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Dearest of friends, at your earnest request,
I will now make known to you, in an
unpolished narrative, the undoubted
though hidden virtue of the magnetic
stone, concerning which philosophers up
to the present time give us no information,
because it is characteristic of good things
to be hidden in darkness until they are
brought to light by application to public
utility.

Out of affection for you, I will write in a
simple style about things entirely unknown
to the ordinary individual. Nevertheless I
will speak only of the manifest properties
of this stone, because this tract will form
part of a work on the construction of
philosophical instruments.

The disclosing of the hidden properties
of this stone is like the art of the stone
sculptor. Although I may call the matters
about which you inquire evident and of
inestimable value, they are considered
by common folk to be illusions and mere
creations of the imagination. But the things
that are hidden from the multitude will
become clear to astrologers and students
of nature, and will constitute their delight,
and for experienced travelers it will be a
significant help.

Translation by Brother Arnold, M.Sc.

The letter of Petrus Peregrinus on the magnet, A.D. 12609.
Mc. Graw Publishing Company,

New York: United States of America. 1904. 76 pp.



Amicorum intime, quandam magnetis
lapidis occultam virtutem, a te
interpellatus, rudi narratione tibi reserabo
utcumque. Nihil enim, apud philosophos,
absque noticie principio est iucundum ; et
in tenebris orbitat, et obfuscatur bonorum
natura, donee in communis deductionis
radium erigatur.

Amore ergo tui conseribam, sermone
piano, que vulgo studentium penitus sunt
ignota ; attamen nonnisi de manifestis
huius lapidis in hac epistola trademus
scientiam, eo quod, hoc tradito, pars erit
tractatus in qua docebimus philosophica
componere instrumenta.

De occultis huius lapidis tractare, spectat
ad artem lapidis sculpture. Et, licet opera,
de quibus quesivisti appellem manifesta,
erunt tamen inextimabilia, et vulgo quasi
illusiones et fantasmata. Et ideo quo ad
vulgum secreta sunt, astrologis autem et
naturalibus satis erunt manifesta, et ipsis
erunt solatium, et provectis viatoribus non
modici erunt iuvamenti.

Petrus Peregrinus de Maricourt (1269)
Epistola Petrus Peregrinus de Maricourt ad Sygerum
de Foucaucourt, militem, de magnete
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Chapter1

Electromagnetic waves (EMWs) consist of the synchronized
oscillation of an electric (E) and a magnetic (H) field components of
equal energy. EMWs are grouped into seven bands according to their
wavelengths, corresponding photon energy ranges and applications,
constituting what is known as the electromagnetic spectrum

(see Figure 1).

Electronic systems and telecommunication devices based on low-
power microwave EMWSs, ranging from 2 to 40 GHz, have been
massively developed in the last decades. This frequency window has
been chosen for several reasons. On the one hand, it allows producing
narrower EMW beams than radio waves, thus allowing frequency
reuse [1, 2]. On the other hand, they provide higher data transfer rates
and broader bandwidths [1]. Furthermore, earth’s atmosphere is more

or less transparent to microwaves below 40 GHz.

First used in 1958 to convey free-space power transmission [2],
microwaves are nowadays employed in a myriad of applications that
define our contemporary way of life. From point-to-point
communication links to wireless networks, microwave radio relay
networks, radar, satellite and spacecraft communication, collision
avoidance systems, remote sensing, radio astronomy or even ovens for
cooking and garage door openers, microwaves have become
ubiquitous. Furthermore, the current communication apparatus must
support multiple frequency bands. The mobile phone is so far the most
common example with a tri-band, quad-band or penta-band embedded
system [3]. This multiplication of narrow frequency bands products is
extremely complex because of massive and entangled signal

transmission and reception.

The extensive use of these media has contributed to the emergence of

diverse electromagnetic interference (EMI) or pollution problems [4-6].
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EMIs can be defined as conducted and/or radiated electromagnetic
signals emitted by electrical circuits which, under operation, perturb
proper operation of surrounding electrical devices or cause radiative
damage to living/biological species [4].The interference issue can
occur between different devices, amongst subcomponents of sensitive

devices themselves or between the power microchips [7].

Furthermore, in the last decade, the so-called electromagnetic
hypersensitivity (EHS) disorder has been attracting worldwide
attention given its potential consequences on public health.
Individuals affected by EHS report a range of non-specific symptoms
(eg headaches, fatigue, subjective cognitive problems or sleep
disturbances [8, 9]) that are triggered by exposure to EMWs such as
those commonly used in current telecommunication systems
(10 MHz-300 GHz). Even though no precise scientific basis has yet
been given to this phenomenon [10, 11], efforts have been placed in
establishing precise exposure limits for a wide diversity of appliances.
Such is the case of the specific absorption rates (SAR) defined for
radiofrequency-based devices. For instance, current 4G cellphones,
operating between 2 and 8 GHz, have a maximum 1.6W/kg SAR.
Considering such a SAR limit and the power involved during cellphone
usage, an average person should not make use of such a device for
more than 24 minutes per day [12]. However, these specific SAR limits
were defined in 1996 and are thus growingly considered outdated and
useless to evaluate real exposure risks in our current hyperconnected
society. Consequently, the debate about the health risks posed by
EMWs continues to rage and epidemiological studies with adequate
statistical significance, based upon large numbers of participants with
sufficient latency and intensity of exposure to specific EMW

frequencies, are being demanded [13].

w
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Considering the potential impact of such disruptive effects,
EMI shielding has become a ubiquitous necessity and, in certain
countries, a legal requirement. For instance, the European Union (EU)
member states have adopted and thrice updated an electromagnetic
compatibility (EMC) directive applying to any electronic equipment
which is '"liable to cause electromagnetic disturbance or the
performance of which is liable to be affected by such disturbance” [14]
in a frequency range comprised between 0 Hz to 150 KHz [15]. In order
to achieve EMC conformity, all these electronic devices must now
integrate EMI shielding materials in order to be sold and/or used in

the EU territory.

Nowadays, broadband absorption is the unique convincing solution in
various circumstances (e.g dysfunction of microchips, disturbed
signal transmission, EM pollution or EHS disorders) where the
complete disappearance of the unwanted microwave is desired.
However, new sophisticated devices require a smart management of
absorption in specific bands. Indeed, multi-band telecommunications
are already essential for many usual devices, as mentioned above.
Where the bands are widely separated in frequency, parallel transmit
and receive signal path circuits must be provided, which increase the
cost, complexity and power demand of such multi-band devices [15,
17]. Therefore, an active quest for novel and effective EMI shielding

materials animates current scientific research in this area.
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Figure 1 - Representation of the electromagnetic spectrum and its subdivisions.
Particular emphasis is placed on the subdivisions of the radio and microwaves
ranges as well as some of their applications in contemporary life. Adapted from [18].
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1.1 Electromagnetic interference (EMI) shielding

materials: physical principles and classification

EMI shielding can be achieved either through reflection, absorption or
multiple reflections of the unwanted EMWs. The classical EMI shielding
solution is based on EMW reflectors such as metal foils or coatings
(eg Faraday cages) [19], operating from direct current (DC) to high
frequency microwaves. However, EMW reflectors are usually heavy,
expensive, voluminous and hardly shapeable EMI solutions. Also, given
their metallic nature, they are often prone to corrosion and thus require
constant maintenance. Novel, non-metallic or corrosion-resistant,
highly conductive, composite materials have been recently proposed
[20, 21] to overcome the above-stated drawbacks of classical EMW
reflectors. However, in all cases, these methods are being increasingly
considered unsatisfactory given that they simply deflect the unwanted

electromagnetic signal, shifting the problem elsewhere.

Electromagnetic shielding by absorption is a much better option as it
radically solves the problem by removing the disruptive EMW
completely. If electromagnetic absorption is specifically situated in the
microwave range, then these materials are called microwave absorbing
materials or MAMs. In ideal conditions, optimal MAMs must minimize
reflection while greatly reducing transmission of the incoming EMW.
The physical principles underlying a MAMs ability to operate in such a

particular manner will be briefly presented in the following section.

111  EMIshielding physical principles

When an electromagnetic wave encounters a given material, the latter
can reflect, absorb or transmit the incoming EMW at different rates
(see Figure 2). All three mechanisms participate in what is called

electromagnetic attenuation, the exponential decrease with distance of
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the intensity or power of an EMW as it passes through a particular

material.

A given material’s transmission (7), reflection (#) or absorption (A)
ratios can be obtained by measuring the incoming (/7;,). reflected (P,

and transmitted (~,,,) EMW power [22, 23], as defined by the following

equations:
P
T = ot Equation 1.1
Pin
P
R=_r¢ Equation 1.2
Pin
P Py — Pror — P,
A=-8bs_ I e ‘ouwt_ 4 _p_7 Equation 1.3

P P;

The material’s effective absorption, A, can be known if the absorption
rate is normalized by the remaining intensity of the EMW after primary
reflection:

1-R-T .
Agpp = ——r Equation 1.4

As can be deduced from Equation 1.4, an efficient MAM must minimize

transmission while keeping a low reflection coefficient.

Such a material’s ability to transmit or reflect an incoming EMW will
mostly depend on two of its bulk physical properties: its electrical
permittivity, & and magnetic permeability, x[24]. The electrical
permittivity describes a material’'s ability to be polarized as it is
subjected to an applied electric field. This polarization originates from
electronic, atomic, dipolar or ionic sources found in the material.
Likewise, the magnetic permeability characterizes the ability of a
material to support the formation of a magnetic field within itself. In
other words, it represents the degree of magnetization that a material

acquires as it is exposed to an applied magnetic field. It arises from the
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presence of spin magnetic moments of elementary particles, mostly the

electrons.

The relationship between transmission of an incoming EMW, 7, and a

given material ¢and ux parameters is given by Equation 1.5:
T = e—iotVer — e—i‘"Tt\/m Equation 1.5

Where ¢is the thickness of the material, wis the frequency or pulsation
of the incoming EMW, ¢ is the speed of light in vacuum, /7 is the
imaginary number and &, and g, are the relative permittivity and

permeability.

Likewise, Equation 1.6 describes how reflection, &, at the interface of a
given material interacting with an incoming EMW, depends on the

relative permittivity and permeability values of the material:

B _q
87"
&
/sr“

Both 7'and R vary as the frequency, o, of the incoming EMW changes

R = Equation 1.6

given that both & and wx are also frequency-dependent. It is for this
reason that both physical parameters are also commonly noted as g(w)

and u(w).

In Equation 1.6, the term +/u,./¢, is also known as the impedance, 7, of
dielectric materials. Impedance is commonly used to describe and
classify EMI shielding materials, as will be discussed in the following

section.
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Figure 2 - Reflection, absorption and transmission phenomena occurring when an
EMW encounters any given medium.
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1.1.2 Classification of EMI shielding MAMs

As shown in the previous section, the dielectric properties of a MAM must be
carefully selected in order to minimize reflection. Indeed, as the relative
permittivity of the incident wave medium and that of the shielding material
differ, an impedance mismatch is created. EMW reflection is proportional to

the magnitude of such an impedance mismatch.

Thus, depending on their impedance values, MAMs can be grouped in two
main categories: impedance matching and resonant absorbers [25]. In both
cases, they are able to shield against a large range of frequencies and for
such reason, they are considered as broadband shields. However, MAMs
belonging to the former category show null or small differences of
impedance with respect to the incident medium. Consequently, incoming
wave reflection on their surface is greatly reduced. Several well-known
designs belonging to this category are the pyramid, tapered loading or
matching layer absorbers (see Figure 3, top row). Even though they provide
excellent absorption performance, impedance matching absorbers are

usually thick and fragile.

The second category includes materials that have different impedance
values from that of the EMW incident medium. Therefore, these materials do
not absorb all the incoming electromagnetic power. Indeed, part of the wave
undergoes a first reflection on the surface of the material while the rest is
transmitted to its interior. A thin metal coating found on their backside
produces a second reflection. If the distance between the two reflection
phenomena is equal to a multiple of half the incoming EMW wavelength
(1/2), the two reflected waves will destructively interfere. Some of the most
common resonant absorber designs are the Dallenbach layers, the Salisbury

screens and the Jaumann layers (see Figure 3, bottom row).
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Figure 3 - Common designs for impedance matching (top row) and resonant (bottom
row) absorbers. Adapted from [25].
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1.2 Metamaterials: tailoring the electromagnetic

properties of matter

Metamaterials are entirely man-made  materials exhibiting
electromagnetic properties that cannot be found in nature [26, 27].
Indeed, by engineering these materials electrical permittivity, ¢ and
magnetic permeability, & the scientific community has produced a new
type of artificial materials that dramatically affect the propagation of

EMWs in unprecedented ways [28, 30].

Strictly speaking, metamaterials are considered to be at the interface
between a material and a device because they are able to implement
some functions themselves and thus are more than a mere support used
for device fabrication, as regular materials are [28]. For this reason and
because of their tunable exceptional electromagnetic properties,
metamaterials are considered a scientific and technological revolution
that will provide a totally new set of exciting functionalities. From
invisibility cloaks to high-resolution imaging systems, the scientific
literature from the past decade is thus thriving with an ever-
continuously growing number of suggested applications for this type of

materials.

Up to this point, most of these applications have been designed for the
microwave region of the electromagnetic spectrum [26, 28] and thus, in
the years to come, metamaterials are expected to effectively play a key
role in future electronic devices [29]. In fact, it has been proven that the
main limitations of conventional microwave components can be
overcome if they are appropriately loaded with some of the already-
existing metamaterials, thus opening the door to a revolutionary

ultracompact generation of devices with improved performances [28].

12
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Given that a metamaterial uniqueness resides in its non-traditional
electromagnetic properties, most of the classification systems that have
been proposed for them are based on the values of their electric
permittivity, & and magnetic permeability, g values, parameters that
describe their electromagnetic behavior [27, 28]. Figure 4 shows a
popular representation of one such classification, the Epsilon-Mu chart,
in which the different categories correspond to particular combinations

of permittivity and permeability values.

The right top quadrant of this chart corresponds to those materials
with positive values for real parts of both ¢and g being thus usually
called double positive materials (DPS). Most conventional natural and

artificial materials can be found in this quadrant.

On the other hand, in the down left quadrant, the so-called double
negative (DNG) or /left-handed (LHM) materials possess negative values
for real parts of both ¢and x, a combination of constitutive parameters
that is not found in nature. The first studies on the fundamental
properties of LHMs are commonly credited to the Russian physicist
Victor Veselago who theoretically postulated their existence in 1967
[30]. According to Veselago, one such material would possess a negative
refraction index and exhibit unconventional electromagnetic properties
such as the backward propagation of waves, where electromagnetic
energy and phase-front (or phase-velocity) are transmitted in opposite

directions even though the material is isotropic and homogeneous [30].

However, it is only within the last two decades that LHMs were finally
produced. This important delay was partly due to the fact that, although
it is well known how to obtain a material with ¢< 0, the creation of a
u <0 material was particularly challenging given that there are no
naturally occurring materials with negative u [31]. This difficulty was

experimentally overcome in the year 2000, when Smith et al [32]
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reported the first negative refraction index material (NIM) created by
separately constructing and then combining two basic units: an array of
wires, element yielding a ¢< 0, and an array of split ring resonators
(SRR), a design made of concentric metallic rings with gaps that

exhibits a £ < 0 regime around its magnetic resonance frequency [31].

The two other quadrants of the chart in Figure 4 correspond to
materials having the product gu < 0. These materials can be classified as
either Epsilon-negative (ENG) or Mu-negative (MNG), depending on
whether their £or g has a negative real value, respectively. Generally
speaking, when such materials are exposed to a frequency range that
implies a negative value for ¢ or g a stopband phenomenon is observed
where pure attenuation of forward waves with no propagation occurs
[26]. Nonetheless, it is important to notice that not all ENGs or MNGs
are metamaterials, since there are natural materials that possess these
properties. However, one such material is effectively considered a
metamaterial when it exhibits such properties at frequencies where

natural materials do not [30].

Other classes of metamaterials correspond to those materials
possessing -1 < &, 4 <1 values. These “low-value” materials are classified
as either Epsilon-near-zero (ENZ) or Mu-near-zero (MNZ) materials,
while those materials exhibiting low values for both parameters are
called near-zero-index or zero-index materials. On the other hand,
materials with extremely high values of & or uare always considered
metamaterials since no natural material exhibits these characteristics.
Few examples of these so-called Mu-very-large, Epsilon-very-large or

very-large-index materials exist [28].
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Figure 4 - Terminology and classification of metamaterials according to their
gand u values. Adapted from [28].
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Figure 5 - The progress in the negative permeability, g and negative index, n
materials up to 2012. The solid symbols denote 72<0 while the open symbols denote
£<0. The numbers in parenthesis correspond to the number of scientific publications
published each year for each type of design. The different designs are represented by
different colors: orange belongs to designs based on split-ring resonators (SRR); green
corresponds to U-shaped SRR designs; blue denotes metallic cut-wire pairs while red
stands for the fishnet designs. The actual appearance of each design can be
appreciated in the four inset pictures. Taken from [31].
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1.21 Metamaterials design parameters and production methods

As it can be noticed from the previous section, a wide range of different
metamaterials can be produced if a rational design is skillfully
translated into a large-scale assembly of electrically and magnetically

responsive inclusions that allow for the precise control of & or g values.

Given the exceptional properties and enthusing potential applications
of LHMs, this specific type of metamaterials has received the most
attention. LHMs were thus the first ones to be produced experimentally
and are actually the most studied and well-known class of
metamaterials [31]. Whatsoever, it is supposed that if the basic logic
underlying LHMs construction is followed, any type of metamaterial

with particular values of ¢ and g can be produced.

Most of the first LHMs were designed to be responsive in the GHz
frequency region and were based on Smith et al [32] first prototype.
However, alternative designs such as the cut and continuous wires or
the fishnet structure [31], were also explored to obtain negative
refraction indexes at higher frequencies (eg visible frequency range),

giving promising results.

Figure 5 represents the fast-paced evolution of these metamaterials’
design and the consequent shift toward higher operation wavelengths.
It also clearly shows that the size of the resonant inclusions is inversely
correlated to the frequency of operation, noted A by Soukolis et al [31].
Thus, in order to reach higher operation frequencies, the designed
inclusions have had to shrink from the millimeter to the nanoscale.
However, besides having a direct influence on A, the size of the
inclusions is also of extreme importance since the relationship
between 4 and the unit cell size, a, has to be kept such that a << 4/10. If

this requirement is not met, the metamaterial could barely be
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considered as an effective continuous medium and thus
homogenization techniques yielding mixing rules, essential for the
design procedures given they can predict the metamaterial effective
parameters, could no longer be used. Besides the size, Bilotti and Sevgi
[28] have also underlined that the inclusions alignment,
shape/geometry, abundance and spatial periodic or random distribution
in a host material are also significant parameters for the control of both

gand u

Currently, the most common approach for the production of this first
generation of metamaterials has been the so-called structural approach.
This method creates the different inclusions with fabrication
techniques used traditionally in the field of electronics for integrated
circuit production [27]. Shadow mask/etching methods related to
photolithography in the visible or ultraviolet range and electron/laser
beam lithography techniques have been widely used to create a variety
of millimetric to nanometric inclusions bearing the different patterns

mentioned above.

However, the structural approach is clearly reaching its limits,
especially when the downscaling of these inclusions to the nanometric
range is concerned. These restrictions are drawn either because these
techniques have relatively poor resolution limits or because it is
practically impossible to use them in large-scale production. For
example, in the case of electron beam lithography, the achievable
practical resolution is in the range of 10-20 nm [33], the best that can be
obtained with the set of techniques currently in use. Unfortunately, the
instruments needed for this lithographic procedure are extremely costly

and production times are lengthy.

An increasingly explored alternative to the structural methods are the

chemical techniques, that can be considered bottom-up routes when
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compared to the above-mentioned techniques that are top-down [27].
While being able to create nanoparticles and nanostructures that can
easily comply with the dimensional constraint a << /10 described
above, the chemical methods can also easily offset the resolution
drawbacks presented by conventional lithographic techniques.
Furthermore, producing larger amounts of the necessary inclusions is
feasible, a requirement that must be met if the industrial production of

metamaterials is to be sought.

The choice of the chemical methods employed to produce a
metamaterial greatly depends on the application for which it has been
designed. For instance, the spatial periodical arrangement of the
electromagnetic-active inclusions is a strict requisite if the
metamaterial is to be used in optical-frequency applications such as
perfect lensing, magnifying sub-diffraction limited objects, or a visible-
light invisibility cloak [26, 34]. Indeed, the presence of disordered areas
in such a metamaterial is known to reduce and broaden their resonant
response or cause a shift in their resonance frequency, also causing
greater dispersivity and loss and thus reducing their overall-
performance [27]. However, the latter characteristics specific to a
disordered or non-periodical metamaterial are actually beneficial if it is

intended to be used as a EMW absorber.

Consequently, the scientific community has extensively experimented
by combining nanochemistry and self-assembly methods [35-39] to
produce optical metamaterials possessing a regular pattern across a
large area or volume. The proposed optical metamaterial structures are
extraordinarily diverse but are mostly based on nanoparticles
composed of noble metals (Ag or Au) [40-42], tightly packed around a
dielectric core [40, 43, 44] or dispersed in it [45-47] and quite often
presented as liquid crystals [43, 48, 49].
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However, if the metamaterial is intended for applications that rely on
wave absorption, as is the case of EMI shielding, randomized inclusions
are tolerated as long as their sizes are maintained in the nanoscale.
Indeed, if the diameters of the produced electromagnetic-active
inclusions and the distance between them is much smaller than the
intended operational wavelength, resonance phenomena related to

wave diffraction on the lattice are not expected [50].

The metamaterial design paradigm, centered on the sophisticated,
independent control of the material's ¢ and u parameters, can be
particularly useful to produce highly efficient microwave absorbing
materials (MAMs) with low reflectivity. As explained in Section 1.1.1, the
capacity of a material to absorb or reflect an incoming EMW is
intimately linked to its € and g parameters. Therefore, a metamaterial
approach to a MAM design would allow to independently control the
values of both parameters so that, ultimately, absorption is favored over
reflection. Furthermore, in order to promote absorption in these
materials, the electromagnetic-active inclusions have to induce
electrical and magnetic losses that contribute to dissipate the

electromagnetic energy conveyed by the microwave.

Bearing this in mind, several metamaterial MAMs have been described
in the scientific literature. Most of the proposed MAM solutions are
multiphase composites, produced by mixing three different building
blocks. The first component is an electrically conducting material, such
as conducting polymers [51, 52], graphenic materials [53-56], carbon
nanotubes (CNTs) [57-59] carbon fibers [60] or combinations of these
[61]. The second is a magnetic material such as nanoparticles or
microwires of ferromagnetic metals [62, 63] or ferrites [64, 65]. The third
and last element is a dielectric material, mostly non-conductive

polymers [53, 57, 59, 66].

19



Chapter1

1.3  Nanocarbon supports decorated with magnetic

nanoparticles: a novel approach to metamaterial MAMs

Recently, Hermans, Huynen et al [67] proposed to develop a new
generation of MAM metamaterials using a bottom-up approach. Via an
Actions de Recherches Concertés (ARC) project entitled “Nano4Waves”,
this team envisioned the synergic combination of three main building
blocks: magnetic nanoparticles (MNPs), nanocarbon supports (NcS) and

a dielectric polymeric matrix (see Figure 6).

