) Fe(P3HT), (c) Co(Sq),
and (d) Co(P3HT); the lines present in the graphs are to guide the over the results; the insets of the
R(H) characteristics prove semiconducting properties of obtained materials; (e) is a summary of the
MR values in the 1500 mT at different temperatures.

The conductivity of polymers and their composites strongly depends on the structural
order of the system [26]. One of the elements affecting it is the disorder of the polymer
chains, which may be influenced by the addition of nanoparticles. The disordered state
can be defined as the conductivity ratio measured at different temperatures, or by the
Mott temperature calculated from the Mott Variable range hopping conductivity model
(VRH) [27]. To express the value of the composite’s disorder, the ratio of the resistance
values at 200 K and 300 K was calculated (Table 2). For the pure P3HT, it was not possible to
measure resistance below 300 K in our measuring setup, so the disorder was not analyzed,
hence in the discussion only synthesized composites are included.

Table 2. Disorder ratio for different types of synthesized nanocomposites with calculated resistance
at low temperature and Mott’s temperatures (Tp).

Nang;;rr};}la:sue Re;zs()t::;% ;Z;tlo Ry [Ohm] To 107 [K]
Fe(Sq) 11.1 8.8 x 10~ 9.22
Fe(P3HT) 28.5 2.0 x 10711 94.37
Co(Sq) 14.6 2.8 x 107> 11.75
Co(P3HT) 33.6 25 %1077 29.15
Ni(Sq) 17.8 1.7 x 107> 45.32
Ni(P3HT) 447 6.0 x 1077 32.47
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The conductivities of nanoparticles covered with squalene and dodecanoic acid were
measured. The results showed that the resistivity of the samples is so high that it can be
concluded that nanoparticles are insulators. For the nanoparticles covered with P3HT, the
conductivity was measurable [20]. Only after creating nanocomposites, was it possible to
observe electrical conductivity for materials based on both NP(Sq) and NP(P3HT). Since
conductivity was measured for all synthesized nanocomposites, the significant influence of
the nanoparticles in charge carrier transport is proven. The composites in which nanoparti-
cles were covered with squalene show a more than two times smaller disorder ratio than
those in which nanoparticles were coated with polymer. Additionally, it can be observed,
that with the change in type of ferrite, the ratio increases from 11.1 for Fe(Sq) to 17.8
for Ni(Sq) and from 28.5 for Fe(P3HT) to 44.7 for Ni(P3HT). These results show that the
addition of nanoparticles affects the conducting behavior of the samples in a consistent
manner. One probable explanation of the disorder difference is that squalene insulates
nanoparticles, which causes only small alterations of the polymer matrix conduction paths.
On the other hand, when the composite consists of the polymer and NP(P3HT), the inclu-
sion of chains covering the magnetic nanoparticle in the polymer matrix causes additional
distortions and interactions between polymer chains, which greatly increases the disorder
of the conduction paths. Furthermore, in the materials based on NP(P3HT), the highly
spin-polarized charge carriers injected from the nanoparticles may be transferred to the
polymer chain and influence the conductivity of the polymer matrix. In the case of NP(Sq),
the barrier may be too high to inject any charge carrier into the polymer matrix [28].

To further study the conduction mechanism of the synthesized materials, the VRH
model is applied. Following Guo et al. [29], Equation (2) was used to determine it.

1\ (1 T\ ™
ln(R) = ln(RO) — (T) n=1,23 2)

In Equation (2), R is the resistivity of the sample, Ry is the resistivity of the sample at
the infinitely low temperature, T is the temperature (K), and # is the constant <1,3>, which
reflects the dimension of the system. Mott temperature (Ty) is related to the decay length of
the localized wave function of the charge carriers and the DOS at the Fermi level and is
also known as a hopping barrier [30]. The results of the calculations are summarized in
Table 2. Since the T is correlated with the disorder of the polymer [31], the results should
also reflect the data for the resistivity ratio. Such correlations are observed for four out of
six studied composites. For magnetite and cobalt ferrite nanoparticles, both the resistivity
ratio and T increase for samples covered with P3HT. This correlation and the fact that
samples follow the function trend very well suggest a quasi-3D VRH electrical conduction
mechanism for the four measured samples. We believe that the hopping of the carriers
may occur between P3HT covering NP(P3HT) and the polymer matrix, and at the same
time, the transport may occur along the polymer backbone [29,32]. On the other hand,
when nanoparticles are covered with the P3HT, the polymeric shell may affect the polymer
chains present in the sample. Additionally, the magnetic core of the nanoparticles stabilizes
the spin of the charge carriers and lowers the probability of scattering. Since the magnetic
fringe field decreases as the third power of the diameter, if the nanoparticle is not covered
with any insulating layer, the influence of such magnetic core is higher, which also leads to
lowering the scattering probability.