These three basic units inherit the metamaterial MAM design logic
described at the end of section 1.2.1. Nonetheless, one important
difference opens the way towards a new type of MAM metamaterials:
the control of ¢ and u as to obtain Mu-negative materials is efficiently
performed by a clever structuration of these three constituents, from

the nano to the centimeter scale.

Indeed, by means of chemical assembly, the nanocarbon supports and
the magnetic nanoparticles will produce a microwave-active MNP@NcS
nanocomposite. Afterwards, these nanocomposites are to be dispersed
in a dielectric polymeric matrix, allowing to control their abundance,
spatial distribution and alignment, as well as the final material
anisotropy, gradient and/or periodicity properties in one or two

dimensions.

As will be discussed later, in section 1.4, the present thesis will develop
the Nano4Waves design paradigm, focusing on the MNPs and NcS
building blocks and their effect on the electromagnetic properties of the
obtained materials. Therefore, the following two sections will review
the physical mechanisms that can be exploited to control eand u via the

NcS and the MNPs, respectively.
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Figure 6 -The Nano4Waves paradigm: the chemical assembly of magnetic
nanoparticles and nanocarbon supports produce novel nanocomposites that can
later be dispersed in a host polymeric matrix to obtain novel MAMs.
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131 The &control building block: graphene and carbon

nanotubes as nanocarbon supports (NcS)

As mentioned in section 1.1.1, the electrical properties of a particular
material can be defined through its electric permittivity, e, which is
intrinsically related to its conductivity, o. Indeed, the electric
permittivity indicates how a given medium responds when an electric
field forms. As for conductivity, it is a measure of the material ability
to allow the free motion of electrical charge carriers induced by an
electrical field. Thus, it is defined as the inverse of electric resistivity

and is linked to the electric permittivity by the following equation:

P e () = 0
€)= ') +ie" () = ereo() ~ i

Equation 1.7

The oscillating nature of an EMW implies that the value of ¢ varies
with the frequency of the incoming EMW, f, due to a lag in response of
materials to the external field [63]. Thus, the permittivity is written in
terms of a real, &, and an imaginary component, &, the latter being
specifically related to dielectric losses. This two-term expression will
be used to describe the electrical permittivity variations observed in
the different systems that constitute this research project (eg
the NcS, either pristine or decorated with MNPs, the composited
obtained by the dispersion of the obtained nanocomposites in the

polymeric matrix, etc.).

Dielectric losses, which dissipate the electric component of an
incoming EMW, are mainly due to two mechanisms. The first one
depends on the formation of electric currents within a given material.
Indeed, energetic loss related to the conduction of electrical currents

occurs by means of electrical resistance and heat generation. This
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phenomenon is known as Ohmic conduction and is the principal
source of dielectric loss [63, 68]. The second mechanism, contributing
to a lesser extent to the dissipation of electrical energy, is called
dielectric relaxation [69, 70]. It is related to polarization/relaxation of
the permanent and induced molecular dipoles of the material hit by

the incoming EMW.

The electrical properties of nanocarbons have been widely studied
since Buckminsterfullerenes were introduced by Kroto in 1985 [71] and
carbon nanotubes (CNTs) were presented to the scientific community
by Ijima in 1991 [72]. Both fullerenes and carbon nanotubes are
synthetic allotropes of carbon, made of sp® hybridized atoms similarly
to graphite. However, while the former possess a spherical shape, the

latter adopt a cylindrical, hollow cigar-like structure.

Fullerenes are classified according to the number of carbon atoms
that make up their tridimensional structure, the archetypical member
of this family being the Buckminsterfullerene made of 60 carbon
atoms and thus also known as the Cg, [71]. Likewise, carbon nanotubes
are classified into two main categories depending on the number of
coaxial cylindrical carbon tubes that compose them: single walled
carbon nanotubes (SWCNTs) and multi walled carbon nanotubes

(MWCNTSs) [73].

As shown in Figure 7, all nanocarbons possess the same underlying
structural element [73]. This building unit, called graphene, is a layer
of one-atom-thick carbon sheet composed of fused aromatic
hexagonal rings. Geim and Novoselov discovered graphene in 2004
[74], a discovery for which they were awarded the Nobel Prize in

Physics in 2010 [75]. Ever since, this material has been in the spotlight
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of international research efforts given its lightweight and exceptional

mechanical, electrical and thermal properties [76, 77].

Given the difficulty to isolate a single layer of defect-free graphene,
different types of closely related graphenic nanocarbons have also
been described in the scientific literature. For instance,
graphene nanoplatelets (GNPs) are obtained when not one but several
atomic planes of graphene are isolated together. Also, if graphene,
GNPs or graphite are treated using harsh oxidative conditions, such as
the Hummers, Staudenmaier or Brodie’s methods [78], an oxidized
derivative, called graphene oxide (GO), is obtained. Finally, reduced
graphene oxide (rGO) is most currently produced by submitting GO to
either chemical, thermal, electrochemical or hydrothermal reduction

processes [78].

Graphene and GNPs are poorly dispersible in solvents [76], a drawback
that has been partially overcome by using graphene oxide instead.
Indeed, GO, with its abundant oxygen-containing functionalities such
as hydroxyl, epoxy and carboxyl groups (see Figure 7), is easily
dispersible in water or polar organic solvents. It can also be
chemically modified to present other functional groups on its surface,
by reactions involving ester and amide bonds [79], being thus
considered a more versatile precursor for a wider range of
applications [78]. Furthermore, the introduced oxygenated groups are
responsible for repulsive interactions between the graphene sheets,
widening the interlayer spacing and preventing their agglomeration

[79].
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Fullerene

Graphene oxide

Figure 7 - Graphene is the 2D building material for nanocarbons of all other
dimensionalities. It can be wrapped in a sphere to form a fullerene, rolled to yield a
carbon nanotube and piled together to form graphite. If oxidized to create graphene
oxide, different oxygen-containing functional groups are present. Adapted from [74, 79].
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As mentioned above, each graphene layer is an extended aromatic
network of sp” carbon atoms. Thus, it possesses a large number of
highly mobile zelectrons. Furthermore, given it has two atoms per unit
cell, its valence and conduction bands are cone-shaped and meet at the
K points of the Brillouin zone (80, 81). These particularities are
responsible for single-layer, large-area, defect-free graphene to be a
crystalline semimetal with zero bandgap [74. 80]. One of the most
important consequences of such a zero bandgap, is the extremely high
carrier mobility observed at room temperature. For instance, in the
absence of charged impurities and ripples, mobilities of 200,000 cm?/VS
have been predicted (80). This property makes up for graphene’s
astonishing (theoretical) electrical conductivity, close to the
conductivity quantum ¢e*/A per carrier type [74], where e is the
elementary charge and /4 Planck constant. However, in practice, the
direct current (DC) conductivity of graphene varies between
10" and 10®S/m [82], due to the difficulty of obtaining defectless,

large-area, single sheets of graphene.

Defects in graphene can appear during its production or processing.
They can also be deliberately induced by physical or chemical
treatments [78, 83]. Such is the particular case of graphene oxide (GO)
and reduced graphene oxide (rGO). In the case of the former, oxidation
destroys the graphenic aromatic network to such an extent that most of
the carbon atoms in this material are sp’-hybridized [84, 85].
Consequently, the conductivity of GO is so low that it is considered an
electrical insulator [79, 86]. As for rGO, the sp”network is partially
restored by the reduction process [78]. Yan and Chou [84] have shown
that rGO is constituted of ordered sp? domains scattered amongst
highly disordered sp® domains with oxygen-containing functional
groups and vacancies. These defects tend to scatter and/or trap charge
carriers traveling through the sp? networks, limiting their mobility.

The relative abundance and location of these defects depends on the
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chosen reduction method, which thus greatly influences rGO’s electrical
properties [78]. Accordingly, DC conductivity values for rGO films
reported in the scientific literature can vary from as low as 10 S/m [87]

to as high as 6.3x10° S/m [88].

The electrical properties of graphene nanoplatelets (GNPs) are poor
when compared to those of an isolated graphene sheet [89]. Moreover,
they can show an anisotropic behavior [91], similarly to graphite.
Indeed, graphite, composed of a high number of stacked graphenic
sheets held together by z-zinteractions, shows a large anisotropy in its
electrical conductivity. For instance, values reported in the scientific

literature establish that the conductivity along the plane of the stacked

sheets (indicated as ¢j) is between ten thousand [90] to a hundred

thousand [92] times larger than normal to that plane (indicated o).
Interestingly, experimental data also show that the more oriented and
parallel the graphene sheets are inside the graphitic crystal, the higher
the anisotropy and the lower the o, [92]. This is mostly due to the lack
of coupling between the graphitic layers [93]. In the case of GNPs,
differences between ojand o, have not been systematically explored.
However, it is assumed that they would increase as the number of
stacked graphenic sheets increases. In any case, typical in plane
DC conductivity (oy) values reported in the scientific literature for

GNP films vary between o~10" S/m [94] and o~ 10° S/m [95].

For carbon nanotubes, their electrical properties also vary significantly,
from semiconducting to metallic. This unique feature depends on the
nanotube structure (e.g the orientation of the honeycomb lattice with
respect to the tube axis) [96]. One way of apprehending how different
CNT structures can be produced is to represent a carbon nanotube as a
graphene sheet which has to be rolled up to form a cylinder (as shown
in Figure 7). In such a case, graphene has to be rolled up so that a

carbon atom from any given hexagon, for instance atom
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labelled Oin Figure 8, overlaps an equivalent carbon atom belonging to

another ring, anywhere in the graphenic sheet (atom A in Figure 8).

The distance between O and A is called the helicity [97] or rolling
vector [98], C}, and represents the circumference of the as-created CNT.
As shown in Figure 8, C,can be decomposed into two vectors, parallel to
the lattice vectors of graphene, a; and a, Hamada et al (97) created a
notation based on two helicity indexes n and m that allow to
unambiguously describe each CNT structure. The values of 7 and m
indicate the number of hexagons, from the graphene lattice, crossed by
each of the vectors composing ;. In the example shown in Figure 8§,
n=4and m=2 so that the tube that would result from that rolling up
action would be a (4, 2) SWCNT.

As also shown in Figure 8, the angle # formed between Cjand the zigzag
axis of the graphenic sheet is the helicity angle. Depending on the value
of 6, CNTs can be classified into three categories: zigzag (6= 0°),

armchair (€= 30°), or chiral (0° < < 30°) (see Figure 9).

Due to their cylindrical shape, CNTs electrons are confined in one
direction, along the nanotube axis. For this reason, electronic properties
of CNTs strongly depend on their helicity and on their radii of
curvature. For a radius of curvature above ~0.7 nm, all armchair
SWCNTs exhibit a metallic conductivity behavior. Also, zigzag or chiral
SWCNTs can be zero band gap semiconductors (and thus can be
assimilated to a metal) if the difference between their n and m helicity
indexes is equal to an integer multiple of 3 [99]. The rest of the SWCNTs
are semiconductors. This means that, of the non-armchair SWCNTSs, one

third are metallic and two thirds are semiconducting.
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Figure 8 - Geometric rules allowing for the creation of any kind of SWCNT from
rolling a flat graphene sheet into a cylinder. Taken from [96].
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Figure 9 - Different types of SWCNTs as defined by their helicity angles and indices.
Adapted from [96].
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In their simplest configuration, MWCNTs can be considered as the
concentric assembly of a series of equal SWCNTs of increasing diameter. In
this case, it is considered that each of the SWCN'T's tends to maintain its own
electrical behavior. In any case, a metallic behavior is expected for all
MWCNTs whose outer diameter is larger than 14 nm, no matter if the
constitutive SWCNTs are of the metallic or semiconductor types [96].
Thus, typical electrical conductivities found for MWCNTSs range between 10°
and 10" S/m [82].

1.3.2 The gcontrolling building block: ferro and ferrimagnetic

nanoparticles (MNPs)

As mentioned in section 1.1.1, the magnetic permeability, u, is a measure of a
material’s ability to support the formation of a magnetic field within itself
when submitted to an external magnetic field. Higher permeability materials
are thus able to channel the external magnetic field by providing low

resistance paths.

The channeled magnetic energy of an EMW can be dissipated by means of
different loss mechanisms. These mechanisms are greatly dependent on a
series of concepts related to nanoparticle magnetism which will be shortly

reviewed hereafter.

1.3.2.1 Magnetism at the nanoscale: a short review of basic
concepts

The fundamental source of material magnetism is the magnetic moments of
electrons that make up the atomic electron shells. As a general rule, if the
electron shell is not closed (meaning all electrons are not paired), the atom
has a resulting nonzero magnetic moment [100, 101]. Magnetic moments are
usually sketched out as magnetic dipoles (see Figure 10) and the dipole
magnetic moment per unit volume is known as the magnetization, M, of the
material. Spin coupling interactions amidst magnetic dipoles of neighboring
atoms, in a molecule or a crystal for example, can induce a certain degree of

ordering of the spins, also called the magnetic structure [102]. Materials can
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thus be classified by their magnetic properties as either weakly (diamagnetic
and paramagnetic) or strongly magnetic (ferromagnetic, FM, ferrimagnetic,
FiM, or antiferromagnetic, AFM) [100].

According to its magnetic structure, a given material shows a particular
behavior when an external magnetic field, / is applied. For instance,
diamagnetic and paramagnetic materials only display magnetic features if
an external magnetic field is applied to them: a negative or a positive
magnetization in the case of diamagnetic or paramagnetic materials,
respectively [100]. However, in both cases, such magnetization will readily

disappear upon removal of the applied field.

AFM materials exhibit zero global magnetization when no external magnetic
field is applied. Indeed, they are composed of magnetic atoms, all bearing the
same magnetic moment, separated in two groups or sublattices [101]. The
magnetic structure is such that all moments within a given sublattice are
parallel to each other and antiparallel to the moments within the other
sublattice (see Figure 10). However, in the presence of a non-null /4 the
absolute value one of the sublattice magnetizations might differ from that of

the other sublattice, resulting in a non-zero net magnetization.

On the contrary, FM and FiM materials, such as the ones that will be dealt
with in this research project, exhibit stronger spontaneous magnetizations,
independently of the external magnetic field. As shown in Figure 10, the
magnetic structure of the former type of materials can be visualized as only
one magnetic lattice composed of parallel dipoles. For the latter, two
oppositely directed magnetic sublattices of different magnitude are

superposed, producing a non-zero net magnetization [100].

It is important to mention that these three types of magnetic structures are
only conserved below characteristic Curie (7y) or Neel (Ty) temperatures,
depending on whether the material is FM/FiM or AFM respectively. At and
above these critical temperatures, thermal agitation will destroy these

spontaneous magnetic orderings.
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Figure 10 -The different types of magnetic order observed in matter depending on
the arrangement of the electronic magnetic dipoles and the external magnetic field,
H, having null (H=0), lower (H) or higher (H) values.
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1.3.2.1.1 Magnetic domains and the magnetization hysteresis cycle

By looking at Figure 10, it would seem that ferro and ferrimagnetic materials
should have large total magnetic moments, even in the absence of an

external magnetic field.

However, this is not the case due to the presence of domain structures in
these materials. Magnetic domains are small regions, each spontaneously
magnetized to saturation and possessing different net magnetic orientations.
This configuration into multi-magnetic domains is produced by the
tendency of the material to minimize its total internal energy, of which the
two principal contributions, from a magnetic orientation point of view, are

the magnetostatic energy and the exchange energy [102].

The magnetostatic energy is a long-range magnetic potential energy created
when a magnetic material is present in a magnetic field [100, 102]. In strongly
magnetic bodies, such as in a ferromagnetic materials, this magnetic field
results from their own two magnetic poles. For a single domain
configuration, this field is intense and thus, the resulting magnetostatic
energy is large. Partition into several domains can thus decrease the system

overall magnetic potential energy.

However, this division is eventually brought to an end by the counteracting,
short-range exchange energy [100, 102]. The exchange energy tends to be
improved when the magnetic spins or dipole moments of neighboring
domains are parallel to each other. Hence, the optimization of exchange
coupling energy induces a progressive transition from one domain magnetic
orientation to that of the other. This transition zone is commonly known as a
Bloch’s magnetic wall, or magnetic domain wall, an interface of definite
thickness where magnetic moments progressively rotate their orientation
from one domain to another (see Figure 11) and in which the majority of

exchange energy is concentrated [103, 104]. Eventually, the balance between

w
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both energetic considerations makes for a well-defined amount of magnetic

domains and walls within a given material.

In bulk materials and in the absence of an applied magnetic field, the
demagnetized state is energetically favored. In such a state, the directions of
magnetization of the individual domains are randomly distributed among
various possible directions. These directions are determined by the
magnetocrystalline anisotropy energy, K which varies with respect to the
crystallographic axis [102] and reflects the symmetry of the neighbors of
each atom [100]. Minimum magnetocrystalline anisotropy energies are

obtained in directions of easy magnetization.

As a specimen is subjected to increasing external magnetic fields, the
domains magnetization remains along directions of easy magnetization at
first. However, by means of magnetic wall rotation, domains magnetized
close to the field direction grow and those with anti-parallel magnetic
orientation tend to shrink and eventually disappear [100]. If sufficiently high
magnetic fields are applied, the whole magnetic body is transformed into a
mono-domain crystal with its magnetic moment more or less aligned with
the applied field, hence displaying maximal magnetization or saturation

magnetization, M[102].

However, if the external magnetic field is decreased, the magnetization does
not follow the initial magnetization curve. Usually, a nonzero or remanent
magnetization, M, survives as the applied magnetic field goes down to zero.
Furthermore, if the field is applied in the opposite direction, the
magnetization becomes zero at a magnetic field value /. called the coercive
field or force. As the negative field further increases, magnetization reaches
the saturation value again. Such a behavior in magnetization as a function of
the applied external magnetic field produces a hysteresis [105].

Figure 12 shows the typical appearance of an M(H) hysteresis cycle.
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Figure 11 - Representation of a Bloch magnetic wall of thickness « Adapted from [106].

Figure 12 - Typical aspect of an M(H) curve or magnetic hysteresis loop. Adapted
from [103].
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1.3.2.1.2 Particle size and magnetic behavior

As the particle size is reduced, a series of changes in the particle magnetic
structure takes place. Consequently, its magnetic properties in an external
magnetic field are altered and deviations from “bulk” behavior are observed.

These particularities are unique to the nanostructured state.

The first important singularity is the so-called single to multi-domain
transition. As discussed in the previous section, the single-domain particle
has all of its individual atomic magnetic moments aligned. Hence its only
energetic component is the magnetostatic energy. The multidomain particle
exhibits less magnetostatic energy but has one or several Bloch's walls,
depending on its size. Thus, it contains re-orienting magnetic moments that

increase the exchange energy component.

As the size of magnetic particles decreases, from the bulk towards the
nanoscale, the aforementioned competition between the exchange and
magnetostatic energies comes out of balance. Indeed, an increasing
proportion of the smaller particles magnetic content is located amidst
Bloch walls. When the radius of such particles reaches a comparable size to
the wall's average thickness, it is energetically more favorable for this

particle to arrange as a single magnetic domain particle (see Figure 13).

Such transition occurs in the order of a few nanometers to a few tens of
nanometers, depending on the type of material. Several models have been
proposed to estimate the critical diameter (D, at which the single to
multidomain (denoted SD and MD respectively) transition occurs. However,
these estimations are often subject to debate and several D, values have
been proposed for the same type of materials. In any case, one of the most
recurring expressions allowing estimating D, in a spherical particle is given
by [102, 103];
VAK

2
ols

D, =18 Equation 1.8

In which A, the exchange stiffness constant, depends on the type of material

and is related to its critical magnetic ordering temperature, K is the
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magnetic anisotropy, M, the saturation magnetization and g, the
permeability of free space. Figure 14 presents the D, for different materials
while Table 1 summarizes the A, K, and D, values estimated using
Equation 1.8 for the four materials that make up the core of this research

project, namely iron (Fe), cobalt (Co), nickel (Ni) and magnetite (Fe;0,).

In the SD state, the response of nanoparticles to external magnetic fields
reflects different spin dynamics as compared to their bulk counterparts.
Indeed, in the case of nanoparticles, they are mainly spin rotations rather
than magnetic domain wall movements. This difference will be further
discussed in section 1.3.2.2, where the magnetic energy loss mechanisms are

reviewed.

The second important difference between magnetic nanoparticles and their
bulk counterparts is the higher coercive energies found in the former than in
the latter. This is mainly due to the fact that energies required to reverse the
spin orientation are usually larger than those needed to induce domain-wall
movements [102]. Figure 15 shows the dependence of coercivity as a function
of particle size for Fe, Co and iron oxide particles. Coming from the
microscale, an increase of coercivity is observed as the particle size shrinks,
reaching a maximum as the particles transit from the MD to the SD regime
(see Figure 16). Indeed, when getting closer to the MD-SD transition size,
fewer Bloch walls exist and demagnetization is more energy-consuming
since the only way to reverse a single-domain magnetization is through
homogenous rotation. Higher applied magnetic fields are thus required to
overcome the system anisotropy energy and perform such a rotation that

moves the domain away from its easy magnetization axis [102].

Table 1 - Saturation magnetization (M), ma

diameter size (D,) for iron, cobalt, nickel [10¢

Material M.(emu/cm”) ,

Iron (BCC) 1707 48X 10° 10
Cobalt (HCP) 1440 45X10° 13
Nickel (FCC) 485 -5.7 X 10" 26

Magnetite 460 135X 10° 28
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Figure 13 - Changes in magnetic domain arrangements as particle size is increased.
D, and D, are the critical particle diameters that define the shift from the
superparamagnetic (SPM) to the ferr(o/i)magnetic regimes and the single-to-
multidomain (SD-MD) transition, respectively For simplicity, the drawn magnetic
dipole represents that of the whole particle (in SPM and SD states) or domain (in MD
state). Likewise, the domain structure of the polycrystalline specimen has been
represented as if each crystallite contained only one single domain, which is usually
not the case. Adapted from [100].
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Figure 14 - Critical sizes for the observation of superparamagnetism, 0, and single-
domain, D, behavior in a variety of common ferromagnetic nanoparticles. Adapted
from [107].
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and multidomain (dashed dark gray line) magnetic regimes (right). D, and D,are the
critical particle diameters that define the shift from the SPM to the ferr(o/i)magnetic
regimes and the single-to-multidomain transition, respectively. Adapted from [110].
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Nonetheless, below the critical D, the coercivity decreases rapidly to zero.
This is due to the fact that, as the particle size decreases, the amount of
exchange-coupled spins resisting spontaneous magnetic reorientation is
decreased and the overall anisotropy energy drops. A critical volume is thus
reached, below which thermal agitation overcomes the coercivity of the

particle and switches its magnetic configuration intermittently.

Thermal energy and nanoparticle volume are intimately bound and,
alongside magnetic anisotropy, define the speed of magnetic spin flipping or
relaxation. In the absence of an external magnetic field, for the spontaneous
magnetization to reverse, an energy barrier depending on the energetic
factors mentioned above must be overcome. The probability of crossing that
barrier is greater as the temperature is higher and the nanoparticle volume
lower [110]. The time in which this process takes places is called the

Néel relaxation (zy) and is described by the following expression,
KV )

Ty = Toe(kTT Equation 1.9

Where 7, is a time constant which usually has the value of 107 [100], Kis the
anisotropy constant, V' the particle’s volume, kzis the Boltzmann constant
and 7'the system temperature. In practical conditions of measurement, the
interval of time in which the relaxation process is registered, or
measurement time (z,), will determine the actual magnetic behavior of the

nanoparticles under observation.

According to equation 1.9, when the particle diameter shrinks down to a
value DP, ambient temperature (~300K) may induce thermal fluctuations
that cause a fast and random flipping of the magnetic moment
(see Figure 13). If r,>>1,, the relaxation is so fast that the nanoparticles
appear to lose their stable magnetic order [111]. Furthermore, if an external
magnetic field is applied under these conditions, the magnetization of single-
domain nanoparticles follows, almost instantly, the field variations so that no
hysteresis cycle can be observed (see Figure 16). Likewise, the H. values are
null or close-to-zero. In fact, the system, from a magnetic point of view,
behaves like paramagnetic atoms. This particular behavior is known as
superparamagnetism in order to differentiate it from bulk matter

paramagnetism.
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At the limit z,=1, the volume and temperature at which the spin relaxation
is hindered or blocked can be found with equation 1.9. However, precise
values for the blocking volume, V7 and temperature, 75 will depend on the
measurement time of the experimental technique used to study the
magnetic properties of the sample. For instance, the same nanoparticles can
be in the superparamagnetic state in static magnetization experiments
(zm~1s) and in the blocked state in Mossbauer spectroscopy measurements
(zn~10"s)[102].

1.3.2.1.3 Surface effects

A particle surface is prone to present defects such as disruptions in the
crystalline structure (eg vacancies or substitutions, changes in the atomic
coordination, dangling bonds, lattice disorder, efc), surface strain or even a
different chemical composition as compared to its core [112]. These defects
have an impact on the particle’'s magnetocrystalline anisotropy, K
As mentioned in section 1.3.2.1.1, Kreflects the symmetry of the neighbors of
each atom. Thus, the large perturbation of crystal symmetry at the surface
leads to different magnetocrystalline anisotropy values at a nanoparticle’s

surface and core [113, 114].

As particle size decreases and the surface-to-volume ratio increases, a larger
proportion of the atoms is found on the surface of the particle as compared
to its core. For example, 0.15% of the atoms of the particle are on its surface
when it possesses a 1um diameter. If its size decreases to 6 nm in diameter,
the proportion of surface atoms grows up to 20% [112]. Consequently, as a
particle gets smaller, the contribution of its surface anisotropy becomes

more and more pronounced [100].

The surface anisotropy contribution may lead to a complex distribution of
directions of the individual spins near the surface [115], provoking changes in
magnetic behavior. These changes are commonly known as surface effects,
which dominate volume effects at smaller nanoparticle sizes. According to
Issa et al [112] these can include (a) the existence of randomly oriented
uncompensated surface spins; (b) the existence of canted spins; (c)the
existence of a spin-glass-like behavior of the surface spins;

or (d) the existence of a magnetically dead layer (MDL) at the surface.
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One magnetic property that is particularly sensitive to surface effects is the
saturation magnetization, M, Indeed, the total magnetization of a
nanoparticle is considered to be composed of two components, one due to
surface spins and the other due to its core [112]. Consequently, as the NP
becomes smaller, surface effects impact the nanoparticle’s magnetization,
commonly leading to a decrease in its magnitude (see Figure 17). Several of
the above-mentioned surface effects have been held responsible for the
observed drop in magnetization as NP size is reduced. Most frequently, it has
been attributed to increased spin disorder at the surface of the nanoparticles
(see Figure 18) [100, 110-113]. Nonetheless, the presence of a surface
magnetically dead layer (MDL) due to highly frustrated magnetic coupling
has also been evoked often to cause reduced magnetization [116].

However, M, can also decrease due to surface oxidation. Metal oxides (MOy)
formed from the ferromagnetic (FM) Fe, Co and Ni metals are usually
antiferromagnetic (AFM) or ferrimagnetic (FiM). Their magnetization values
are thus respectively null or lower than that of their FM counterparts. Thus,
if a Fe, Co or Ni NP is exposed to air, different types of AFM or FiM M, Oy can
be formed to different extents on its surface. A metallic FM core surrounded
by an AFM or FiM MO, shell is thus formed. The overall A of such a
nanoparticle, which adds up the magnetization contributions of the core and
the shell, will thus be lower.

One particular type of interaction, called exchange bias or exchange
coupling, can also take place at the interface between a FM core and an AFM
shell. Exchange bias (EB) coupling consists in the pinning of interfacial spins
in the FM core to the ones of the AFM shell, resulting in extra magnetic
anisotropy energy [117] leading to magnetization stability [100].
Asmentioned in section 1.3.2.1.2, additional anisotropy energy can induce
changes in the observed coercive field (/,.). In the case of EB coupling in such
a FM@AFM core-shell structure, it is characterized by coercivity

enhancement and hysteresis loop shift along the field axis [100].
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Figure 17 - M(D)/M, as a function of D for (a) Fe, (b) Ni and (c) Co ferromagnetic
nanoparticles. The solid lines are plotted in terms of a model described in [118]
whereas the circles, triangles and squares denote the experimental results. Taken
from [118].
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Figure 18 - Schematic representation of an ideal NP in which magnetic spins are
perfectly aligned throughout the NP volume (left). In reality, NPs possess a core in
which magnetic moments are more orderly disposed and a surface where magnetic
spins are disordered (right). Adapted from [100].
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1.3.2.2 Magnetic energy loss mechanisms in nanoparticles

As previously mentioned, different loss mechanisms intervene to dissipate
the magnetic energy of an EMW when it encounters a magneto-responsive
material. In general terms, higher magnetic permeability materials, like
metals, show larger rates of magnetic losses given their ability to channel the
external magnetic field by providing low resistance paths. Thus, metallic
materials can be used to fabricate thinner composites with similar

EMI shielding efficiency [120].

In the case of electrically conductive ferromagnetic metals and their alloys,
the rate and width of EMW absorption can be increased by the induction of
electrical currents, known as Eddy currents [107]. These currents appear
mostly in the microwave super high frequency (SHF) band (3 to 30 GHz,
see Figure 1) and dissipate energy into the sample through electrical
resistance. Losses due to Eddy currents are known to increase as the
nanoparticle size increases [107]. Furthermore, as nanoparticles transit from
the SD to the MD state, the loss rate is increased roughly four times. These
currents can also produce a magnetic field which is opposite in orientation
to the external field [119]. In consequence, the total magnetic field is reduced
when moving from the nanoparticle surface towards its core. The depth, s at
which the magnetic field is reduced by a factor of 1/eis called the skin-depth
[107]. Beyond s-depth, a non-uniform magnetization of the particle might

occur, broadening even further the absorption width [119]. The skin depth in
the ferromagnetic metals at microwave frequencies is of the order of 1 um to

100 nm [122]. Therefore, it can be considered that only those nanoparticles

whose diameters are below ~100 nm will be homogeneously magnetized.

Magnetic energy can also be spent on the movement of magnetic domain
walls and pinning and, to a lesser extent, on the rotation of the materials
atomic spins and on domain nucleation [107, 119]. However, domain wall

motion, also known as hysteresis loss, is hindered as the incoming EMW’s
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pulsation is increased over the domain wall resonance frequency. At this
point, only magnetization rotation persists, up to the highest frequencies.
Such is the specific case of microwave frequencies and ferro and
ferrimagnetic materials, which present a particular phenomenon related to

magnetization rotation known as the ferromagnetic resonance (FMR) [107].

1.3.2.2.1 The ferromagnetic resonance (FMR) phenomenon

FMR has already been exploited to design EMI shielding materials [120].
Indeed, an intense absorption process takes place at the FMR frequency,
the value of which is partially determined by the composition of the
FMR-active material. Typically, these materials are magnetically soft

metals such as Fe, Co and Ni, their alloys, ferrites and titanates [107].

This physical phenomenon, which was characterized by Kittel in 1946
[122], is analogous to electron paramagnetic resonance (EPR) and, to
some extent, to nuclear magnetic resonance (NMR). In a ferromagnetic
material, the unpaired electrons possessing a magnetic moment start to
precess in an applied magnetic field. Indeed, the latter exerts a torque
on the electron magnetic moment. This precession is called the Larmor
precession and its frequency, f, for a spherical particle, is given by the

product of the gyromagnetic ratio, y, and the external magnetic field, /7.
14 .
f=5-H, Equation 1.10

The gyromagnetic ratio can be defined as:

elo
2m

y=g Equation 1.11
where p, is the permeability constant, eis the charge of the electron, m

its mass and g is the Landé factor which depends on the spin-orbit

moment coupling.

The resonance phenomenon arises when the energy levels of a

quantized system of electronic moments are Zeeman split by a uniform
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magnetic field and the system absorbs energy from an electromagnetic
wave at sharply defined frequencies corresponding to the transitions

between such levels.

In the case of zero static field (#,=0), the effective anisotropy field (#,)
is responsible for the observed FMR absorption peaks and the above

equation thus becomes:
fo =vH, Equation 1.11
In which H,is given by:
H, = H,. + Hy, Equation 1.12
The anisotropy field depends on two factors: the magnetocrystalline
anisotropy present in the material, represented by #H,. [123], and the
shape anisotropy induced by shape effects of the nanoparticles and the
dipolar coupling effect between them, represented by H,s; This last
factor is proportional to the saturation magnetization, M, of the

material [124].

If both, a non-zero static field and the anisotropy field are to be

considered, the Kittel FMR expression becomes:
f=vu.(H, + Hyg) Equation 1.13

Thus, as shown in the above-given expression, the FMR frequency
shows a linear dependence on the external applied magnetic field, a
correlation that has been acknowledged for a wide range of F(i)M

materials [123-129].

1.3.2.2.2 Magnetic permeability values around the ferromagnetic
resonance frequencies

As mentioned before, due to their magnetic permeability, materials are
able to channel an external magnetic field, / which induces a magnetic
flux, B, within the material itself. At higher frequencies, a measurable

time delay occurs between the applied magnetic field and the induced
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magnetic flux due to the non-instantaneous re-orientation of magnetic
dipoles inside the medium as described above, resulting in a phase

shift, &.

To take into account this delay, the magnetic permeability is expressed
in its complex form, possessing two terms: one real, x, and one

imaginary, 4", given by:
u=u —iu" Equation 1.14

The real term is related to the material ability to store magnetic energy
and its imaginary counterpart accounts for magnetic losses. Therefore,
convention assigns positive values to the former while the latter is

negative.

As explained in the previous section, the FMR phenomenon induces
considerable magnetic energy losses due to absorption. Consequently,
Yager and Bozorth [130] demonstrated that, in F(i)M materials, at the
resonance frequency, the real part of their magnetic permeability, u,
falls down to zero and then becomes negative while the imaginary term,
u”, drops towards more negative values, and then recovers to zero, as

shown in Figure 19.

These modifications in the values of g'and u” change the overall u value
of the material around the FMR frequency, f. A relationship between

uand fis given by the following expression:

B M,y f
e = I 0% Fonw

Equation 1.15

Where 7 is the relaxation time, /z is the frequency of the incoming
electromagnetic wave, and M, and y are the saturation magnetization

and the gyromagnetic ratio, respectively.
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Figure 19 -Simulation of the changes in the g and u” values around the FMR
(20 GHz) for bulk nickel-iron (NiFe) alloy. Made by I. Huynen using Matlab®.
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1.4 From the synthesis of novel MNPs@NcS
nanocomposites to efficient metamaterial MAMs:

thesis scope and objectives

The ultimate goal of this research project is to obtain a new class of
metamaterial microwave absorbing materials (MAMs) based on the chemical
assembly of magnetic nanoparticles (MNPs) and nanocarbon supports (NcS).
These MAMs target absorption frequency bands (eg between 400 MHz and
40 GHz) correspond to low-power microwave EMWs, currently used in
numerous telecommunication systems and therefore related either to EMI

issues or EHS risks.

The MNPs will be used to fine-tune the system magnetic permeability, u As
explained in section 1.3.2.2.1, ferro and ferrimagnetic nanoparticles can be
used to modify the values of 1 by inducing a ferromagnetic resonance (FMR)
phenomenon which will produce a negative x value around the resonant
frequency. Furthermore, it should be possible to control such resonant
frequencies and the intensity of their response by changing some of the
MNPs’" physicochemical characteristics such as their chemical identity, size

or loading rate.

In contrast, the NcSs will serve a dual purpose. On the one hand, their
conductive nature will be exploited as the main control mechanism defining
the system values of relative electrical permittivity, &. Indeed, as it was
shown in section 1.3.1, by choosing one type of NcS over another or by
chemically functionalizing their surface (eg through oxidation), different
values of conductivity and, consequently, of ¢, can be obtained. On the other
hand, they will support the MNPs, thereby reducing their agglomeration and

controlling their size and spatial distribution.

Numerous MNPs@NcS nanocomposites have been synthetized by
solvothermal  [131-135], hydrothermal [136-138], sol-gel  [139-141],
electrodeposition [142-144] or thermal decomposition techniques [145-149], to
cite just a few. These materials have been proposed for a very wide number

of applications such as energy storage devices [136,150, 151], catalysts
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[132,141,144,152], the remediation of environmental pollutants [140,153, 154],
the design of controlled drug carriers [131, 155] or (bio)sensors [133,156, 157].

Their properties as potential MAMs have also been acknowledged [138, 142,
158, 159-161]. However, there lacks a systematic exploration on how the
physicochemical characteristics of both, the MaNPs and NcS, can be tailored
through chemical assembly so as to independently control the end-materials
magnetic permeability (x) and electrical permittivity (&) values, a requisite if
the metamaterial design paradigm is to be applied. Also, up to this day, there
is no available information on the potential synergistic effects, derived from
the combination of these two building blocks, which could also have an

impact on the nanocomposites’ ¢and u values.

Moreover, this research project will go beyond the state-of-the-art by
systematically producing a large number of MNPs and NcS combinations as
to offer a library of potential x# and ¢ values in the microwave range.
Afterwards, it will determine how these & u values influence the obtained

MNP@NCcS nanocomposites electromagnetic response to microwaves.

However, in order to achieve these two last objectives, a new
characterization technique will have to be developed. Indeed, traditional
electromagnetic characterization techniques for nanopowders [162-164] rely
on a Jaumann configuration where frequency-selective absorbing
performance is primarily controlled by the thickness of the sample. Thus, a
technique allowing to exclusively extract the electromagnetic properties of
the as-synthetized nanopowders is needed.

Finally, two novel EMI shielding functionalities will also be developed using
the synthetized MNPs@NcS nanocomposites. The first one, based on the
Nano4Waves project’s original idea, will be produced by dispersing
MNPs@MWCNTs powders in a host polycarbonate matrix (PC). The choice
of this particular NcS and polymer is based on previous results obtained in
our research group. Indeed, the methodologies required to obtain
homogenously dispersed MWCNTs@polycarbonate thin MAM films by
means of extrusion and hot-pressing have already been optimized [4, 57-59,
67]. Likewise, preliminary investigations on the dispersion in polycarbonate
of MNPs and pristine NcS, used as separate components, have also been
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performed [165]. Results obtained showed that while the NcS was
homogenously dispersed in the polymeric matrix, the MNPs tended to form
aggregates heterogeneously distributed throughout the film. The use of
MNPs@MWCNTs nanocomposites should allow overcoming such a
differential dispersion behavior. In any case, bearing these prior results in
mind, the microwave absorption efficiency of the novel
MNPs@MWCNTs_PC films will be compared to that of similar composite
films formerly produced in our research group or described in the scientific
literature [166-168]. In this sense, it will be possible to clearly define the
competitive advantage of decorating the MWCNTs with MNPs.

The second MAM prototype is based on the formulation of nanocomposite
inks that will be used to inkjet-print these materials as frequency-selective
surfaces (FSS) onto a flexible polymeric sheet. Their efficiency as wideband
microwave absorbers will be evaluated. To the best of our knowledge, this is
a completely novel approach to MAMs design and thus constitutes an
exciting new area of research.

1.5 General methodology

In order to accomplish the aforementioned objectives, the present research

project was subdivided into three main experimental phases (see Figure 20).

In the first phase, environmentally friendly solvents-based and easily
scalable solvothermal, sol-gel and thermal decomposition techniques were
employed to deposit seven types of ferro and ferrimagnetic nanoparticles
(MNPs) onto up to four different nanocarbon supports (NcS).

More specifically, multi-walled carbon nanotubes (MWCNTSs), graphene
nanoplatelets (GNPs), graphene oxide (GO) or reduced graphene oxide (rGO)
were decorated with iron, cobalt, nickel, their binary (FeCo, FeNi) and
ternary (FeCoNi) alloys or magnetite (Fe;0,) nanoparticles. In all cases, a
tight control on the deposited NPs chemical composition, size and loading
rate on the nanocarbon surfaces was sought. Therefore, for each synthetic
technique, several key experimental parameters were identified and
fine-tuned, to ensure obtaining the desired material characteristics.
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The second phase, executed alongside the nanocomposite synthesis,
consisted in the electromagnetic (EM) and physicochemical characterization
of the obtained nanocomposite powders. For the EM characterization, we
developed a novel coplanar transmission line-based network analyzer (VNA)
methodology, including the design and construction of two different test
cells as well as the development of measurement data extraction and

treatment procedures.

A wide number of physicochemical analytical techniques, described in
Appendix II, were also applied to thoroughly understand the impact of the
different  synthetic parameters on the nanocomposite powder
characteristics. For instance, powder X-Ray Diffraction (XRPD) was used to
verify the formation and purity of the desired crystalline MNPs phases.
Electron microscopy techniques such as scanning electron microscopy
(SEM) or transmission electron microscopy (TEM) were routinely used to
assess the size, shape and distribution of the synthetized MNPs deposited
onto the NcS surfaces. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES), X-ray photoelectron spectroscopy (XPS) and Time
of flight Secondary ion mass spectrometry (ToF-SIMs) were used to elucidate
the elemental and molecular composition of the different MNPs, NcS and the
nanocomposites formed thereof. Finally, Superconducting Quantum
Interference Device (SQUID) magnetometry was employed to survey the
magnetic ordering of the synthetized nanocomposites and to assess their
magnetic properties.

The third phase implied the design and fabrication of two novel microwave
absorbing materials (MAMs) for different EMI shielding applications. On the
one hand, a first series of nanocomposites, consisting of MWCNTSs decorated
with Fe, Co or Ni nanoparticles, were dispersed into polycarbonate to form
thin films. On the other hand, inks were formulated with the materials used
in this research project and a series of planar frequency-selective-surfaces
(FSS) were inkjet-printed onto a polycarbonate sheet. In this case, the
prototype’s efficiency as a lightweight, thin and flexible ultra-wideband
MAM was evaluated.

a1
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Figure 20 - Schematic representation of the three main phases that constitute the
current research project.

o)
w



Chapter1

1.6 Manuscript outline

Mimicking this research project’s general methodology, the present
manuscript is also structured into three different parts. Each one
conveys the results obtained during the execution of the three main

experimental phases described above.

The first section of this manuscript constitutes the core of this research
work. It is devoted to the novel synthetic methods developed to create
the different microwave-responsive MNPs@NcS nanocomposites. Each
one of the four different chapters found in this section addresses the
decoration of nanocarbon supports with a particular type of MNP
(e.g magnetite, nickel, cobalt, iron and Fe/Co/Ni alloy NPs). The main
focus of these chapters is to highlight how different experimental
conditions can be varied to control some of these nanocomposites most
relevant physicochemical characteristics, such as the MNPs

composition, size and loading rate on the NcS.

Results presented in the second section contribute to the fundamental
understanding of a metamaterial MAM design paradigm. Its first
chapter presents the theoretical principles and experimental
undertakings required to develop a novel vector network analyzer
(VNA) methodology for the EM characterization of nanocomposite
powders. These EM characterization tools were then extensively used to
obtain the results shown in the second chapter. They illustrate how to
control a MNPs@NcS nanocomposite magnetic permeability and
electric permittivity by defining its physicochemical characteristics
through chemical assembly. They also prove the high microwave

absorption efficiency of these novel materials.

The third and last section deals with the third experimental phase of

this research project. Its two chapters are devoted to the design,
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fabrication and characterization of the MAMs described at the end of
Section 1.5. Thin wide-band absorber films produced by dispersing
different MNPs@MWCNTs nanocomposites in a polycarbonate matrix
are presented first. Afterwards, the ultra-wide band absorption of
frequency selective surfaces, inkjet-printed with MWCNTs-based

nanocomposites, is demonstrated.

Finally, a series of conclusive remarks on this research project
achievements and yet-to-be solved challenges will be presented, leading
the way to a final section concerning several recommendations for

future explorations on this subject.
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Decoration of
nanocarbon solids
with magnetite
nanoparticles

In this chapter, we compare three decoration methods
of different nanocarbon solids (NcS) with magnetite
nanoparticles (MaNPs), namely covalent linkage,
direct coXprecipitation and solvothermal synthesis.
The influence of each method on the obtained
nanocomposites most relevant characteristics

has been studied. Also, the impact of the variables
controlling the solvothermal decoration of a variety of
NcS is investigated in detail, such as the nature of the
iron precursor and the NcS (type and oxidation state),
the reaction temperature, time and water content.
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Decoration of nanocarbon solids with magnetite nanoparticles

Magnetite (Fe;0,), a ferrimagnetic iron(ILIII) oxide with a cubic inverse
spinel structure, is considered of primordial scientific and technological
importance given its unique magnetic and electrical properties, low cost and
feasibility of large-scale production. Nanocomposites obtained by decoration
of NcS with magnetite nanoparticles (MaNPs) have already been reported in
the scientific literature for very diverse applications such as the production
of energy storage devices [1-3], the remediation of environmental pollutants
[4, 5], the design of controlled drug carriers [6] or biosensors [7], to mention
just a few. However, up to this date, there is no evidence that any such

nanomaterial has been tested as a microwave metamaterial absorber.

Magnetite’s microwave absorbing properties have already been
acknowledged and partially investigated [8, 9], restricted however to a
Jaumann configuration where frequency-selective absorbing efficiency is
primarily controlled by the thickness of the sample, while a ferromagnetic
resonance (FMR) mechanism has not been evidenced nor exploited to induce

losses in such materials.

Most commonly, these magnetite/carbon nanocomposites have been
produced through solvothermal [1, 10-12] or hydrothermal [3, 13] strategies,
direct co-precipitation of iron (II) and (III) salts on the NcS [5, 15], the
covalent bonding of nanoparticles onto the NcS [4, 15] or thermal
decomposition of an iron precursor [17]. As far as we know, no study has yet
been published on the comparative advantages and drawbacks that each
technique offers. Instead, only a few general challenges faced during the
creation of these materials have been mentioned [4, 18], such as reaching a
tight control over the MaNPs loading rate, anchoring them strongly to the
NcS to avoid leaching or distributing them homogeneously over the

NcS surface.