3.4. Magnetoresistive Properties

The magnetoresistance of four out of six synthesized materials is presented in Figure 3.
In the case of pure P3HT and nickel ferrite nanoparticles, no change in the resistivity was
observed. Since no response was observed for pure polymer in the VSM measurement,
no response to the external magnetic field was expected for these samples. For the nickel-
doped nanoparticles, the VSM measurement suggested MDL covering nanoparticles, which
may influence the spin orientation of the charges leaving the core of the nanoparticle [19].
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Additionally, the charge carrier transport through the polymer matrix is limited by hopping
between less-disordered regions [33]. Knowing that it is highly probable that these two
effects occur in the materials synthesized with nickel-containing nanoparticles, no MR was
expected. Nanocomposites based on magnetite and cobalt ferrite, show different results.
For each of the thin films, the resistance of the material is decreasing with the increase of
the applied magnetic field (Figure 3e). This is the result of the lowered scattering of the
charge carriers between polymer chains and/or nanoparticles present in the material [34].
Even though saturation magnetization is observed for all samples at all temperatures
(Figure 2), no saturation of the magnetoresistivity is observed. The hyperfine interactions
and spin-orbit splitting have the most significant influence on MR in the field strength
up to 500 mT; thus these two phenomena do not explain the conductivity response to the
increase in the magnetic field. Worth noting is the fringe field coming from the core of
magnetic nanoparticles. In the presented system, nanoparticles are distributed throughout
the polymer matrix, which possibly influences the MR in high-strength fields. The described
magnetoresistance results are summarized in Figure 3e. For NP(P3HT), the comparison
of the results, obtained at room and lower temperatures, shows that even a small change
of temperature allows for obtaining much better results. At 200 K, which was the lowest
measured temperature, the MR in 1500 mT for Fe(P3HT) reaches almost 5.5%, which is
5.5 times better than observed in the composite containing NP(Sq). It is clearly visible
that the composites based on the NP(Sq) show a smaller change of the conductance even
in the high-strength fields, and it does not change with the alteration of the temperature.
These distinctions between the two types of composites, and the lack of saturation of MR,
may be explained by the forward interference model proposed by Nguyen, Spivan, and
Shlovskii (the NSS model) [35]. In this model, the conductivity of a material is a sum of
all possible conduction paths, so when NP(Sq) is used as a filler, it does not add much
to the conductivity, but when nanoparticles are covered with the conductive shell, the
enhancement should occur. If we take into consideration the Ty (which is often taken as a
parameter connected to the charge carrier scattering probability [27]) and the fact that at
lower temperatures the chance of scattering is lower, then the impact of the shell may play
a significant role in the number of possible conduction paths and their interference, which
is visible in our results. Additionally, in this model, no saturation of magnetoresistance for
material is observed even in high-strength fields.

4. Conclusions

In conclusion, we have created six different nanocomposites, based on magnetic
nanoparticles, covered with two types of shells (insulating and conducting), and an elec-
trically conductive polymer matrix. Electrical conductivity measurements have proven a
significant influence of the nanoparticles on the charge carrier transport. Results suggest a
quasi-3D VRH electrical conduction mechanism for nanocomposites in which magnetite,
cobalt, or nickel ferrite nanoparticles were used as fillers. Moreover, we have shown that
the choice of shell-covering for the magnetic nanoparticle has a major impact on both the
conduction paths in the nanocomposites and the probability of charge carrier scattering.
Furthermore, we have shown higher negative magnetoresistance for nanocomposites based
on nanoparticles covered with a conductive polymeric shell. We have observed the rela-
tionship between the saturation magnetization of nanoparticles and the magnetoresistance
change. The highest magnetoresistance variation, of up to 5.5% at a magnetic field of
1500 mT, was measured for the nanocomposite based on the magnetite nanoparticles cov-
ered with a conductive shell. As a takeaway summary, our nanocomposites which combine
electrical conductivity with a magnetic response can be used as easily made thin sensors of
magnetic fields or as new scalable materials for organic spintronic applications.
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