In this study, we compare nanocomposites obtained either by the covalent
linkage of MaNPs to graphene oxide (GO), or their deposition onto this NcS
by a direct coprecipitation or a solvothermal strategy. Our aim is to obtain

for the first time a direct comparison of these three synthetic methods with
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the same nanocarbon solid. More particularly, we compare chemical identity,
size, loading rate and spatial distribution of the nanoparticles deposited over
the NcS in each case. In order to go beyond the state-of-the-art in the field,
and to obtain a tight control over the final characteristics of the
nanocomposites obtained, we studied the solvothermal method more
thoroughly, on different NcS types, to unravel the key parameters that can be
fine-tuned in a predictive manner to obtain the desired materials. The

magnetic properties of the obtained materials were studied using SQUID.
2.1 Materials and methods

211 Materials and characterization techniques

Multi-walled carbon nanotubes (MWCNTSs, 95%C purity) were obtained from
Nanocyl (Belgium). Graphene oxide (GO) and reduced graphene oxide (rGO)
were purchased at Nanoinnova Technologies SL (Spain) while graphene
nanoplatelets (GNPs) were supplied by TIMCAL (Switzerland). All other
reactants were supplied by Sigma Aldrich, Merck, Alfa Aesar or VWR and
engaged as received. More details on each reactant are provided in Appendix
I while the different physicochemical characterization techniques employed

are described in Appendix II.
2.1.2 Synthetic methods

2.1.2.1 Synthesis of oxidized multi-walled carbon nanotubes
(0x-MWCNTs)

As reported elsewhere [18], 50 mg of MWCNTSs were suspended in 100 mL
concentrated HNO; (65%) and heated, under reflux (100 °C), for 2 hours under
constant magnetic stirring. The resultant product was recovered by filtration
over a PTFE membrane filter (Sartorious Stedim Biotech filter type 118, 0.45
m pore size) and rinsed abundantly with Milli-Q water, until a neutral pH
was obtained. Afterwards, it was rinsed once more with 50 mL methanol and

dried under vacuum at ambient temperature overnight.

68



Decoration of nanocarbon solids with magnetite nanoparticles

2.1.2.2 Direct co-precipitation (DCOP) decoration of graphene
oxide (GO) as a model nanocarbon solid (NcS) with
magnetite nanoparticles (MaNPs)

The following synthetic procedure was adapted from the methodology

reported by Yao et al. [5].

In a three-necked round bottom flask, 100 mg of GO were suspended in 28
mL Milli-Q water, sonicated for 60 minutes (VWR Ultrasound cleaner
1200-THD, sonication power: 60 W) and deoxygenated under a
continuous argon flux for another 60 minutes. In parallel, the amounts of
FeCl;-6H,0 and FeCl,-4H,0 required to achieve a certain Fe/GO (% w/w)
loading rate (LR) (e.g. 161 mg and 59 mg of the Fe(Ill) and Fe(Il) salts
respectively for a 50% LR) were mixed in a 5 mL glass vial, which then
was evacuated thrice using a combination of vacuum/argon cycles. 2 mL
of Milli-Q water, previously deoxygenated with an argon current, were
then added through a septum producing an aqueous solution of Fe ions
with a 0.5 molar ratio of Fe(Il)/Fe(Ill). The latter solution was added
dropwise into the graphenic suspension under argon flux and vigorous
stirring. The mixture was then stirred for another 24 hours, keeping a
controlled argon atmosphere. Afterwards, the solution was heated to
80 °C and drops of ammonium hydroxide (NH,OH, 28% w/v aqueous
solution) were added until the solution’s pH was set to 10. Then, 1.1 mL of
hydrazine monohydrate (N,H,-H,0) were added and the mixture was
refluxed for 5 hours. The obtained product was separated by magnetic
decantation, rinsed with Milli-Q water and dried under vacuum, at room

temperature, for 12 hours.

2.1.2.3 Covalent linkage (COV) of MaNPs to graphene oxide (GO)
as a model NcS

In all cases, sonication was performed using a VWR Ultrasound cleaner

1200-THD. Sonication power is specified for each reaction step.
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2.1.2.3.1 Synthesis of unsupported MaNPs by direct coprecipitation

Unsupported MaNPs were synthetized following a procedure reported by
Gao et al [19] that was modified in order to keep an oxygen-free, argon

atmosphere throughout the procedure.

In a Schlenk flask, 50 mL of Milli-Q water were mixed with 10 mL of a IM HCI
solution and deoxygenated for an hour using a continuous argon flux. 546 g
of iron (III) chloride hexahydrate (FeCl;-6H,0), 2.01 g of iron (II) chloride
tetrahydrate (FeCl,-4H,0) and 600 mg of polyethylene glycol 2000
(PEG-2,000) were placed in a second Schlenk flask, which was then purged
thrice using a combination of vacuum/argon cycles. By creating vacuum in
the second flask, the acidified aqueous solution was transferred from the
first flask through a nitrile tube in order to dissolve the powders and produce
an oxygen-free aqueous solution of Fe ions with a 0.5 molar ratio of
Fe(Il)/Fe(IIl). This solution was then transferred in the same manner to a
previously Ar-purged dozer and added dropwise, under argon atmosphere
and magnetic stirring, into 100 mL of a 1M sodium hydroxide (NaOH)
solution containing 1.00 g of PEG-2000 that had been previously
deoxygenated and heated to 60 °C. A black precipitate formed immediately
and once the addition of the iron-containing solution was completed, the
dozer was replaced by a spiral cooler and the mixture was stirred for 2 more
hours at 60 °C while being kept under argon atmosphere. Afterwards, the
product was separated by magnetic decantation and washed thrice with
deoxygenated, Milli-Q water. The resulting product noted M was dried

overnight under vacuum at room temperature and then stored in a glovebox.

2.1.2.3.2 Synthesis of magnetite@silica core-shell nanoparticles
(M@Si1)

The magnetite@silica core-shell nanoparticles were synthetized using a

method established by Gao et al [19]

A solution containing 38 mL Milli-Q water and 160 mL absolute ethanol was

deoxygenated for an hour using a continuous argon flux. 160 mg of
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product M was grinded in the glovebox and then added to the above-
mentioned solution. The resulting suspension was sonicated for 2 hours
(sonication power: 80 W), after which its pH was set to 12 by using 0.05 mL
tetramethylammonium hydroxide (TMAOH), followed by the addition of
4mL tetraethoxysilane (TEOS). The reaction mixture was magnetically
stirred under argon atmosphere for 12 hours at room temperature. The
obtained product noted M@Si was separated by magnetic decantation,
rinsed ten times, alternating Milli-Q water and ethanol, and dried under

vacuum at room temperature for 12 hours.

2.1.2.3.3 Functionalization of  magnetite@silica core-shell
nanoparticles (/~M@5Si1)

The synthesis of (3-AminopropyDtriethoxysilane (APTES)-functionalized
magnetite@silica core-shell nanoparticles was executed using a procedure

inspired from the methods reported by Liu ef a/ [20] and Kokate et al [21].

In a Schlenk flask, 80 mg of product M@Si were dried overnight under
vacuum, at room temperature. 15 mL of freshly distilled toluene were added
and the mixture was sonicated for 60 minutes (sonication power: 60 W).
Afterwards, 2 mL of (3-aminopropyDtriethoxysilane (APTES) were added
through a septum. The suspension was then refluxed at 80°C for 3 hours. The
solid noted f~M@Si was separated using magnetic decantation, rinsed nine
times alternating toluene, methanol and Milli-Q water, and dried under

vacuum at room temperature for 12 hours.

2.1.2.3.4 Synthesis of an acyl chloride derivative of graphene oxide
(GO-CI)

The GO-CI derivative synthesis was executed following a modified version of
the method proposed by Vidick [22] for the synthesis of acyl chloride

derivatives of oxidized carbon nanotubes.

75 mg of graphene oxide (GO) were placed in a round-bottom flask and

sonicated in 40 mL dried toluene (sonication power: 60 W) for an hour.
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Afterwards, 5.6 mL thionyl chloride (SOCl,) were added and the reaction
mixture was refluxed at 120 °C for 5 hours. The product was filtered, rinsed
extensively with toluene and dried overnight under vacuum, at room

temperature.

2.1.2.3.5  Covalent linkage of functionalized core-shell nanoparticles
and graphene oxide acyl chloride derivative (COV)

The covalent linkage of the functionalized magnetite@silica core-shell NPs
and the acyl chloride derivative of GO was executed following a method used

by Vidick [22].

Two vials containing each 2 mL of freshly distilled toluene and 25 mg of
f-M@Si or GO-Cl were sonicated for 60 minutes (sonication power: 40 W).
Afterwards, both suspensions were mixed and 13 mL of freshly distilled
toluene were added. The mixture was then placed under reflux at 100 °C for
4 hours. The obtained product was magnetically decanted, washed ten times

with toluene and dried under vacuum at room temperature for 12 hours.

2.1.2.4 Solvothermal (SOLV) decoration of different NcS with
magnetite nanoparticles

In this research project, solvothermolysis was performed by dispersing both
the NcS and iron precursor in a glycol, which simultaneously served as
solvent and reducing agent. Several synthetic parameters could easily be
varied, such as the type of engaged nanocarbon solid and its degree of
oxidation, the nature of the iron precursor, the composition of the solvent
mixture, the reaction temperature and time as well as the amount of water

present in the system.

Our goal was to pinpoint the impact of these parameters on the final
nanocomposites characteristics. Accordingly, we tested four solvothermal
variations in which several of these parameters were modified. These

variations are summarized in Table 1 and briefly described hereafter.

~J
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Table 1 - Experimental conditions of the different solvothermal methods

considered
Fe Solvent
Method Precursor mixture
(CAYAY)
GO, GNPs 50% EG
SOLV-A | MWCNTs, FeCl;-6H,0 | 25% PEG-400 180 24 h
ox-MWCNT's 25% water
80% EG .
SOLV-B | GO Fe(acac); 20% water 260 80min
SOLV-C g%Ps "GO pe(acac), | EG 180 | 16h
MWCNTsS, 40
SOLV-D GNDs Fe(acac), TREG 250 min

2.1.2.4.1 SOLV-A method

The SOLV-A synthesis was adapted from the methodology described by
Huang et al. [23].

100 mg of a NcS were dispersed into a mixture composed of 27 mL ethylene
glycol (EG), 13 mL polyethylene glycol 400 (PEG-400) and 13 mL
Milli-Q water. The suspension was sonicated for 2 hours. Afterwards, a
certain amount of FeCls-6H,0 was added under magnetic stirring in order to
obtain the desired Fe/NcS (% w/w) loading rate (LR) (e.g. 242 mg for a
50% LR). After complete dissolution of the salt, crushed NaOH pellets were
added until the solution’s pH value was set to 13. The mixture was then
transferred into a stainless-steel autoclave vessel, heated up to 180°C

(approx. 50 minutes) and maintained at that temperature for 23 hours.

2.1.2.4.2 SOLV-B method

The synthetic methodology reported by Wan et al [24] was modified to
develop the SOLV-B procedure

100 mg of a NcS and the required amount of Fe(acac); needed to achieve a
particular Fe/NcS LR (e.g. 316 mg for a 50% LR) were added to a mixture
composed of 10 mL EG and 2 mL Milli-Q water. The mixture was
magnetically stirred until dissolution of the Fe(acac); complex. Afterwards, it

was sonicated for 2 hours. The suspension was transferred into a stainless
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steel autoclave vessel, heated up to 260 °C (approx. 80 minutes) and

maintained at that temperature for 80 minutes.

2.1.2.4.3 SOLV-C method

The SOLV-C method was inspired from the procedures reported by
Shena et al [25]

100 mg of a NcS and the required amount of Fe(acac); needed to obtain a
particular Fe/NcS LR (e.g. 316 mg for a 50% LR) were dispersed into 180 mL
EG and sonicated for 30 minutes. Afterwards, 80 ul of hydrazine
monohydrate (N,H,-H,O) were slowly added under magnetic stirring. The
suspension was transferred into a stainless-steel autoclave vessel, heated up
to 180 °C (approx. 50 minutes) and maintained at that temperature for
15 hours.

2.1.2.4.4 SOLV-D method

The SOLV-D synthesis was adapted from the methodology proposed by

Pennetreau [26]

100 mg of a NcS were suspended in 50 mL triethylene glycol (TREG). The
suspension was sonicated for 15 minutes. The amount of Fe(acac); needed to
achieve a particular Fe/NcS LR (e.g. 316 mg for a 50% LR) was added and the
mixture was magnetically stirred for 10 minutes. It was then transferred into
a stainless-steel autoclave vessel, heated up to 250°C (approx. 50 minutes)

and maintained at that temperature for 40 minutes.

In all the described SOLV procedures: a) sonication was performed in a VWR
ultrasound cleaner USC 1200-THD at 80 W sonication power; b) the Parr
Instrument Company (USA) 300 mL-stainless-steel autoclave vessel was
fitted with a matching PTFE liner to avoid direct contact between the
reaction media and the steel; c)the autoclave’s temperature was
automatically regulated by a Parr 4836 temperature controller
(Parr Instrument Company, USA) having an average heating rate of 4 °C/min;
d) the autoclave’s inner atmosphere was not purged nor modified in any

manner during the synthesis, while the system pressure was left to build up
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during heating without any type of external control; e) when the heating
time was completed, the autoclave was immediately immersed in an ice bath
and cooled down to ambient temperature; and f) the obtained products were
separated by magnetic decantation, filtered over a PVDF filter
(Millipore GVWP02500, 0.22 m pore size) and rinsed six times, alternating
Milli-Q water and ethanol. Afterwards, they were dried under vacuum, at

room temperature for 12 hours.
2.2 Results and discussion

Direct co-precipitation, solvothermal synthesis and covalent linkage were
used to produce a series of MaNPs@NcS nanocomposites, where NcS are
carbon nanotubes or graphenic powders (see Table 2). The obtained
MaNPs@NcS nanocomposites were extensively characterized in order to
identify the influence of experimental parameters on the obtained
nanocomposites physicochemical characteristics. The results obtained for
each synthetic technique are compared below using the MaNPs@GO
nanocomposite as a model study. Afterwards, results regarding the in-depth

investigation of the variables controlling the solvothermal MaNPs

decoration of a variety of NcS will be presented.

Table 2 - Overview of the different synthetic methods used in this study

Synthetic method Code NcS used Fe precursor | References
Acyl- )
Covalent linkage COV | functionalized FeCl,-4H,0 (5]
co FeCl;-6H,0
Direct FeCl,-4H,0
co-precipitation bcop 1 GO FeCly-6H,0 [19-22]
GO, GNPs
SOLV-A | MWCNTs, FeCl;-6H,0 (23]
ox-MWCNTs
Solvothermolysis | SOLV-B i GO Fe(acac), [24]
SOLV-C | GO, rGO, GNPs Fe(acac), [25]
MWCNTs,
SOLV-D GNPs Fe(acac), [26]
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2.2.1 Comparison of MaNPs@GO nanocomposites obtained by the
solvothermal (SOLV-A), direct co-precipitation (DCOP) and
covalent linkage (COV) methods

Graphene oxide (GO) was decorated with magnetite nanoparticles
(to give MaNPs@GO nanocomposites) using direct co-precipitation,
solvothermolysis and covalent bonding techniques. Our findings
demonstrate that the most relevant characteristics of the obtained
nanocomposites, such as the chemical identity, size, loading rate and
spatial distribution of the nanoparticles over the NcS, are strongly

determined by the chosen synthetic method.

Similar cuboidal or elongated prismatic morphologies were observed in
all the MaNPs deposited onto or covalently attached to GO. However,
the measured average particle sizes and particle size distributions were
different for each technique. The MaNPs found in the DCOP
nanocomposite (Figure 1b) are the smallest and their size distribution is
the narrowest. On the contrary, those directly co-precipitated in the
absence of any NcS (Figure 1a), used later for the COV product, were
larger and possessed wider size distributions, revealing a templating
effect of the NcS as previously claimed [8, 18, 27, 28]. The SOLV-A
method (Figure 1c) also produced larger particle sizes and wider size
distributions than those obtained for the DCOP nanocomposite, possibly

due to the higher reaction temperatures and longer reaction times used.

In terms of the deposited nanoparticles’ phase composition, the
solvothermal strategy systematically produced an iron oxide phase with
a spinel structure. Rietveld refinement analyses of XRPD data were
performed in order to determine the contribution of magnetite and
maghemite. In all cases, the latter product was found to be a subsidiary
phase (<2%), possibly present as a magnetite@maghemite core@thin

shell structure as observed by Baaziz et al [29]. Thus, for practical
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purposes, we herein assume the nanoparticles to be mostly pure
magnetite (Figure 2a). By opposition, the direct co-precipitation method
led to a lepidocrocite contamination (Figure 2b), whose amount varies
from batch to batch (Figure 2b dotted line for a repeated synthesis).
This type of impurity has already been observed by other authors [30,
31]. Oxyhydroxides impurities are problematic for our intended
applications given that they are non-magnetic and can readily
transform into other iron-containing species [32]. If present, no real
control over the end-product composition and its resultant

electromagnetic properties can be expected.

When considering the known chemistry of iron oxides, hydroxides and
oxyhydroxides (see Appendix III), it becomes clear that the direct co-
precipitation (DCOP) approach, known as the classical magnetite
synthesis, might not be the best choice if a pure Fe;0, phase is desired.
Indeed, it is evident that the DCOP experimental conditions can easily
lead to the formation of parasitic phases via undesired iron-containing
species, due to the simultaneous presence of Fe(II) and Fe(IIl) ions
[30-33]. This is even worse if oxygen has not been well evacuated from
the reaction atmosphere [31, 34] or if the Fe(Il)/Fe(IIl) molar ratio is not

strictly kept at a value of 0.5 [31].

Each methodology also produced significantly different spatial
distribution of the MaNPs over the NcS. In the case of the covalent
linkage strategy, we observed that functionalized silica-coated MaNPs
were randomly distributed all over the graphenic sheets (Figure 3a, b),

as well-individualized particles or nanosized agglomerates (Figure 3c).
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Figure 1 - TEM images and (inset) histograms of particle size distribution of (a)
unsupported MaNPs used for the COV method, (b) solvothermally deposited
MaNPs@GO and (c) directly co-precipitated MaNPs@GO nanocomposites; (d)
Gaussian-function fitting of experimental particle size data.
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Figure 2 - XRPD diffraction patterns of MaNPs@GO nanocomposites obtained by (a)
SOLV-A and (b) DCOP strategies. In the case of the latter, the synthesis was repeated
(dotted black line). Orange and black lines indicate Bragg reflections belonging to
magnetite and lepidocrocite phases respectively.
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Figure 3 - (a) SEM image of the end product resulting from the multi-step covalent
linkage methodology; (b) EDX spectrum obtained from a particle (inset picture): Fe, Si
and N signals confirm the presence of functionalized silica-coated MaNPs. Cu and Al
signals belong to the sample holder while the presence of Na can be traced back to
the synthesis of the unsupported MaNPs; (c) SEM image of individualized and
nanosized agglomerates attached to the graphenic surface; (d) SEM image of large
micrometric agglomerates.

Figure 4 - TEM images of (left) the solvothermal and (right) the direct co-
precipitation products.
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However, much larger micrometric aggregates coexist independently of
the NcS (Figure 3d), composed of magnetite-silica core-shells
nanoparticles agglomerated by means of magnetic dipole-dipole
interactions. These large, independent, agglomerates can locally modify
the resultant material’'s electromagnetic behavior and are thus

undesirable.

The SOLV-A strategy produced a nanocomposite in which the NcS was
homogeneously and densely decorated with MaNPs, while in the product
obtained by direct co-precipitation, the particles seemed to randomly
agglomerate on certain areas of the NcS (Figure 4). The observed
difference in the nanoparticles’ spatial distributions is possibly related to
the interaction between the graphenic surface and the intermediate

species formed in each case, as explained below.

Under the experimental conditions used in the DCOP synthesis, the initial
pH value is low (pH=2.0). Only a slight fraction of GO’s carboxylic acid
groups is expected to be ionized [35]. In consequence, a minor percentage
of the total positively charged iron ions is in close contact with the
graphenic surface, while the rest remains in the reaction media. Once the
pH is raised to 10, magnetite particles begin to form, both over the GO’s
surface and in solution. Given the strong magnetic dipole-dipole
interactions existing between MaNPs crystallites [29], the particles
formed on the nanocarbon surface attract those precipitating from

solution, causing them to agglomerate.

In the case of the solvothermal strategy, the early creation of a strongly
basic reaction medium not only causes the formation of diverse Fe,OyH,
species [1, 30], but also deprotonates a larger number of GO’s acidic
groups than under the DCOP conditions [35]. This confers a net negative

charge to the NcS surface [35] that attracts the positively-charged iron
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species found in the reaction media. Those species are then transformed
into MaNPs during the solvothermal reaction, producing the

homogeneous distribution observed in Figure 4, left.

Concerning the MaNPs loading rate, the solvothermal procedure
comparatively offers a much simpler way of modifying the amount of
MaNPs that can be loaded onto the NcS by simply adjusting the amount
of Fe(Ill) precursor engaged in the reaction. However, the direct co-
precipitation method allows for slightly higher mass Fe/GO loadings than
the solvothermal approach: 37% loading rate for the former versus 33% for
the latter (50% intended in both cases), with the same NcS. The amount of
covalently linked MaNPs is considerably inferior to the ones obtained

with the two other techniques.

2.2.2 Influence of the solvothermal experimental parameters

on the nanocomposite characteristics

According to the results presented above, the nanocomposites produced
via the solvothermal strategy are more homogeneous, simpler to produce

and to modify, hence more appropriate for our targeted applications.

Consequently, we decided to further explore solvothermolysis by
pinpointing the impact of different experimental parameters on the final
nanocomposites characteristics. These parameters are described in
section 2.1.2.4. and the resulting solvothermal variations that were tested
are summarized in Table 1. Obtained results are described hereafter in
terms of the achieved MaNPs chemical identity, morphology, particle size,
loading rates and spatial distribution over the NcSs. Finally, the magnetic

properties of a series of MaNPs@GO nanocomposites are described.
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2.2.2.1 Deposited nanoparticles’ chemical identity,

morphology and particle size

Pure magnetite crystallites were identified by XRPD in the products
obtained by all four solvothermal methods. No other iron-containing
parasitic phases were detected in any case. However, for identical loading
rates of 50% Fe/NcS and independently of the Nc¢S used, important
differences where observed between the samples produced with the

FeCl; 6H,0 salt or the Fe(acac); complex (Figure 5). In the case of the

former, all characteristic magnetite reflections are present while, in the
case of the latter, only the most intense reflections stand out from the
background. Furthermore, at low loading rates, e.g. 10% Fe/NcS, signals
were still detectable for nanocomposites produced with the iron salt
precursor while only signals corresponding to the NcS could be observed
in samples synthetized using the iron complex. The striking difference in
signal intensity was found to be due to both, the crystallites sizes as well

as their abundance.

Indeed, TEM inspection of the obtained nanocomposites revealed that the
type of iron precursor produces a significant difference in the size of the
deposited MaNPs. Independently of the NcS used, samples produced
using the iron salt were composed of prismatic magnetite nanoparticles
with average sizes comprised between 8 and 13 nm approximately
(Table 3). Instead, in the samples produced with the iron complex, the
deposited MaNPs were difficult to observe given their extremely reduced
size: the average particle size did not exceed 2.2 nm. Nonetheless, a
similar prismatic morphology was also observed in those rare particles of

larger size that were found in these samples.
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Figure 5 - XRPD diffractograms of MaNPs@MWCNTs produced with methods using
an iron salt (SOLV-A) and an iron complex (SOLV-D) precursor at different Fe/NcS
loading rates. Gray vertical lines indicate Bragg reflections belonging to magnetite.
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In the scientific literature [32], reaction time and temperature are
usually regarded as the main critical factors controlling the obtained
MaNPs size. However, our findings show that the obtained size
differences cannot be attributed to reaction temperature. Indeed, as
shown in Table 1, the iron complex is exposed to identical or higher
reaction temperatures in methods SOLV-C or SOLV-D, respectively,
than the iron salt precursor in method SOLV-A. Nonetheless, as
mentioned above, MaNPs found in SOLV-A products are from six to ten
times larger (Table 3) than those obtained by the SOLV-C or SOLV-D

methods.

Another critical factor that seems to govern the deposited MaNPs
particle size is the amount of water included in the reaction mixture, as
proven by the results obtained with the SOLV-B method. In this
approach, Fe(acac); is also used as the iron precursor and its reaction
conditions combine those used in methods SOLV-C and SOLV-D except
that 20% (v/v) water is included in the reaction medium. As shown in
Table 3, for the same NcS and intended LR, the deposited MaNPs size
(5.8 + 2.1 nm) is almost five times the size obtained using the SOLV-C
method (1.3 + 1.8 nm), notwithstanding the much shorter reaction times

used in method SOLV-B.

Determining why water has such an important effect on the deposited
MaNPs size requires an understanding of the mechanism underlying
the polyol solvothermal decomposition of Fe(acac); and its
transformation to magnetite. Even though some limited explanations
regarding this particular reaction system can be found in the work of
Deng et al [11], a thorough mechanistic study has yet to be performed.
Nonetheless, it is known that water plays an essential role in the
hydrolysis reactions leading to the formation of intermediary hydroxide

and oxyhydroxides species [32] that could be involved in the formation
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of magnetite under the used solvothermal reaction conditions. Thus, its
presence in larger quantities than those produced by the thermal
decomposition of the glycol moieties [11, 36] would seem to yield larger
amounts of magnetite available for crystal nucleation and growth onto
the NcS. Whatsoever, the total amount of water in the system should be
kept below 60% (v/v %). Indeed, it has been shown [11] that, in similar
reaction systems, a hematite phase is formed when water exceeds this

concentration limit.

Another factor that has a non-negligible effect on the deposited MaNPs
size is the oxidation degree of the NcS. Results shown for SOLV-A and
SOLV-C methods in Table 3 indicate that the MaNPs size decreases as
the number of oxygenated functions on the NcS surface increases, both
in carbon nanotubes and in graphenic solids, independently of the type
of iron precursor used. These results tend to prove that, after
electrostatically attracting the iron-containing species existing in the
reaction mixture, the solid’s oxygenated functions serve as nucleation
sites to the forming MaNPs. Thus, the higher density of oxygenated
functions on the surface of the NcS produces a higher nucleation rate
and the resulting particle size decreases, as observed. The formation of
Fe-O-C bonds between Fe;0, and a NcS surface through the latter’s
oxygenated functions has been considered [16, 37] to explain the
stabilization of deposited MaNPs toward excessive sintering when
similar MaNPs@graphene nanocomposites were subjected to thermal
annealing. In this case, our results prove that the NcS' oxygenated

functions can also be used to tune the deposited MaNPs sizes.
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Table 3 - Influence of the solvothermal method experimental conditions
on the average size of MaNPs deposited onto different NcS as measured

by TEM.

Method SOLV-A SOLV-B
NcS MWCNTs | ox-MWCNTSs GO GO
% Fe/NcS LR 50% 50% 10% 10%
Avg. size / nm 132+59 85+3.3 11.0+39 58+21
Method SOLV-C SOLV-D
NcS GO GNPs GNPs MWCNTSs
% Fe/NcS LR 10% 10% 10% 50%
Avg. size / nm 13+18 22+10 1.8+1.0 20+29

Table 4 - Amounts of loaded iron onto different NcS determined by TGA

analysis (50% Fe/NcS LR aimed at)

_______________________________________________ SOLV-A
NcS MWCNTS 0X-MWCNTs GO GNPs
% Fe/NcS LR 18 21 37 29
""""""""""""""""""""""""""""" 0 OLV-D
NcS GO rGO GNPs GNPs MWCNTS
% Fe/NcS LR 19 15 13 13 12
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2.2.2.2  MaNPs loading rate

The amount of MaNPs that can be loaded solvothermally onto a NcS seems to
depend on the nature of both the iron precursor and the NcS itself.

For instance, TGA results showed that independently of the NcS nature, a lower
Fe/NcS LR was systematically obtained when the Fe(acac); complex was used as
an iron precursor in methods SOLV-C or SOLV-D (see Table 4, page 88). Moreover,
a similar thermal event spanning between 200 °C and 400 °C was observed in all
the TGA profiles of the SOLV-C and SOLV-D products. This temperature range
matches the one observed during the thermal decomposition of the iron complex
itself (see Figure 6), suggesting that, under these reaction conditions, the iron
precursor is only partially decomposed. Accordingly, when aiming a
50% Fe/NcS LR, a similar amount (approx. 25%) of partially decomposed complex
was found in all SOLV-C nanocomposites, independently of the used NcS, being
slightly lower (19%) in the SOLV-D products. These results can be attributed to the
lower reaction temperature used in the SOLV-C approach, which leads to a higher
rate of remaining undecomposed complex.

As shown in Table 4, when applying the SOLV-A methodology to ox-MWCNTs
and MWCNTs, aiming at 50% Fe/NcS LR, it was found that the obtained value was
slightly higher for the oxidized sample (21%) than for its non-oxidized counterpart
(18%). Using the same synthetic conditions, a more accentuated difference was
found when comparing the loading rate obtained for GO (37%) and GNPs (29%).
A similar trend was also observed when decorating GO, rGO or GNPs using the
SOLV-C approach. In this case, while aiming for a 50% Fe/NcS LR in all products,
the obtained LR was the highest for the GO product (19%), followed by rGO (15%)
and lowest when using GNPs (13%) (Figure 6), in agreement with the decreasing
amount of oxygenated functions found in these graphenic solids as determined by
XPS (see Appendix II). These results indicate that the oxygenated functions also
have an influence on the MaNPs loading rate and not only on their size. As
mentioned before, electrostatic interactions can be established between the
oxygenated functions present on the NcS and some of the iron-containing species
found in solution. This interaction would be responsible for bringing both
components in close contact before and during the formation of MaNPs,
generating a higher LR as the concentration of oxygenated functions on the NcS
increases. The higher loading rates observed in the SOLV-A products could also be
due to the basic pH values used in this methodology. Indeed, as mentioned before,
such a basic environment would produce a higher concentration of ionized
oxygenated species and thus increase the extent of electrostatic interactions.
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The overall effective surface of the different NcS also seems to influence the
obtained Fe/NcS LR. Indeed, textural analysis by nitrogen physisorption of GO and
GNPs indicate a much higher specific surface area for the former NcS than for the
latter (50 m?/g and 16 m?/g respectively, similar to the values reported in [38]). This
difference can be explained in terms of the degree of graphene sheet stacking
present in each NcS sample. Indeed, our XRPD and TEM results confirm that the
GNPs are composed of highly stacked graphenic sheets while in GO these are
more individualized.

As mentioned before, one of the advantages of the solvothermal approach is that
the amount of loaded MaNPs onto the NcS can be easily modified. Using the
SOLV-A method, the amount of FeCly-6H,0 was adjusted to create a series of
nanocomposites with Fe/GO LRs varying from 10% to 50%. The TGA analyses of
such nanocomposites indicate that an excellent correlation between the expected
and obtained LLRs was maintained up to loadings of 30% ( Figure 7). At higher LR, a
saturation plateau seems to be reached.

2.2.2.3 MaNPs spatial distribution over the NcS surface

As described before, when compared to the DCOP and COV linkage
methodologies, the solvothermal strategy produced, at high Fe/NcS LR (e.g. 50%), a
nanocomposite in which the NcS was homogeneously and densely decorated
with MaNPs. Nanocomposites of lower Fe/NcS LRs, ranging from 10% to 40%, were
also produced using the SOLV-A methodology. The SEM and TEM inspection of
these five products revealed that the spatial distribution over the NcS surface
remained homogeneous in all cases (Figure 8). It also showed that the MaNPs
stacked less onto each other at lower LRs, forming what seemed like patches of
MaNPs monolayers deposited onto the NcS surface (Figure 8c). Nonetheless, it
was also observed that some areas of the solid were left uncovered when engaging
the lowest LR value (10%).

The MaNPs spatial distribution was also affected by the presence of oxygenated
functions on the NcS surface. This effect was highlighted when decorating pristine
and oxidized MWCNTSs using the SOLV-A method at a 10% LR value (Figure 9).
Indeed, smaller MaNPs distributed along the MWCNTSs surface when these were
previously oxidized, contrasted with only larger particle agglomerates found in
the pristine-MWCNTSs decorated samples. These results further prove that the
NcS' oxygenated functions are serving as nucleation sites during the MaNPs
formation and growth.
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Figure 8 - TEM images of MaNPs@GO nanocomposites produced via the SOLV-A
method at (a) 50%, (b) SO@HQ\(Q 10% Fe/NcS LR.
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Figure 9 - TEM images of MaNPs deposited onto oxidized (right) or pristine (left)
MWCNTSs using the SOLV-A method.
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2.2.2.4 MaNPs@GO nanocomposites magnetic characterization

The magnetic properties of MaNPs@GO nanocomposites with 10%, 30% and
50% Fe/NcS LR produced by the SOLV-A method have been studied by
SQUID magnetometry. Magnetization curves recorded against magnetic
field, from one direction to the opposite one, show perfect overlapping at
300 K which corresponds to superparamagnetic behavior for all of them
(Figure 10a-c). In contrast, hysteresis loops exhibit coercive fields (/,) of
about 350 Oe at 5 K, which corresponds usually to ferrimagnetic iron oxide

nanoparticles [29].

Magnetization saturation values at 300 K also agree with the measured size
of the nanoparticles (see Table 5). These values are much lower than bulk
values for magnetite (92 emu/g) because of surface effects and the oxidation
of Fe(ll) at the nanoparticle’s surface which generates vacancies and
disorder [29]. The lowest Fe/NcS LR sample (10%) shows a lower /. value
that may be explained by larger surface effects or the presence of undetected

slightly smaller nanoparticles.

In addition, temperature dependent magnetization (M(T)) curves
(Figure10d) bring deeper information on the collective properties of
nanoparticles. Zero field cooled (ZFC) curves exhibit a maximum at a
temperature (TMAX) whose value decreases with the density of MaNPs

deposited on the NcS’ surface (Table 5).

Given the fact that the deposited MaNPs feature similar sizes, this decrease
of TMAX could be correlated to weaker dipolar interactions due to larger
interparticle distances. The non-saturation of the field cooled (ZF) curve at
low temperature for the least loaded sample, in contrast to the two other
samples, seems to support this hypothesis since it is correlated to the (quasi)
absence of dipolar interactions as observed for iron oxide nanoparticles 2D
assemblies [39]. Nonetheless, an in-depth analysis of such interactions still

requires to be performed.
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Table 5 - Magnetic properties and average MaNPs sizes of 10%, 30% and
50% Fe/GO samples produced via the SOLV-A method.

Fe/GO %LR 10% 30% 50%
M, @ 300 K (emu/g) 46 61 61
H,.(Oe) 360 350 300
Ty (K) 135 248 290
Average NP size (nm) 11.0 + 4.0 111+43 123 +39

2.3 Conclusions

In this chapter, we have demonstrated that each considered synthetic
method (direct co-precipitation, solvothermolysis and covalent bonding)
produces MaNPs@GO nanocomposites with different physicochemical
characteristics. To the best of our knowledge, it is the first time that such a
systematic comparison is performed. Considering our intended applications,
the direct co-precipitation technique presents two main drawbacks: the
difficulty of reproducibly controlling the nanocomposite’s final composition,
and consequently its electromagnetic properties; and the relatively
heterogeneous and highly stacked spatial distribution of the MaNPs over the
graphenic surface. As for the covalent linkage method, it requires lengthy
and complex experimental manipulations in order to achieve the final
product, particularly when compared to the solvothermal method.
Furthermore, it produces large, micrometric MaNPs agglomerates,
coexisting independently along with the desired nanocomposites and which,
under the experimental conditions used, are impossible to isolate. For these
reasons, we consider that the solvothermal route has an overall increased

performance.

Accordingly, the in-depth study of the polyol solvothermal methodology led
us to identify a series of critical factors governing the decoration of different
nanocarbon solids that had not been identified before. Regarding the
deposited MaNPs chemical identity, morphology and particle size, we have
proven that, besides reaction time and temperature, the choice of the iron
precursor and the reaction system water content as well as the oxidation

degree of the NcS support all play a fundamental role. We have also
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demonstrated that the amount of MaNPs that can be loaded onto the NcS
also rely upon the nature of the iron precursor and the type of NcS and its
oxidation state. Indeed, we have shown that if the NcS is more oxidized,
alarger amount of smaller MaNPs can be loaded with a more homogeneous
spatial distribution. We believe that this is due to the establishment of
electrostatic interactions between the oxygenated functions found on the
NcS and the ionic iron species found in solution, especially at the higher pH

values used in some of our tested methods.

Finally, we have characterized the magnetic properties of some of the
solvothermally produced nanocomposites. Our results are characteristic for

ferrimagnetic iron oxide nanoparticles in a superparamagnetic state.
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In this chapter, three novel solvothermal
methods allowing to decorate multixwalled
carbon nanotubes (MWCNTSs) with metallic
nickel nanoparticles (NiNPs) are presented.

Several reaction parameters have been varied,
such as the type of NiNPs precursor, reaction
time and temperature or the concentration

of a capping agent, polyvinylpyrrolidone
(PVP). The impact of such variations on the
nanocomposites NiNPs composition and size
distributions have been elucidated. Finally,
zzcharacteristics and the nanocomposites
magnetic properties is clearly established.
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As mentioned in section 1.3.2.2, ferromagnetic transition metals such as iron,
cobalt and nickel, possess a high magnetic permeability. This characteristic
allows them to channel external magnetic fields by providing low resistance
paths that create larger rates of magnetic losses. Thus, Ni NPs grafted onto a
NcS could be exploited to produce efficient microwave-absorbing

nanocomposites.

A few nanocomposites obtained by decoration of MWCNTs with NiNPs have
already been reported in the scientific literature for diverse applications
such as the production of energy storage devices [1], catalysts [2], or sensors
[3], to mention just a few. Most commonly, these nanocomposites have been
produced by thermal [4] or chemical reduction [3], electroless deposition [5]

or solvothermal [6] strategies.

In this study, we have developed three novel polyol solvothermal synthetic
procedures in which ethylene glycol serves as both solvent and sole
reduction agent. Indeed, research conducted by Skrabalak et a/ [7] has
shown that metallic ions, such as Ni*", can be reduced to their corresponding
metal by glycoaldehyde, an intermediate product formed by the thermal
oxidation of ethylene glycol (EG) in air.

Furthermore, we tested and adjusted various synthetic parameters in order
to produce markedly different NiNPs size distributions. For instance, we
studied the effect of varying the type of NiNPs precursor and the speed at
which it is added to the reaction medium, the concentration of the capping

agent polyvinylpyrrolidone (PVP), alongside reaction time and temperature.

The impact of the different NiNPs size distributions on the microwave
absorption properties of these materials will be demonstrated in Chapters 6
and 7. However, the magnetic properties of the obtained nanocomposite

powders, studied by SQUID magnetometry, will be presented here.

99



Chapter 3

3.1 Materials and methods

3.1.1 Materials and characterization techniques

NC3100 multi-walled carbon nanotubes (MWCNTSs, 95%C purity) were
obtained from Nanocyl (Belgium). All other reactants were supplied by Bayer
Material Science, Alfa Aesar or VWR and used as received. More details on
each reactant are provided in Appendix 1 while the different
physicochemical characterization techniques employed are described in

Appendix IL
3.1.2 Solvothermal synthesis of Ni@MWCNTSs nanocomposites

Three different solvothermal methods were developed to produce
Ni@MWCNTs nanocomposites with different nickel nanoparticle (NiNPs)
size distributions. The first was carried out at ambient pressure (noted AP)

while the other two were performed in an autoclave (noted AC).

In all cases, reactant proportions were aimed at producing 50% Ni/C mass
loading rate (LR) nanocomposites. Sonication stages were always performed
in a VWR ultrasound cleaner USC 1200-THD at 80 W sonication power. The
obtained products were separated from the reaction medium by magnetic
decantation and then recovered by filtration over a PVDF filter (Millipore
GVWP02500, 0.22-um pore size). Afterwards, they were all purified by
rinsing six times, alternating Milli-Q water and ethanol. Finally, they were

dried under vacuum at room temperature for 12 hours.

3.1.2.1 Ni@MWCNTs nanocomposites produced by ambient
pressure (AP) solvothermal synthesis

This synthetic pathway was specifically developed for this research project.
In a typical synthesis, 100 mg of MWCNTs were placed in a two-necked
round-bottom flask. 76 mL of ethylene glycol (EG) were added and the
suspension was sonicated for 120 minutes. Afterwards, 640 mg of
polyvinylpyrrolidone (M.W. 10,000, PVP-10,000) were added, under vigorous

stirring, to obtain a 8 mg/L capping agent concentration. After complete
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dissolution of PVP, the suspension’s pH was set to 10.5 by adding an aqueous
1M NaOH solution dropwise in order to promote the deprotonation of
ethylene glycol and increase its reductive power [8]. A reflux condenser was
mounted on the central neck while the other was capped with a rubber

septum. Subsequently, the suspension was heated up to 230 °C in an oil bath.

Separately, 203 mg of nickel (II) chloride hexahydrate (NiCl,.6H,0) were
added to 4 mL EG and vigorously stirred until the salt was completely
dissolved. The solution was then transferred into a syringe. By using a
syringe pump (kdScientific, USA), it was added dropwise to the former hot
suspension at a speed of 4 mL/h, under stirring. Overall, the reaction mixture
was heated for 15 hours. Reaction products were then recovered, purified

and dried as described above.

3.1.2.2 One-pot autoclave (AC) solvothermal syntheses

Two different autoclave solvothermal procedures were developed, inspired
by the work of Tian et a/ [9]. In one synthesis, a nickel (II) salt was used as
NiNPs precursor while a nickel (II) complex was employed in the second.

Each procedure is detailed below.

Nevertheless, in both methods, the autoclave’s temperature was
automatically regulated by a Parr 4836 temperature controller
(Parr Instrument Company, USA) having an average heating rate of 4 °C/min.
The autoclave’s inner atmosphere was never purged nor modified in any
manner during the syntheses, while the system pressure was left to build up
during heating without any type of external control. Reaction solutions were
continuously stirred at 300 rpm while heating. When reaction time was
completed, the autoclave was immediately immersed in an ice bath and
cooled down to ambient temperature. In all cases, reaction products were

recovered, purified and dried as described above.

101



Chapter 3

3.1.2.2.1 Using a nickel salt precursor (AC-S)

MWCNTSs (100 mg) were dispersed in 80 mL of ethylene glycol (EG) and
sonicated for 120 minutes. 203 mg of NiCl,.6H,O were then added to the
above suspension under vigorous stirring and sonicated for 10 more minutes.
Subsequently, enough PVP-10,000 was added to reach a 5, 8, 12 or 16 mg/L
capping agent concentration. The mixture was then sonicated for another

10 minutes.

After sonication was completed, an aqueous 1M NaOH solution was added
dropwise, under vigorous stirring, until a pH value of 10.5 was reached. After
stirring for 45 minutes, the mixture was transferred into a 300 mL stainless

steel autoclave vessel with a Teflon lining and heated to 220 °C for 3 hours.

3.1.2.2.2 Using a nickel complex precursor (AC-C)

100 mg of MWCNTSs were dispersed in 80 mL of ethylene glycol (EG) and
sonicated for 120 minutes. 219 mg of nickel (II) acetylacetonate (Ni(acac),)
were then added to the above suspension under vigorous stirring.
Subsequently, an aqueous 1M NaOH solution was added dropwise, under

vigorous stirring, until a pH value of 10.5 was reached.

After stirring for 45 minutes, the mixture was transferred into a 300 mL
stainless steel autoclave vessel with a Teflon lining and heated to 190 °C,

210 °C or 230 °C, for 7 or 15 hours.
313 Ni@MWCNTSs nanocomposites thermal annealing

Once dried, the AP and AC-S products synthetized using a 8 mg/L. PVP
concentration as well as the AC-C nanocomposite were thermally annealed
in order to promote particle growth by sintering. The samples were placed in
a porcelain combustion boat and heated up to 500°C for 2h, under
Ar/H, 95/5 atmosphere, in a tubular furnace (Carbolite Gero STFi16,
United Kingdom). The temperature was increased and decreased at a rate of
1.7°C/min. The recovered powder was stored in air with no special

precautions.
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3.2 Results and discussion

The main goal of this part of the project was to decorate multi-walled carbon
nanotubes (MWCNTSs) with metallic nickel nanoparticles (NiNPs) possessing
different size distributions. Accordingly, three novel synthetic methods were
developed and several reaction conditions were tested. For instance,
different types of NiNPs precursors, various reaction times, temperatures
and pressures as well as four different concentrations of a capping agent,

polyvinylpyrrolidone (PVP), were tested.

The impact of the different experimental conditions on the NiNPs
nanocomposites size distributions alongside other relevant characteristics
(e.g. NiNPs composition, loading rate and spatial distribution over the

MWCNTs surface) will be discussed below for each synthetic technique.

3.21 Ni@MWCNTs nanocomposites produced by ambient

pressure (AP) solvothermal synthesis

For the first synthetic method tested, we chose to work at low Ni precursor
concentration. Indeed, Rosicka and Sembera [10] have shown that
maintaining a low precursor concentration prevents the deposited NPs from
agglomerating and growing uncontrollably. NPs aggregation and
consequent growth depends on the collision between reactive species.
Therefore, at low concentrations, the probability that the nanoparticle
precursor species found in solution interact with those already deposited

onto the support is strongly reduced.

As described in section 3.1.11, in this synthetic method, Ni** ions were very
slowly added to the reaction medium by using a syringe pump. In that
manner, the NPs precursor concentration was kept low, producing the
results shown in Figure 1, top. The TEM images show that MWCNTs were

densely covered with extremely small (<1 nm) NPs.

Nonetheless, a few large NPs were also found (Figure 1, middle).

Polyvinylpyrrolidone (PVP) is typically used to stabilize metallic NPs during
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their synthesis, preventing their aggregation and limiting their growth [11].
Accordingly, when employing PVP (M.W. 10,000) at a 8 mg/L concentration,
the larger NPs mostly disappeared (Figure 1, bottom).

XRPD investigation of these nanocomposites revealed only one signal that
could be attributed to a nickel phase. As shown in Figure 2, the diffraction
peak around 20 = 20° corresponds to the main reflection of the nickel
face-centered cubic (Ni-fcc) phase. Its breadth can be attributed to the
extremely reduced size of the deposited NiNPs. In addition, its low intensity
seems to indicate that the deposited nanoparticles are poorly crystalline. As
for the reflection around 26 = 12°, it has been attributed to the ordered

arrangement of the MWCNTSs’ concentric cylinders of graphitic carbon [12].

The as-deposited NPs were then grown in a subsequent thermal annealing
step. Figure 3 shows the Ni@MWCNTs nanocomposites obtained after
thermal annealing at 500 °C. The deposited NiNPs grew to an average size of
136 + 44 nm and showed a narrow size distribution. Furthermore,
contrasting with the diffractogram obtained before thermal annealing, the
characteristic Ni-fcc reflections were clearly detected by XRPD (see

Figure 2).

However, additional diffraction peaks of weaker intensity were observed
around 19°, 21.5° and 27.8° 20 angles. Recently, these reflections have been
attributed to a nickel carbide phase [13]. Nickel carbide phases have been
produced by exposing nickel powders to a CO gas flux at temperatures as
low as 250 °C [14]. Therefore, this minority phase was possibly formed as PVP
chains surrounding the NiNPs decomposed, especially given the reductive
thermal annealing conditions used. Indeed, Su et a/[13] have shown that
such metallic carbide phases can form when a NiNP surrounded by a
carbon-rich layer is exposed to high temperatures, as an intermediate

product of the pyrolysis process.
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i

Figure 1 - TEM images showing ultrasmall NPs covering the MWCNTSs surface after
the AP synthesis (top row). A few large NPs were observed when no PVP was used
(bottom row, left), but mostly disappeared at a 8 mg/L PVP concentration (bottom
row, right).
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Figure 2 - XRPD diffractograms of the AP products synthetized using a 8 mg/L. PVP
concentration, before and after thermal annealing.

g L WL
Figure 3 - TEM images of the AP Ni@MWCNTs nanocomposite synthetized using a 8
mg/L. PVP concentration, after thermal annealing (left). A lighter shell was found
around the NiNPs (right).
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McCafferty et al [15] have also shown that, when cooling down, carbides
can partly decompose and exude carbon to the nanoparticle surface. An
amorphous or graphitic carbon layer is thus formed around the NP.
Interestingly, TEM observations of the nanocomposites after thermal
annealing show the presence of a lighter shell layer surrounding the
NiNPs (see Figure 3, right). Su et al [13] have recently produced nickel
nanocatalysts using similar thermal annealing procedures as the one
used in this synthesis. Their results also show the formation of a

light-colored, graphitic shell surrounding the NiNPs.

As shown in Figure 4, XPS analysis of the AP nanocomposite after
thermal annealing confirms the presence of metallic nickel (Ni°).
However, oxidized nickel species such as oxides, hydroxides or
oxyhydroxides, quantified globally by the Niox and Niox_sat
components, were detected in almost equal amounts. Their relatively
high concentration might be explained by the fact that XPS is a surface
analysis technique with a sampling depth of approximatively ~3.9 nm
for nickel oxide or metallic nickel [16]. Thus, if the oxide is to be found
on the surface of the NP, as a passivation layer, the relative amount of
the Niox+Niox_sat components will be enhanced comparatively to that
of Ni° In addition, the fact that no oxidized nickel was detected by

XRPD suggests it is either poorly crystalline or amorphous.

3.22 Ni@MWCNTs nanocomposites produced by one-pot

autoclave (AC) solvothermal syntheses

Two one-pot polyol autoclave solvothermal methodologies were tested.
In the first synthesis, code-named AC-S, Ni@MWCNTs nanocomposites
were produced with a nickel (II) chloride salt precursor and varying
amounts of PVP-10,000 as capping agent. In the second one, hereafter
identified as AC-C, only a nickel (II) acetylacetonate (Ni(acac),) complex

was employed with no capping agent.




Chapter 3

These experimental variants sought to control the deposited NiNPs size
by modifying the availability of Ni*" ions in the reaction media. Indeed,
the nickel salt is expected to be completely dissociated when dissolved
in ethylene glycol (EG), the chosen diol solvent [17]. Consequently,
Ni*“ions are readily available for reduction and NiNPs formation.
However, changing the capping agent concentration should modulate
the NiNP growth speed [11]. By opposition, when Ni(acac), is used, Ni**
ions are gradually released as the complex thermally decomposes. In
this sense, the use of a Ni complex could mimic the effect of slowly

adding a Ni precursor, as demonstrated in section 3.1.

Results obtained with both synthetic procedures are presented below.

3.2.2.1 AC-S Ni@MWCNTs nanocomposites

As in the AP synthesis, nickel (II) chloride was also used as NPs
precursor and ethylene glycol (EG) as solvent and reducing agent in the
AC-S method. However, the full quantities of the different reactants
were engaged before starting the autoclave synthesis. Given NiCl, is
completely dissociated when dissolved in EG [16], as stated above, the
Ni** concentration in the AC-S reaction medium was higher than the
one achieved in the AP synthesis. Under these conditions, the more
abundant Ni** species were readily available for reduction, seeding onto

the MWCNTSs and growing into larger NPs as shown in Figure 5.
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Figure 4 - XPS spectra of the Ni 2p peak for the AP and AC-S Ni@MWCNTSs
nanocomposites after thermal annealing. Both products were synthetized using a 8
mg/L PVP concentration. The Ni 2p3/2 peak has been fitted with three components
corresponding to metallic (Ni°) and oxidized (Niox + Niox-sat) nickel.

Figure 5 - TEM images showing the AC-S Ni@MWCNTs nanocomposite before (left)
and after (right) thermal annealing
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Also, it has been shown that employing PVP as a capping agent and varying
its concentration can influence a metallic NP growth speed [10].
Consequently, various concentrations of PVP-10,000 were tested. Our results
show that there is a clear correlation between the size of the deposited NPs
and the engaged concentration of PVP-10,000. As shown in Figure 6, the NPs
get smaller as the capping agent concentration is increased. Also, the
narrowest NPs size distributions were obtained at 12mg/L and
16 mg/L. PVP-10,000 concentrations. However, the capping agent
concentration had no significant effect on the amount of NPs loaded onto
the MWCNTs (see Table 1).

As for the AP nanocomposites, the thermal annealing of the AC-S products
had a strong impact on the size of the deposited NPs. For instance, when
using a 8 mg/L. PVP-10,000 concentration, the thermally treated AC-S NPs
almost doubled their average size (130 + 47 nm) as can be observed in

Figure 5, right.

XRPD results show that the deposited AC-S NPs consist of a pure
face-centered cubic (Ni-fcc) crystalline phase, independently of the capping
agent concentration used (see Figure 7). The Ni-fcc phase was preserved
after the thermal annealing process and no trace of other nickel-containing

species were found with this preparation technique.

Nonetheless, XPS analyses indicate that oxidized nickel is present in larger
amounts than its metallic counterpart (see Figure 4). As for the thermally
annealed AP nanocomposites, these results suggest that the oxide layer is to
be found on the surface of the deposited nanoparticles. Furthermore,
considering the size of the deposited AC-S NiNPs, the emitted photoelectrons
will originate mostly from their outermost layer. If this layer is partly
oxidized, the XPS spectra will show an artificially high amount of such a
species. Also, the fact that no trace of oxidized nickel was found by XRPD
suggests that this shell is either poorly crystalline or amorphous as observed

above using the AP synthetic method.
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Figure 6 - TEM images (top) and NiNPs size distribution histograms (bottom) for the
AC-S nanocomposites synthetized at different PVP-10,000 concentrations.

111



Chapter 3

Table 1 - Ni/C % LR determined by TGA for the different synthetized

nanocomposites.

Synthetic method [PVP-10,000] (mg/L) Ni/C % LR (%)
AP 8 21
5 27
8 28
ACS 12 30
16 28
AC-C-7h - 25
AC-C-15h - 24
—5mg/L
---- 8mg/L
’| ....... 12 mg/L
TN ! meeme 16 mg/L
/7 . ] .
, e HENE | Ni-fcc
, N, JUI 2 N

Relative Intensity (A.U.)

9 12 15 18 21 24 27 30 33
2-theta (°)

Figure 7 - XRPD diffractograms of the AC-S nanocomposites synthetized with
different PVP-10,000 concentrations.
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3.2.2.2 AC-C Ni@MWCNTs nanocomposites

Thermal decomposition of Ni(acac), has been extensively studied by
Von Hoene et al [18]. Their results show that the decomposition
process onsets between 200 °C and 250°C. Consequently, a temperature
of 230 °C was initially chosen for the AC-C synthesis. As in the AC-S
nanocomposites, XRPD results indicate that the deposited NiNPs are
mainly constituted of a Ni-fcc phase. Nonetheless, low-intensity
hexagonal close-packed (Ni-hcp) reflections were also clearly

identified (see Figure 7).

Murdikoudisa et al [19] demonstrated that Ni-hcp is a metastable
phase that can be formed at higher reaction temperatures. However,
when compared to Ni-fcc, Ni-hcp NPs possess much lower saturation
magnetization (M) and coercivity (/. values [19]. It is so weakly
ferromagnetic that some authors like Kotoulas et al [20] consider this
Ni phase lying at the threshold of antiferromagnetism. This weak
ferromagnetic character makes the hcp phase unsuitable for our
intended applications. Therefore, different reaction temperatures were
tested to eliminate this minority phase in the AC-C products.
Asshown in Figure 8, the Ni-hcp reflections were weaker but
persistent at 210°C. They finally disappeared when performing the
synthesis at 190°C.

In the case of AC-C products, bimodal NiNPs size distributions were
found. As it can be observed in Figure 9, ultrasmall NiNPs (< 1 nm)
covering the entire MWCNT surface were formed alongside much
larger (> 300 nm) nanoparticles. Initial AC-C reaction time was the
same as in the AP synthesis (15 h). When halved to 7 reaction hours,
only the smallest NiNPs were formed (see Figure 10, left). These

results are similar to those obtained for the AP nanocomposite, the
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main difference being that no capping agent was used in the AC-C
synthesis. Thus, in order to promote the NPs growth, the 7h AC-C
product was thermally annealed too, in the same manner as the

AP nanocomposite.

Interestingly, the annealing treatment produced NiNPs with a similar
average size (16.7 + 6.4 nm) than those found in the AP product
(13.6 + 4.4 nm). However, the annealed AC-C product possessed a
markedly heterogeneous size distribution (see Figure 10, right). This
difference could be attributed to partially decomposed Ni(acac),
complex remaining on the surface of the MWCNTSs before annealing.
Indeed, the TGA thermograms for the AC-C products show a thermal
decomposition process whose temperature range matches that of the
pure complex precursor (see Figure 11). TGA results also show that
larger amounts of partially decomposed complex are found when the
reaction is stopped after only 7h. When heated to 500 °C, Ni(acac), is
finally completely decomposed. Localized variations in nickel
concentration are obtained initially, depending on the amount of
leftover Ni(acac), complex. Annealed NiNPs grow accordingly,

creating the heterogeneous size distributions observed.

As shown in Table 1, TGA results also show that the amount of loaded
NiNPs is slightly inferior in the AC-C nanocomposites than in their
AC-S counterparts. Nonetheless, the Ni/C %LR is superior in both types
of AC nanocomposites than in the AP product. Finally, they highlight
that reducing the AC-C reaction time from 15 to 7 hours does not seem

to influence the loaded amount of NiNPs.
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Figure 8 - XRPD diffractogram of the AC-C products at different reaction
temperatures.

2u) e

Figure 9 - TEM images of the AC-C product obtained after 15h of autoclave reaction
at 190 °C. Large NiNPs (left) are found alongside ultrasmall NPs (right) which cover
the entire MWCNTs surface.
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N

Figure 10 - TEM images of the AC-C product obtained after 7h of autoclave reaction
at 190 °C before (left) and after (right) thermal annealing.

% weight loss (%)

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 11 - Thermograms for the thermal decomposition under air of Ni(acac), and
AC-C nanocomposites synthetized at 190 °C during 7 h and 15 h.
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3.2.3 Ni@MWCNTSs nanocomposites magnetic characterization

As shown in sections 3.2.1 and 3.2.2, the AP and AC-C nanocomposites
presented similar average sizes after thermal annealing. Nevertheless,
the AC-C NiNPs showed a wider size distribution possibly due to the
presence of unreacted Ni precursor at first. Therefore, it was decided
not to proceed with the magnetic characterization of this particular

nanocomposite and to discard it from further experimental work.

The magnetic properties of the thermally annealed Ni@MWCNTs AC-S
and AP nanocomposite powders synthetized with a 8 mg/L PVP
concentration were studied by SQUID magnetometry. Their
magnetization curves recorded against magnetic field are shown in
Figure 12. As can be observed, their magnetic properties are strikingly
different. While the AP NiNPs are superparamagnetic, those found in
the AC-S product show a ferromagnetic behavior. Accordingly,
significant differences were found in their mass saturation
magnetization (M), intrinsic coercivity (4. and the remanent
magnetization (M,) values. While the AC-S nanocomposite attained an
M, value similar to that of bulk Ni (=55 emu/g), the AP nanocomposite
reached only 40 emu/g. Also, the AC-S product possesses H. and M,
values of ~100 Oe and ~5emu/g, respectively, while in the
AP nanocomposite they are practically zero as expected for

superparamagnetic NPs.

These remarkable differences are certainly due to the difference in
NiNPs size found in each nanocomposite. As discussed in section
1.3.2.1.2, NiNPs with a diameter smaller than ~25 nm, such as those
found in the AP product (~13nm), are expected to be
superparamagnetic. Superparamagnetic NPs have low M, and H.

values at room temperature because of either surface effects
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(e.g higher surface spin disorder, as described in section 1.3.2.1.3) or
thermal excitation, which is sufficient to produce rapid magnetic spin

reversals [22, 23].

On the contrary, NiNPs having a diameter above ~80 nm are expected
to be ferromagnetic and multi-domain (e.g composed of several
magnetic domains). This would be the case of the
AC-S nanocomposite, whose NiNPs have an average diameter of
~130 nm. Accordingly, these NiNPs possess a strong magnetic ordering
at room temperature alongside a lower surface-to-volume ratio
(e.g lower impact of surface spin disorder), both factors producing the
higher M value recorded. However, their multi-domain nature is also
the most probable cause for the nanocomposite’s relatively low H.

(see section 1.3.2.1.2).

Finally, it is interesting to notice that the hysteresis curve of the
AC-S powder denotes the presence of an exchange bias (EB), resulting
from the pinning of interfacial spins in the AFM nickel oxide shell to
the ones of the FM metallic nickel core. EB coupling results in extra
magnetic anisotropy energy, which contributes to the A, and

produces a shift in the hysteresis curve[24].
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Figure 12 - Magnetization curves recorded against magnetic field at 295K for the
thermally annealed AP and AC-S NI@MWCNTs nanocomposites synthetized using a
8 mg/L. PVP concentration (top). A detail of the curves (bottom) highlights the
difference in /.and M, values for these materials.
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3.3 Conclusions

We developed three novel solvothermal methods employing ethylene glycol
as both solvent and sole reduction agent to decorate multi-walled carbon
nanotubes (MWCNTSs) with metallic nickel nanoparticles (NiNPs). Two of
them were performed in an autoclave (AC-S and AC-C) and one was
performed at ambient pressure (AP). Also, different Ni precursors were
tested: a NiCl,.6H,0 salt (AC-S and AP) and a Ni(acac), complex (AC-C). All
three syntheses were followed by thermal annealing, producing

nanocomposites with markedly different size distributions.

Obtaining distinct size distributions was achieved by creating different Ni**
concentrations in the reaction media. In those methods were the
concentration was kept low, either by slowly adding the nickel salt precursor
(AP) or by slowly decomposing the Ni(acac), complex (AC-C), ultrasmall
NiNPs (< 1 nm) were obtained. On the contrary, much larger NiNPs deposited
onto the MWCNTs when adding the full amount of nickel salt precursor at

the beginning of the reaction (AC-S).

In both syntheses with the nickel salt (AC-S and AP), particle agglomerates
were observed. These were avoided by using polyvinylpyrrolidone (PVP,
M.W.10,000) as capping agent at 8 mg/L. concentration. It was also observed
that further increasing the concentration of this same capping agent to 12 or

16 mg/L slightly reduced the deposited NiNPs size.

In the case of the AC-C synthetic technique, we observed that lower reaction
temperatures had to be used in order to obtain only the desired Ni-hcp
crystalline phase. However, in such conditions, larger amounts of
undecomposed Ni complex remained in the reaction products. Therefore,
wider NiNPs size distributions were obtained after thermally annealing the
AC-C nanocomposite (16.7 + 6.4 nm) in comparison to their AP counterparts

(13.6 + 4.4 nm).

Consequently, only the AP and AC-S nanocomposites’ magnetic properties

were characterized using SQUID magnetometry. According to their different
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size distributions, the AP NiNPs were found to be superparamagnetic while

their AC-S counterparts were weakly ferromagnetic. The impact of these

differences on the microwave absorption properties of MAM films produced

with these nanocomposites will be further explored in Chapter 8.
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Sol¥gel decoration of
graphene oxide with
zeroxvalent iron and
iron/cobalt /nickel
carboniprotected
alloy nanoparticles

In this chapter we present a new type of
nanomaterials based on reduced graphene oxide

(GO) decorated with zerolivalent Fe@yiFe, O, and
Fe/Co/Ni carboniprotected alloy nanoparticles

(NPs). These were created using the Pechini sol¥gel
method. Synthetic parameters were varied in order to
determine their influence on the deposited NPs size
and spatial distribution. Extensive physicochemical
characterization of the synthetic products was
performed to determine the exact chemical nature of
the different deposited NPs and their influence on the
nanocomposites magnetic properties.
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Sol-gel decoration of GO with ZVI and Fe/Co/Ni alloy nanoparticles

As mentioned in the introduction to the previous chapter, ferromagnetic
nanoparticles of Fe, Co or Ni induce magnetic losses that can be exploited to
produce novel EMI shielding materials. MNPs of Fe, Co and Ni and their
alloys have been deposited onto different nanocarbon materials such as
graphene [1] or graphene oxide [2], carbon nanotubes [3] or carbon
nanofibers [4]. Such MNPs@NcS nanocomposites have been produced using
a wide range of synthetic techniques. Wet chemical solvothermal [5],
hydrothermal [1] or inert atmosphere thermal [1] reduction processes,

carbonization [4], direct [2] or electroless [3] plating are just a few of them.

In this chapter, we propose a novel preparative approach to obtain
zero-valent iron (ZVI) and binary or ternary Fe/Co/Ni alloy NPs supported
on graphene oxide (GO), based on the Pechini method.

The Pechini method is a type of sol-gel synthesis technique starting from a
polymerizable metal complex precursor. It was first described in the Pechini
patent [6] within the context of alkaline earth titanates and niobates film
deposition for the production of capacitors. The advantages of the Pechini
method include its relative simplicity, use of widely available reagents and
creation of homogeneous products. Therefore, it is nowadays commonly
used for the synthesis of many materials including laser gain materials [7],

superconductors [8], perovskites [9], catalysts [10] and nanoparticles [11].

In the Pechini process, metal salts (usually nitrates) are dissolved alongside
citric acid to form a metal citrate complex. In a second step, ethylene glycol is
added and the solution is heated to induce a polyesterification reaction. This
results in the formation of a complex-polyester gel with metallic atoms
evenly distributed among the polymer matrix (see Figure 1). The obtained gel
is then calcined at high temperature causing the pyrolysis of the polymer.
Calcination usually produces nanoparticles with a homogeneous particle

size [12].
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Figure 1 - Schematic representation of the Pechini method. Adapted from Danks
et al [12].

The Pechini process is generally used to obtain oxides. However it has been
claimed that if the calcination step is carried out under inert or reducing
atmosphere, metal@graphitic carbon core-shell nanoparticles (NPs) can be
synthesized [13]. Such a shell would favor the long-term stability of ZVI or
iron-containing alloy NPs, required by our intended applications. Indeed, it
could function as a barrier for oxygen diffusion into the metallic or alloy
core, effectively preventing the NPs from oxidation [14]. It is known that the
ZN1 NPs can be readily oxidized and form non-magnetic iron oxides such as
wustite (FeO) or hematite (a-Fe,0;) [15]. In such cases, the FMR-related

EM absorption properties would be irremediably lost.

Yhr Pechini preparation of carbon-protected ZVI NPs@GO has already been
reported in the scientific literature [13]. In this chapter, we show for the first
time that this synthetic method can also be used to synthetize binary and
ternary Fe/Co/Ni alloy NPs supported on graphene. This is particularly
valuable for the ternary FeCoNi@GO nanocomposite for which only one
synthetic report is available in the scientific literature [16]. However, the
proposed methodology offers a poor control over the composition of the
obtained product, resulting in a mixture of several binary and ternary alloy

phases.
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4.1 Materials and methods

411 Materials and characterization techniques

Graphene oxide (GO) was purchased from Nanoinnova Technologies SL
(Spain). All other reactants were supplied by Across, Alfa Aesar, Merck,
Sigma Aldrich or VWR and engaged as received. More details on each
reactant are provided in Appendix I while the different physicochemical

characterization techniques employed are described in Appendix II.

41.2 Synthesis of ferromagnetic iron-based nanoparticles

supported on graphene oxide

The synthesis of ZVI@GO nanocomposites was inspired by a Pechini-type
method described in the scientific literature [13]. A typical synthesis is

described below for a ZVI@GO product with a 50 % Fe/C mass loading rate.

50 mg of graphene oxide (GO), 180.8 mg of iron (III) nitrate nonahydrate
(Fe(NO3)5-9H,0), 516 mg of citric acid (CA) and a magnetic stir bar were
introduced in a small round-bottom flask. 3.3 mL of ethanol were added, the
flask was closed with a septum and the mixture was stirred until complete
dissolution of the reactants. The suspension was then sonicated at 80 W for
1 hour (VWR ultrasound cleaner USC 1200-THD) in order to disperse GO.
112 pL. of ethylene glycol (EG) were added and the suspension was heated
with a reflux condenser in an oil bath at 90 °C for 3 hours. The suspension
was then poured in a porcelain combustion boat and placed in a drying oven
under vacuum at 30 °C for 2 hours. The obtained gel-covered ceramic plate
was introduced in a tubular furnace (Carbolite Gero STF16, United Kingdom)
and heated to 750 °C for 2h under Ar/H, 95/5 atmosphere. The temperature
was increased and decreased at a rate of 1.7 °C/min. The recovered powder

was stored in air with no particular precautions.
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The citric acid:ethylene glycol (CA:EG) and citric acid:metal (CA:M) ratios
used in the example above were of 1:1.5 and 6:1, respectively. We decided to
also test three other CA:EG (1:1, 1:1.5 ,1:11) and two CA:M (3:1, 6:1) reactant
ratios in order to determine the optimal proportions required to deposit NPs

with homogeneous size and spatial distributions onto GO.

Once the optimal synthetic conditions were determined, the same
methodology described above for ZVI NPs was used to deposit FeCo, FeNi,
and FeCoNi alloy NPs onto GO. In all cases, the CA:EG ratio and CA:M ratios
were of 1.5 and 6:1 respectively. Adapted quantities of Fe(NO;);-9H,0,
Co(NOs3),-6H,0 and Ni(NO),-6H,0 salts were used as precursors to obtain the

desired equimolar binary or tertiary alloy compositions.

4.2 Results and discussion

A tight control on the deposited NPs chemical composition, size and spatial
distribution on the nanocarbon surface is essential for our intended
applications. Indeed, as discussed in section 132, the ferromagnetic
resonance (FMR) phenomenon depends on the system’s magnetic properties,
such as its saturation magnetization (M,). These characteristics are

themselves dependent on compositional and morphological factors.

Consequently, we first determined the optimal Pechini reactant proportions
required to deposit ZVI NPs with homogeneous size and spatial distributions
onto graphene oxide (GO). Their chemical composition was then thoroughly
studied. In a subsequent step, using the optimal conditions determined for
the ZVI@GO synthesis, three different Fe, Co and/or Ni alloys were produced
and fully characterized. Finally, the nanocomposites magnetic properties

were determined.
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421 Optimization of the citric acid to ethylene glycol (CA:EG)

and to metal precursor (CA:M) ratios

In the Pechini synthesis, the viscosity of the gelled precursor has a direct
influence on the homogeneity of the end products [17]. Therefore, numerous
investigations have attempted to identify the critical factors that influence
the gel viscosity [17-19]. These results highlight the crucial role played by the
citric acid to ethylene glycol molar ratio (CA:EG) and the citric acid to metal
molar ratio (CA:M). Furthermore, they show that the gel viscosities are
optimized when using molar CA:EG and CA:M ratios ranging from 1:1.5 to 1.5:1

and 1:1 to 61, respectively [19].

In this study, three different CA:EG (1:1, 1:1.5, 1:11) and two CA:M (31, 6:1) ratios
were tested for the ZVI@GO synthesis. TEM characterization of the obtained
nanocomposites confirms that these ratios strongly influence the deposited

ZN1 NPs size and spatial distribution.

As shown in Table 1, the smallest ZVI NPs possessing the narrowest size
distributions are obtained at lower CA:EG ratios using the 6:1 CA:M ratio.
Also, lower CA:EG and CA:M ratios favor the deposition of ZVI NPs onto a GO

surface in a more homogeneous and dense manner (see Figure 2).

Based on these results, we infer that the different CA:EG and CA:M ratios are
influencing the ZVI NPs size and spatial distribution by changing the length
of the polyester chains that make up the gels as well as the spacing between
them (see Figure 3, top). Indeed, when using excess quantities of EG
(111 CA:EG ratio), the resulting chains are presumably shorter than when
using equimolar EG and CA quantities. Furthermore, unreacted EG moieties
dilute the system, spacing the polymerized chains apart. The shorter and
more diluted chains distribute heterogeneously over the surface of GO.

When calcined in the tubular oven, they induce the formation of ZVI NPs in
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localized areas. Possibly because of thermal sintering effects, the

heterogeneously deposited NPs also possess a wider size distribution.

On the other hand, the reason why the ZVI NPs size and density are
increased at lower CA:M ratios is illustrated in Figure 3, bottom. As the
amount of CA moieties is decreased, the coordinated metallic ions are closer
to each other in the polymer gel chains. When calcined, the ZVI NPs are thus

deposited closer to each other and, eventually, sinter to form larger particles.

The Fe/C mass loading rate (%LR) of ZVI NPs deposited onto GO was
determined by TGA. When aiming at 50% ZVI NPs LR, the obtained loading
rate varied from a minimum of 38% to a maximum of 48%. The obtained
results show that the %LR decreases as the amounts of EG and CA increase
(see Table 2). This trend can be explained by considering the highly reductive
atmosphere used in the tubular oven [e.g. H,/Ar (5/95 %V/v) gas stream
at 750 °C]. Under these conditions, residual carbon coming from EG or CA is
expected to graphitize and deposit onto GO [13]. Therefore, when using larger
proportions of the different carbon-containing reactants, such as in the
CA:EG 1:11 or the CA:M 6:1 ratios, larger amounts of graphitic carbon might be
found in the end products. This additional carbon might artificially decrease

the Fe/C % LR.

Also, the iron precursor amount was varied and the EG and CA quantities
were adjusted to easily vary the wt. %LR. Nanocomposites with
approximately 20%, 30%, 40% and 60% ZVI NPs wt. %LRs were thus obtained

straightforwardly (see Figure 4).
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Table 1 - ZVI NPs size distributic

CA:EG ratio : S :

16.8+6.5nm 148+ 477 nm
179 £ 81 nm 143 £72nm
83+9.6nm 19.7+10.4 nm

Table 2 - Fe/C mass loading rate (%LR) obtained using different CA:M and
CA:EG ratios as obtained by TGA. A 50% LR was aimed at, in all cases

CAEG ratio T —
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CA:M ratio

Figure 2 - Representative TEM images o ZVi@GO nanocomposites Syhthggized
using different combinations of CA:EG and CA:M ratios.
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Figure 4 - Thermograms of the ZVI@GO nanocomposites under air obtained with
20%, 30%, 40% and 60% ZVI NPs wt. %LRs.
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4.2.2 Characterization of the chemical composition of the ZVI

nanoparticles deposited onto GO

The ZVI nanocomposites were characterized by XRPD. As shown in
Figure 5, the recorded spectra show a broad reflection around
12° 260 which can be attributed to poorly ordered, short range
interactions between (0 0 2) planes of reduced graphene oxide (rGO)
[20, 21]. These graphitic reflections can be explained by the fact that GO
is partially reduced to rGO under the H,/Ar (5/95 %v/v) atmosphere
used in the present synthetic procedure. Once reduced, rGO graphitic
sheets interact via z—n stacking interactions similarly to graphite
planes [22]. Moreover, graphitic deposits formed from CA or EG during

the heating step might also contribute to this signal.

As for the NPs, they seem to be composed of a mixture of cubic iron
phases. Indeed, characteristic body-centered cubic (bcc) and
face-centered cubic (fcc) reflections were detected (see Figure 5).
Bcce reflections are the most intense, and therefore this crystalline phase
is assumed to be the most abundant. Fcc reflections are even less
intense at the lower CA:EG ratios (1:1 and 1:1.5), independently of the
CA:M ratio (not shown). A reflection around 16° 20 suggests that
maghemite (y-Fe,03) is also present in lesser amounts. Nonetheless, its

broadness might indicate that the iron oxide is poorly crystalline.

Mossbauer investigation of a ZVI@GO nanocomposite synthesized using
1:1.5 CA:EG and 6:1 CA:M ratios also revealed three different iron species
and allowed to quantify them. Indeed, as shown in Figure 6a and
Table 3, two well-defined sextet patterns and a weak broad singlet were
identified. The splitting of the first sextet (§=0.11(1) mm.s ™) presents an
internal field (B, value of ~34.1 T, which is consistent with iron in bcc

arrangements [23]. The second sextet (§= 0.43(1) mm.s') presents
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a By,~39 T value which is characteristic of maghemite [24], while the
singlet, with an isomer shift (8 of 0.05 mm.s' is typical of
superparamagnetic fcc-Fe nanoparticles [25]. Based on the
quantification of assigned site-populations, the as-synthesized ZVI NPs
seem to be mainly composed of bce-Fe (86%) and maghemite (10%), with
the fcc-Fe phase accounting for the rest (4%). No evidence of other iron

oxides was found in our data [26, 27].

Compared to our Mossbauer results, XPS analyses show a larger
proportion of iron oxide. As can be observed in Figure 7, the oxidized
iron component (Fe-ox) is more abundant than its metallic iron (Fe°)
counterpart. These results might indicate that the oxide, in this case
maghemite, is found on the surface of the deposited nanoparticles.
Indeed, XPS is a surface-sensitive technique with a sampling depth of
~4.5 and 5 nm for iron and maghemite, respectively [28]. Therefore, the
emitted photoelectrons will originate mostly from the outermost layer
of the sampled NPs. If this layer is mainly composed of maghemite, the
XPS spectra will show an artificially higher fraction of the Fe-ox

component, as was observed in the previous chapter for Ni.

Confirmation of such a core-shell structure was obtained by TEM and
HRTEM. Figure 8 shows representative TEM and HRTEM images in
which the ZVI NPs are visualized with a darker core clearly
differentiated from a surrounding lighter shell layer. The outer shell has
an irregular thickness with an average value of 3.1 £ 0.7 nm. Also, in
some cases, a very light circle between the core and the shell was
observed. This might be a local decohesion upon cooling due to the
Fe° core and the p-Fe,O; shell having different thermal expansion

coefficients [29].
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Figure 6 - “'Fe Mossbauer spectra at 77K of ZVI and Fe/Co/Ni alloy nanoparticles

deposited on graphene oxide (GO): (a) ZVI@GO; (b) FeCo@GO; (c) FeNi@GO; and

(d) FeCoNi@GO.

Relative
Area
(%)

0.05(1) - - 0.18* 4 y—Fe (fcc)
ZV1 77

0.11(1) 0 341 ¢ 0.21(1) 86 a-Fe (bcc)

0.43(1) 0 39.0 0.28* 10 r—Fe 04
FeCo {77 i 012(1) 0 346 1 0.22(1) 100 FeCo alloy

016(1) | 035(1) | - | 015* 6 Superparamag,
FeNi {77 phase

0.027(1) i-0.018(1) | 34.1 2.0(1) 24 FeNi (fcc) alloy

0.06(2) i 0.01(1) 315 i 0.29(1) 70
FeCoN . 0.35(1) | -0.07(1) : 21.2 i 0.40(1) 30 Fl;ec (C)aNrjb(lf((i;ec )
i 0.15(1) { -0.05(1) i 32.0 i 017(1) 70

alloy

(1) & isomer shift (with respect to a-Fe at r.t); & AEq quadrupole splitting; 772: half
width at half maximum;

137



Chapter 4

Component  Pos. (eV)

Fe® 707.0
FeOx - 710.2
FeOx_sat ......... 712.8

(b)
Component Pos. (eV)
Fe® 707.0
FeOx - 709.8
FeOx_sat ......... 712.5

Component Pos. (eV)

Fe® 706.9
FeOx - 710.2
FeOx_sat ......... 712.6

Component Pos. (eV)

Fe° 706.9
FeOx - 710.2
FeOx_sat ......... 712.9

718 716 714 712 710 708 706 704
Binding energy (eV)

% Area
37
76.5
19.8

% Area
16.2
57.3
26.5

% Area
19.5
59.3
21.2

% Area
19.0
53.2
27.8

Figure 7 - XPS Fe2p;,, peak region showing metallic (Fe°) and oxidized (Feox+Feox sat)
components in (a) ZVI, (b) FeCo, (c) FeNi and (d) FeCoNi alloy NPs deposited on GO.
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Figure 8 - TEM and HRTEM (inset, upper left corner) images of a ZVI@GO
nanocomposite prepared with 1:1.5 CA:M and 3:1 CA:EG ratios.
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Figure 9 - Electron diffractogramms collected during HRTEM observaation of the
different nanocomposites. Calculated lattice spacing (in Angstroms, A) and their
corresponding (h k 1) indices are included for each product.
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In agreement with our XRPD, XPS and Mossbauer results, lattice
parameters calculated from HRTEM micrographs and electron
diffraction patterns showed that the nanoparticles’ core is composed of
metallic iron while maghemite is found in the shell [34] (see Figure 9).
The presence of an iron oxide layer on the surface of ZVI NPs obtained
by a similar synthetic methodology has already been described [13].
However, to the best of our knowledge, this is the first time that the

metal oxide phase is fully characterized and identified as maghemite.

4.2.3 Synthesis and characterization of Fe/Co/Ni alloy NPs
deposited onto GO

Based on the results obtained with the ZVI@GO synthesis, 1:1.5 CA:EG
and 6:1 CA:M ratios were chosen to perform the syntheses of
Fe-containing alloy nanocomposites. Three types of equimolar binary
(FeCo and FeNi) and tertiary (FeCoNi) alloy NPs were deposited onto

GO using the same Pechini methodology.

TEM observations were used to characterize the size distribution of
alloy NPs deposited over the graphenic sheets. In contrast with what
was observed for the ZVI NPs, all the alloy NPs size distributions are
bimodal (see Figure 10). Also, in all these nanocomposites, the smaller
NPs are more abundant than the larger ones. However, their particular
average values vary slightly from one alloy to the other. For instance, in
the FeNi and FeCo nanocomposites, the size of the smallest NPs is
centered on 11 nm while in the FeCoNi alloy its average value is 8 nm. As
for the larger NPs, central values around 25 nm were observed for both
the FeCo and FeCoNi nanocomposites, being slightly higher (28 nm) for
the FeNi products.

As in the ZVI nanocomposites, distinct core-shell structures were

observed in all alloy samples (see Figure 11). The observed shells also
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have an irregular thickness but they are significantly thinner
(2.3+0.5nm) than those observed in the ZVI NPs samples. Furthermore,
they possess a clearly layered structure with an average ~3.30A layer
interspacing value that is characteristic for graphite [31]. As mentioned
before, obtaining a graphitic shell is important to ensure the long-term
stability of the deposited NPs. Indeed, such a carbon shell is expected to
limit oxygen diffusion into the metallic core, effectively preventing the
NPs oxidation [14]. Also, TOF-SIMs analysis of the alloy nanocomposites
(see Figure 12) showed the presence of small amounts of binary metal
oxides resulting from alloy oxidation, possibly at the surface of the

NPs core.

The NPs cores were thoroughly studied by different characterization
techniques. First of all, ICP and point SEM-EDX analyses were
performed to determine their composition (see Table 4). Both
measurements confirmed that the global composition of the samples
approaches the desired 1.1 or 1:1:1 elemental ratio for the binary and

tertiary alloys, respectively.

The three alloy nanocomposites were also characterized by XRPD to
determine their constitutive crystalline phases. FeNi and FeCoNi NPs
were found to be exclusively composed of fcc crystals. However,
FeCo nanoparticles are composed of primitive (simple) cubic crystallites
(see Figure 13). The obtained results are coherent with previous reports
on these alloys’ crystallographic structures [32, 33]. Also, as shown in
Figure 9, lattice parameters calculated from HRTEM micrographs and
electron diffraction patterns confirmed that the desired alloy phases

were obtained in all cases [34].
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Figure 10 - Typical TEM images (top) and NPs size distribution histograms (bottom)
for the alloy nanocomposites.
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Figure 11 - HRTEM images illustrating core-shell structures found in FeCo@GO (top,
left), FeNi@GO (top, right) and FeCoNi@GO (bottom) nanocomposites.
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nanocomposites showing the presence of binary metal oxides moieties.
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A deeper understanding of the different Fe alloy-nanocomposites structure and
composition was gained by Mossbauer spectroscopy (see Figure 6b-d and Table 3).
For instance, in the FeCo@GO nanocomposite, a sextet (100% sites population)
characterized by an isomer shift () of 012(1) mm/s and an internal field (5B, of
~34.6T was identified at 77K. Similar B,-and dvalues have already been described
for a FeCo alloy [35]. Furthermore, the 5,value indicates that the alloyed atoms
are distributed in a relatively ordered manner. Indeed, it has been found that B,
values larger than ~34.8T [36] denote increasing degrees of substitutional disorder
in FeCo alloys, a completely disordered state being characterized by a By~ 36T

value [37].

In the FeNi@GO product, a first magnetic sextuplet (approximately 70% sites
population) at 6= 0.06(2)mm/s and a distribution of hyperfine fields with
B,~315T was observed. These values are typical for disordered FeNi alloys in the
composition range 35-50% of Ni possessing a fcc arrangement [38, 39]. A second
sexted (24 % population), with &= 0.027(1) mm/s B,~34.1T was also identified. Such
dand By values are clearly indicative of an ordered FeNi alloy with a lower
percentage of Ni. Finally, a third signal (6%), with a §=-0.07(1) mm/s value, can be
attributed to the presence of superparamagnetic FeNi NPs in the nanocomposite

[38,40-42].

For the FeCoNi@GO nanocomposite, a sextuplet (70% of sites population) with a
By ~32T value was identified. This value seems to indicate a homogeneous
distribution of Fe, Co and Ni atoms in the fcc matrix. A second sextuplet (30% of
sites population) is found at 6= 0.35(1) mm/s with a B,~212T. These values might
indicate the presence of a fcc carbide phase, Fe;C or Fe,C [25, 43], which has

already been identified at room temperature for similar materials [44].

In accordance with ToF-SIMs results, XPS analyses of these nanocomposites
clearly show the presence of iron oxides (see Figure 7 and in Appendix V.3,

Figures 4 and 5). However, the fact that such chemical species were not detected
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by XRPD nor Mossbauer indicate that they are poorly crystalline and present in
very limited quantities (less than 2%). As mentioned in section 4.2, these results
suggest that oxidized iron might be found on the surface of the alloy NPs.
Nonetheless, when compared to their ZVI counterpart, the amount of oxidized
iron is proportionally much lower in all alloy NPs compared to Fe° (see Figure 7).
This result shows that alloy NPs are more resistant towards oxidation than ZVI
NPs. This effect is documented in the scientific literature [45] and is explained by
the higher reduction potential of cobalt (E° Co/Co”™ = -028 V) and nickel
(E° Ni/Ni*" =-025 V) as compared to iron (E° Fe/Fe* = -0.45 V) [46].

4.2.4 Characterization of the nanocomposites magnetic

properties

Finally, the magnetic properties of the ZVI and Fe/Co/Ni alloy nanocomposites
were studied by SQUID magnetometry. Magnetization curves recorded against
magnetic field from one direction to the opposite one do not overlap at 300 K,
which corresponds to a weak ferromagnetic behavior for all of them

(see Figure 14, top).

Given the sizes of our nanoparticles that are mostly below the superparamagnetic
limit (SPM) critical size (see Table 5), such a ferromagnetic behavior was
unexpected. However, the presence of ferrimagnetic (FiM) »Fe,0O; or
antiferromagnetic (AFM) Fe/Co/Ni oxides at the surface of the ZVI or alloy
nanoparticles, respectively, might explain the presence of a coercive field at room
temperature. Indeed, both types of oxides can increase the effective magnetic
anisotropy energy of the deposited NPs. In the case of the yFe,05shell layer, such
an increase might be due to the presence of noncollinear or canting spin
arrangements possessing a larger anisotropy than the core [46]. Consequently, an
interfacial core-shell coupling which increases the magnetic anisotropy energy of
the whole NP can be expected. As for the surface AFM metal oxides, they are
characterized by magnetic anisotropies much smaller than the ones of

ferromagnetic (FM) metals. Thus, we expect some exchange bias (EB) coupling at
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the interface between the metal core and the oxidized shell. EB coupling consists
in the pinning of interfacial spins in the FM core to the ones of the AFM shell [48],

also resulting in extra magnetic anisotropy energy.

Table 5 shows the saturation magnetization (M) obtained for the ZVI and alloy
nanocomposites. The Mg value for the ZVI@GO nanocomposite falls between
those found for similarly sized ZVI or maghemite NPs [46-50]. In this sense, it
reflects the core-shell composition of the deposited ZVI NPs and the relative
abundance of each phase, as discussed above. In the case of the different alloy
nanocomposites, the A, decreases in the order FeCo>FeCoNi>FeNi.
Theobtained trend  matches the one observed for bulk metallic

Fe (218 emu/g)>Co (161 emu/g)>>Ni (54 emu/g) Msvalues [51].

The fact that the obtained saturation magnetization values are lower than those
for the bulk ferromagnetic metals can be explained by the reduced sizes of the
deposited NPs. Indeed, it is considered that NPs possess a disordered magnetic
spin layer at their surfaces [52]. As the NPs size decreases, the disordered layer to
NPs radius ratio becomes significant. Such surface spin disorder reduces the A/
value for smaller nanoparticles [53]. Nonetheless, the observed trend clearly shows
that as the amount of Fe and/or Co increases in the alloy NP composition, its

Msbecomes larger.

As also shown in Table 5, the FeCo alloy shows larger intrinsic coercivity (/) and
remanent magnetization (A7, values than the FeNi or FeCoNi alloys. This can be
attributed to the higher content of Co in the corresponding FeCo binary alloy.
Indeed, Co has the largest intrinsic coercivity and remanent magnetization [54].
Therefore, higher Co contents in a particular alloy increase its /.and M, values, as

observed for the FeCo@GO nanocomposite.
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obtained from full magnetization curves recorded against an applied magnetic field
at 300K. A loading rate of 50 wt.% metal/GO was aimed at in all cases.
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Table 5 - Magnetic properties at 300 K of the ZVI and Fe/Co/Ni alloy

med at, in all

ZV1@GO ~17 83% 91 20 265
FeCo@GO ~22 90% 205 24 141
FeNi@GO ~30 84% 124 11 78

FeCoNi@GO - - 187 4 21

(1) Superparamagnetic limit
(2) Percentage of NPs whose size is below the superparamagnetic limit

4.3 Conclusions

Using the Pechini sol-gel method, graphene oxide was decorated with

ZVIl@maghemite or Fe/Co/Ni alloys@carbon core@shell nanoparticles.

ZV1 and FeCo, FeNi, or FeCoNi alloys were clearly identified in the different
synthesized samples. In this study, only equimolar binary and ternary
Fe/Co/Ni ratios were obtained. Elemental composition results prove that our
method allows for a tight control of the deposited alloy NPs elemental
composition. Core-shell structures were observed in the four different
nanocomposites. Nonetheless, their composition varied. Indeed, in the case of
metallic iron, the shell was found to be composed of maghemite ()-Fe,05)
while graphitic carbon was found surrounding the different alloy NPs. This
result ensures that the deposited alloy NPs will be protected against air-

driven oxidation processes.

Certain synthetic parameters, such as the molar citric acid to ethylene glycol
ratio (CA[EG) and the molar citric acid to metal ratio (CA:M), were
systematically studied in order to determine their influence on the deposited
NPs spatial distribution and size. It was found that the deposited NPs
distribute more homogeneously over the nanocarbon surface when ethylene
glycol and citric acid are used in similar quantities (1:1 and 1:1.5 ratios). These
lower CA:EG ratios also create smaller NPs with narrower size distributions.
Nonetheless, under the same synthetic conditions, ZVI NPs presented a
monomodal size distribution while bimodal distributions were observed in

the three different types of alloy NPs.
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The magnetic properties of the different nanocomposites were also studied.
All nanocomposites were found to be ferromagnetic at room temperature.
Other properties such as saturation magnetization (M), the intrinsic
coercivity (H.) and the remanent magnetization (M,) varied according to the

chemical nature of the deposited NPs.
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Decoration of multix
walled carbon
nanotubes with zerox
valent iron and cobalt
nanoparticles

In this chapter, we present two new types

of nanocomposites based on MWCN'T's

decorated with zerovalent iron (ZVI) or cobalt
nanoparticles. The former type of nanocomposite
was obtained by a thermal decomposition
reaction of the cyclopentadienyliron dicarbony!l
dimer complex. The latter was produced by
following the solvothermal ambientipressure
methodology presented previously for the
Ni@MWCNTs nanocomposites.
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Decoration of MWCNTSs with ZVI and Co nanoparticles

In the previous chapters, we have shown how different synthetic
techniques can be used to decorate various nanocarbon supports, such
as MWCNTSs, with diverse ferromagnetic or ferrimagnetic NPs. However,
when compared to other magnetic NPs (MNPs), ferromagnetic metallic
Fe, Co or Ni NPs have higher saturation magnetization (M) and thus
higher magnetic permeability (x) values. Therefore, their respective
MNP@MWCNTs nanocomposites should allow fabricating more
efficient MAMs [1], one of this research project’'s main objectives.
Nevertheless, bare metallic MNPs, and more particularly zero-valent
iron (ZVI) NPs, are sensitive to aerial oxidation. Therefore, an inert

carbon shell is often added to protect the air-sensitive NPs [2].

In Chapter 3, we presented the results obtained for the decoration of
MWCNTs with metallic NiNPs. These nanocomposites were obtained by
using either an ambient pressure or an autoclave solvothermal method
(see sections 3.2.1 and 3.2.2 respectively) which produced very different
NiNPs size distributions. Interestingly, the former synthetic approach
produced NiNPs covered by what seemed to be a protective
carbonaceous layer. We thus decided to test the ambient pressure
solvothermal approach with a cobalt precursor in order to obtain

analogous CoO@MWCNTs nanocomposites.

Likewise, in Chapter 4, we showed what could be achieved by using a
sol-gel Pechini type technique for the decoration of graphene oxide (GO)
with ZVI and Fe/Co/Ni alloy NPs. Even though we clearly proved that
the alloy NPs were surrounded by a graphitic shell, we were not able to
observe such a protective layer in the case of the ZVI NPs. Therefore, in
this chapter, we shall discuss the results obtained by switching our
synthetic approach towards a thermal complex decomposition reaction

inspired by the work of McCafferty et al [3].

Indeed, these researchers claim to have obtained carbon-protected

ZVI@MWCNTs by mixing the MWCNTs and a cyclopentadienyliron
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dicarbonyl dimer complex [Fe,Cp,(CO),], followed by heating in a
tubular furnace at high temperatures under inert atmosphere. A few
other similar procedures exist [4-6] but none that allows to deposit

protected ZVI@C core-shell NPs on MWCNTSs in a single step.
5.1 Materials and methods

5.1.1 Materials and characterization techniques

NC3100 multi-walled carbon nanotubes (MWCNTSs, 95%C purity) were
obtained from Nanocyl (Belgium). All other reactants were supplied by
Bayer Material Science, Alfa Aesar or VWR and used as received. More
details on each reactant are provided in Appendix I, while the different
physicochemical characterization techniques employed are described in

Appendix II.
5.1.2 Synthesis of MNPs@MWCNTSs nanocomposites

The two synthetic techniques employed to produce the ZVI@QMWCNTSs
and Co@MWCNTs nanocomposites will be briefly presented below.

5.1.2.1 ZVI@MWCNTs nanocomposites produced by ambient
pressure (AP) complex decomposition

In a typical procedure, a solution of 1 g of cyclopentadienyl iron
dicarbonyl dimer complex [Fe,Cp,(CO),] in 20 mL tetrahydrofuran
(THF) was prepared. Meanwhile, 100 mg of MWCNTs were placed in a
ceramic combustion boat. The engaged quantities of complex and

MWCNTSs aimed at producing a final Fe/C % loading rate (% LR) of 315%.

The complex solution and the MWCNTs were then mixed using a dry
impregnation technique. Such a methodology consists in adding the
liquid to the solid, drop by drop, until the former was no longer
absorbed by the latter. Throughout this operation, the MWCNTs were

continuously tossed with a metallic spatula. Once the solvent




Decoration of MWCNTSs with ZVI and Co nanoparticles

evaporated and the paste dried out, addition of the liquid was resumed

until the entire solution volume was added.

Afterwards, the combustion boat was placed in a tubular oven and
heated to 900°C under Ar/H, (95%/5%) atmosphere for 4 hours. The

temperature was increased and decreased at a rate of 100°C/hour.

The powder was extracted from the oven and placed in a glass vial.
Sufficient concentrated hydrochloric acid (HCI, 37% w/w) was then
added so as to completely cover the powder. The mixture was capped
and left to stand for 24 hours. Afterwards, the powder was separated
from the acidic supernatant by magnetic decantation and washed
5 times with 30 mL of ethanol. Finally, it was dried in a vacuum drying
oven at room temperature overnight and stored in air with no special

precautions.

5.1.2.2 Co@MWCNTs nanocomposites produced by ambient
pressure solvothermal synthesis

A similar methodology to that described in section 3.1.2.1 for the AP
Ni@MWCNTSs nanocomposites synthesis  was followed to
solvothermally decorate MWCNTs with Co NPs. Indicated reactant

proportions aim at obtaining a Co/C mass loading rate (LR) of 50%.

MWCNTs (100 mg) were placed in a two-necked round-bottom flask.
76 mL of ethylene glycol (EG) were added and the suspension was
sonicated for 120 minutes. Afterwards, 640 mg of polyvinylpyrrolidone
(M.W. 10 000, PVP-10 000) were added, under vigorous stirring, to obtain
a 8 mg/L capping agent concentration. After complete dissolution of
PVP, the suspension pH was set at 7 by adding an aqueous 1M NaOH
solution dropwise. A reflux condenser was mounted on the central neck
while the other was capped with a rubber septum. Subsequently, the

suspension was heated up to 230 °C in an oil bath.
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Separately, 211 mg of cobalt (II) acetate tetrahydrate
(Co(CH5C00),.4H,0) were added to 4 mL EG and vigorously stirred until
the salt was completely dissolved. The solution was then transferred
into a syringe. By using a syringe pump (kdScientific, USA), it was added
dropwise to the former hot suspension at a speed of 4 mL/h, under

stirring. Overall, the reaction mixture was heated for 15 hours.

Reaction products were then separated from the reaction medium by
magnetic decantation and then recovered by filtration over a PVDF
filter (Millipore GVWP02500, 0.22 um pore size). Afterwards, they were
purified by rinsing six times, alternating Milli-Q water and ethanol.
Finally, they were dried under vacuum at room temperature, for

12 hours.

The as-obtained powders were then thermally annealed in order to
promote particle growth by sintering. The samples were placed in a
porcelain combustion boat and heated up to 500°C for 2h, under
Ar/H, 95/5 atmosphere, in a tubular furnace (Carbolite Gero STF16,
United Kingdom). The temperature was increased and decreased at a
rate of 100°C/hour. The recovered powder was stored in air with no

special precautions.

5.2 Results and discussion

Results obtained for the new ZVI@MWCNTs and Co@MWCNTs
nanocomposites syntheses will be briefly discussed below. As with the
other nanocomposites presented in Chapters 2 through 4, special
emphasis will be given to the impact of different experimental
conditions on the MNPs composition, size and spatial distribution over

the MWCNTs surface.
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5.2.1 Characterization of the ZVI@MWCNTs nanocomposites

produced by thermal decomposition

In order to produce ZVI@MWCNTs nanocomposites, the nanocarbon
support was impregnated with a solution containing a large amount of
iron cyclopentadienyl dicarbonyl dimer complex [Fe,Cp,(CO),l.
Following impregnation, the mixture was heated to 900°C under an
Ar/H, (95/5%) atmosphere, during which carbon-capped Fe°

nanoparticles should form.

The size and spatial distribution of the deposited NPs were investigated
by TEM microscopy. As shown in Figure 1, left, the NPs possess a wide
size distribution, ranging from about twenty to several hundredths of
nanometers. This might be due to the high Fe-precursor concentrations
and/or temperatures used during the thermal decomposition reaction

[3].

Higher magnification inspection of the nanocomposite powders
revealed the presence of a lighter shell layer surrounding the NPs (see
Figure 1, right). In the work of McCafferty et al [3], such shell layers
have been characterized as being composed of carbon, partly

amorphous, partly graphitic.

The formation mechanism of such a carbon shell surrounding metallic
NPs has been reviewed by Moisala et a/ [7]. According to these authors,
the complex ligands decompose and form carbon monoxide (CO). Given
the high temperature used in the synthesis, CO disproportionation is
prohibited so that the only thermodynamic and kinetic likely process is
the dissolution of carbon into the forming Fe NPs. This dissolution
process yields a carbon-saturated Fe NP. The slow cooling of such NPs,
as used in this synthetic methodology, favors the segregation of carbon
towards the NP surface. Layers of carbon are thus produced around the

NPs.
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The obtained powder was also characterized by XRPD. As shown in
Figure 2, the recorded spectrum shows three distinctive sets of
reflections. The first one is broad, centered around 12° 26 and is most
possibly due to either the ordered arrangement of the
MWCNTS concentric cylinders of graphitic carbon [8] or the presence of
the graphitic shell around the Fe NPs. The second set is composed of
two intense reflections at ~20° and 45° 26 values which can be
attributed to iron’s body-centered cubic (bcc) phase. Finally, a series of
less intense reflections at 26 ~17° and 22° indicate that a cementite
(Fe;C) phase is also present. Considering the relative intensity of the
bce-Fe and cementite reflections, it seems that the former phase is more

abundant than the latter.

The presence of the Fe;C phase in the ZVI@MWCNTs nanocomposite
can be explained by the carbon dissolution process into the Fe NPs, as
explained above. Indeed, during this dissolution, various Fe-C alloys can
form. However, under the employed reaction conditions, cementite is
formed prevalently given it is the thermodynamically most favorable
iron carbide [9]. However, the coexistence of Fe, C and Fe;C as found in
the deposited ZVI@carbon core-shell NPs is unexpected. Indeed, at
room temperature, the thermodynamic equilibrium favors exclusively
the formation of bcc-Fe and C phases [9]. Even though numerous
authors have made similar findings when synthetizing carbon-coated
FeNPs at high temperatures [2, 10-12], the persistence of this metastable

phase at room temperature in the nanoscale has not yet been explained.

Interestingly, as opposed to the results published by
McCafferty et al [3], no crystalline iron oxide phase was detected by
XRPD. This notable difference might be due to the highly reductive
reaction atmosphere (Ar/H,, 95/5%) used in our synthetic methodology

as compared to theirs (e g 100% N,).
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Figure 1 - TEM images showing the typical aspect of the obtained ZVI@MWCNTSs
nanocomposites and the wide distribution of the deposited Fe NPs sizes (left). Higher
magnification inspection of the products (right) revealed the presence of a lighter
shell layer surrounding the NPs.
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Figure 2 - XRPD diffractogram of the ZVI@MWCNTs nanocomposite after the
thermal decomposition reaction.
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5.2.1.1 ZVI@MWCNTs resistance to hydrochloric acid etching

In order to test the protection efficiency of the carbon shell layers, we
decided to expose the as-obtained ZVI@QMWCNTs nanocomposite
powders to concentrated hydrochloric acid for 24 hours. The resultant
solution acquired a yellowish tinge and bubbling could be observed,
reactions that can be attributed to the oxidation and dissolution of
iron. Nonetheless, the whole powder retained a response to an

external magnetic field.

Altogether, these observations seemed to indicate that a partial
dissolution of the deposited ZVI NPs took place. TGA confirmed such
partial dissolution by revealing a tenfold drop, in the % Fe/C loading
rate (%LR), from 328% to 29% after the acidic wash. XRPD
investigation of the recovered powders also showed a decrease in the
intensity of the bcc-Fe reflections (see Figure 3). On the contrary, the
reflections assigned to the cementite phase became more evident, as a
result of the carbide’s resistance to HCI dissolution. Therefore, the
acidic treatment enriched the ZVI@MWCNTSs nanocomposites in their

cementite content.

TEM characterization of the nanocomposite powder after the acidic
treatment confirmed likewise the partial dissolution of the ZVI NPs.
Moreover, it surprisingly revealed that such dissolution was somewhat
size-selective. Indeed, the larger particles disappeared while the
smaller ones remained, distributed homogeneously over the MWCNTs
surface (see Figure 4). It was also found that the remaining NPs size
distribution narrowed down to 14.9 + 4.9 nm. Alongside the smaller
NPs, large lightly-colored structures were observed, attached to the

MWCNTSs (see Figure 5). As shown in Figure 6, SEM investigation of
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these objects seem to indicate that they are the empty carbon shells of

the largest nanoparticles in which the ZVI core was dissolved by HCI.

Our hypothesis explaining such a dramatic difference after acid
washing is that the carbon protection layer is complete and uniform
only around the smaller nanoparticles. The shell of the larger ones is
probably incomplete and/or presents defects or holes, allowing the
acid to penetrate towards the metallic core. Hence these are found
empty after acid etching. Imperfect coatings have already been
observed by researchers producing carbon shells around metallic
MNPs [3, 10]. As explained by Moisala et a/ [7], this is most probably
due to a poor diffusion of carbon towards the nanoparticle surface. As
the deposited ZVI NPs get larger, diffusion is hindered and the formed

carbon shell is most probably incomplete and/or imperfect.

When the acid etching treatment was repeated onto different
ZVI@MWCNTs batches, we observed that the obtained NPs size
distributions were similar. We thus implemented systematically the
HCI bath as a way of post-synthetically controlling the deposited NPs
size distribution, and quality of carbon coating, for further use of these

materials in MAM applications (see Chapter 8).
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Figure 3 - XRPD diffractogram of the ZVI@MWCNTs nanocomposite before and after
HCl etching.
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Figure 4 - TEM images showing the typical aspect of the ZVI@MWCNTSs
nanocomposite after HCI treatment (left). A higher magnification inspection revealed
the narrower size distribution of the undissolved ZVI NPs (right).
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Figure and high (right) magnification of large,
lightly-colored structures (empty carbon vesicles) attached to the MWCNTs found
alongside the undissolved ZVI NPs after HCI etching (indicated by black arrows).

200 nm EHT = 5.00 kV Signal A = SE2 17 May 2016
— Mag= 9202KX  WD= 51MM  sesesuee00mm 11:49:58

Figure 6 - SEM image of a ZVI@MWCNTs nanocomposite after HCI treatment. The
white dashed circles indicate what seem to be the empty carbon shells that once
covered the largest ZVI NPs dissolved by HCL.
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5.2.2 Characterization of the Co@MWCNTs nanocomposites

produced by ambient pressure (AP) solvothermal synthesis

The solvothermal strategy employed to decorate MWCNTs with CoNPs
was in many ways similar to that described in section 3.1.2.1 for the
AP NiI@MWCNTs nanocomposite. However, some changes had to be

implemented in order to obtain the desired product.

The first one was the pH at which the solvothermal reaction was
performed. In this case, a neutral reaction medium (pH=7) was
employed, instead of the basic conditions used for the NiI@MWCNTSs
synthesis (pH=10). As shown in Appendix IV.2, the neutral pH value was
chosen to favor the formation of the metallic cobalt phase according to

the Pourbaix diagram for the Co system [13].

The second change concerns the choice of the cobalt salt precursor.
Initially, a chloride precursor (CoCl,-6H,0) was employed, as for the
Ni@MWCNTs products. However, the obtained nanocomposite was
unreactive to an external magnetic field. It was thus decided to use
cobalt acetate tetrahydrate (Co(CH5;C0OO0),-4H,0). Indeed, when
considering the reduction mechanism of metallic salt precursors by
ethylene glycol studied by Joseyphus et a/ [14] and finally elucidated by
Matsumoto et al [15], it is clear that the cobalt acetate salt should be
favored over its chloride counterpart. These authors have shown that
the active species in this reduction reaction is the monoanion state of
ethylene glycol (EG) followed by the formation of cobalt ethylene
glycoxide. Given the neutral pH conditions employed in this reaction,
EG can only be formed in the presence of the basic acetate ion.
Furthermore, once formed, it must coordinate the cobalt (II) cation in
order for cobalt ethylene glycoxide to be formed and the reduction to

proceed. Moreover, it has been shown that the chloride anion
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coordinates with the Co cation forming comparatively more stable
chemical bonds than with the acetate ligand [14, 16]. Thus, it is easier for
the cobalt derived from the acetate salt to form a complex with EG than

when the chloride salt is employed.

When performing the synthesis using Co(CH;COO),-4H,0, the
nanocomposite powder did react to an external magnetic field. In
addition, XRPD characterization of the synthetic product after thermal
annealing confirmed that metallic cobalt had been produced during the
reaction. The diffractogram presented in Figure 7 shows that the
obtained product is mostly composed of face-centered cubic (fcc)
crystallites. This crystalline phase is considered metastable at ambient
temperature given bulk metallic cobalt prefers to adopt a hexagonal
close packed (hcp) crystal structure at temperatures below 415°C.
Nonetheless, similar results have been observed by Kitakami et al [17],
who also demonstrated that a size-related phase transition from Co-hcp
to Co-fcc occurs as the particle size is reduced below 300 A. As also
shown in Figure 7, a faint reflection located around 26 = 19° indicates
the presence of crystalline CoO in the Co@MWCNTs nanocomposite

after thermal annealing.

XPS analysis confirmed that the deposited CoNPs contain both metallic
and oxidized cobalt (CoOx+CoOx_sat) species (see Figure 8). Similarly
to what was discussed in section 3.2.1 for the Niyp nanocomposite, the
oxidized cobalt species are found on the surface in higher
concentrations than their metallic counterpart. However, the relative
amount of Co® is much lower than that of Ni° in the AP NI@MWCNTSs

nanocomposite, even though both synthetic techniques are very similar.
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Figure 7 - XRPD diffractogram of the CoO@MWCNTs nanocomposite after thermal
annealing.
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Figure 8 - XPS spectrum of the Co 2p peak for the Co@MWCNTs nanocomposite
after thermal annealing. The Co 2p3/2 peak has been fitted with three components
corresponding to metallic (Co®) and oxidized (CoOx + CoOx-sat) cobalt.

170



Decoration of MWCNTSs with ZVI and Co nanoparticles

This might be partly due to cobalt slightly lower reduction potential
than that of nickel (E° Co/Co* = -0.28 V and E° Ni/Ni*" = -0.25 V,
according to ref. 18) which makes it more sensitive to oxidation.
Furthermore, XPS is a surface analysis technique with a sampling depth
of approximatively ~3.7nm for cobalt oxide or metallic cobalt [18].
Therefore, as stated before, if the cobalt oxide phase is more abundant
and found on the surface of the CoNP, as a passivation layer, the relative
amount of the CoOx+CoOx_sat components will be enhanced

comparatively to that of Co°.

As with the Nijp nanocomposite, TEM inspection of the CoO@MWCNTs
product before thermal annealing showed that the nanotubes were
densely covered with extremely small (~1.5 nm) NPs (see Figure 9, top).
After thermal annealing at 500°C, the CoNPs grew up to an average size
of 241 + 10.0 nm. Thus, compared to the NiNPs in the
Ni,p nanocomposite, the deposited CoNPs were larger and possessed a

larger size distribution (see Figure 9, middle).

A close inspection of the deposited CoNPs also showed the presence of a
thin, lighter shell layer surrounding some of the NPs
(see Figure 9, bottom). Arora et al. [20] and Chen et al [21] have observed
the formation of similar core@shell structures when exposing CoNPs to
a thermal treatment. They claim that the shell, mainly composed of
carbon, originates from the thermally-induced carbonization of the
capping agent employed in the reaction. In this case, it would thus have
been formed by the thermal decomposition of PVP-10,000, as discussed
for the NN@MWCNTs nanocomposites (see sections 3.2.1 and 3.2.2.2).

Finally, TGA analysis of the nanocomposite showed that a
39% Co/C loading rate (%LR) was achieved with this synthetic

procedure.
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Figure 9 - TEM images showing ultrasmall CoNPs covering the MWCNTSs surface
after the synthesis (top). Growth of the deposited NPs is achieved by thermal

annealing (middle). A thin, lighter shell layer is observed around the nanoparticles
(bottom).
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5.3 Conclusions

In this chapter, we have shown two synthetic methods allowing to decorate

MWCNTs with metallic zero-valent iron (ZVI) or cobalt nanoparticles.

The ZVI@MWCNTs nanocomposite was obtained by thermally decomposing
an iron cyclopentadienyl dicarbonyl dimer complex under Ar/H2 (95/5%)
atmosphere. XRPD characterization of the nanocomposites allowed to
confirm the presence of metallic bcc-iron, alongside a less abundant
cementite (Fe3C) phase. TEM investigation of the obtained nanocomposites
allowed identifying a lightly-colored shell, possibly composed of carbon,
around the ZVI NPs. This shell should offer the ZVI NPs an enhanced
protection against aerial oxidation. Nevertheless, the deposited NPs were
found to possess a wide size distribution, ranging from about twenty to
several hundredths of nanometers. The ZVI NPs size distribution was
unexpectedly narrowed down to 14.9 £ 4.9 nm by post-synthetically treating
the nanocomposite powders with concentrated hydrochloric acid. This
treatment etched the largest ZVI NPs, decreasing by a tenfold factor the Fe/C
% loading rate (LR).

A solvothermal strategy, similar to the one used for the NiAP Ni@MWCNTSs
nanocomposite, was employed to produce a Co@MWCNTs nanocomposite. A
neutral pH value, based on the Pourbaix diagram for cobalt, and a suitable
cobalt precursor (cobalt acetate tetrahydrate) were chosen to favor the
formation of the metallic cobalt phase. XRPD investigation of the obtained
nanocomposite confirmed the presence of fcc-Co crystallites, as the main
constitutive phase. The solvothermal treatment deposited ~1.5nm sized
CoNPs, which were grown, by thermal annealing at 500°C, up to an average
size of 241 + 10.0 nm. As for the ZVI@QMWCNTs, TEM inspection of the
Co@MWCNTs nanocomposite allowed to detect a light shell surrounding the
deposited NPs. This shell, possibly made of carbon, should also protect the

CoNPs from aerial oxidation.

Using the synthetic methodologies described in this chapter and in Chapter
3, we are now able to produce MWCNTs decorated with NPs of the three
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ferromagnetic transition metals (Fe, Co and Ni). The impact of these different
NPs on the microwave absorption properties of MAM films, produced with

these nanocomposites, will be further explored in Chapter 8.
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Part1

As shown throughout Part I, different solvothermal, sol-gel and thermal
decomposition techniques were explored to deposit seven types of ferro and
ferrimagnetic nanoparticles onto four different nanocarbon supports.
Thanks to these synthetic endeavors, MWCNTSs, GNPs, GO or rGO were
decorated with iron, cobalt, nickel, their binary (FeCo, FeNi) and ternary

(FeCoNi) alloys or magnetite (Fe;0,) nanoparticles.

For all three synthetic methods, a lengthy, in-depth study of their governing
experimental parameters allowed us identifying how to gain a precise
control over the deposited NPs chemical composition, size and loading rates.
Obtaining nanoparticles consisting only of the desired chemical phase, with
different narrow size distributions and at high NP loading rates were the
criteria through which these methods were continuously evaluated. This
constant evaluation was performed by the complementary use of nine
different characterization techniques. Results thus obtained also allowed
linking these physicochemical characteristics to the magnetic properties

exhibited by the nanocomposites.

In the case of the solvothermal method, the decoration of different
nanocarbon supports with magnetite (MaNPs) or metallic nickel (NiNPs)
nanoparticles were used as the main case studies. The impact of the NPs
precursor and the speed at which it was added to the system, the reaction
temperature, time and pressure, the pH of the system, the degree of oxidation
of the NcS, the amount of water in the system, the type and concentration of
capping agent and a post-synthetic thermal annealing treatment were all
carefully evaluated. By systematically varying these parameters, it was
possible to better understand their impact on the physicochemical criteria

mentioned above.

This methodology proved to be both, versatile and precise. Indeed, it allowed
us to decorate most of the NcS with varying loading rates of phase-pure
NiNPs or MaNPs, obtaining reproducible results. Furthermore, it proved to
be a reliable technique for the scaled-up, batch production of larger
quantities of some of these nanocomposites needed for the MAM prototypes

presented in Part III. Finally, in the specific case of NiNPs, we were able to
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obtain very different but narrow NP size distributions. The lessons learned
during these in-depth studies were transposed with relatively good results to

the decoration of MWCNTSs with cobalt nanoparticles.

For the Pechini sol-gel method, the deposition of zero-valent iron
nanoparticles (ZVI) onto graphene oxide was chosen as the model system.
Synthetic parameters such as the molar citric acid to ethylene glycol ratio
(CA:EG) and the molar citric acid to metal ratio (CA:M), were systematically
varied and evaluated in the same manner as described above. Once the best
synthetic conditions were determined (e.g. 1:1.5 CA:EG and 6:1 CA:M ratios,
H2/Ar (5/95 %Vv/v) gas stream at 750 °C, etc.) they were used to successfully
produce three different equimolar binary (FeCo and FeNi) and tertiary
(FeCoNi) iron alloy nanoparticles, all deposited onto GO. Interestingly, this
method simultaneously produced a graphitic shell surrounding the metallic
cores, ensuring the protection of the deposited NPs against air-driven
oxidation processes. As compared to other methodologies used to obtain
similar materials, the Pechini synthesis is relatively simple to execute. Also,
the ease with which the composition of the deposited NPs can be varied to
produce binary or tertiary Fe-Co-Ni alloys, with very reproducible results, is
remarkable. This is particularly relevant for the ternary FeCoNi
nanocomposite, for which only one synthetic report has been published in
the scientific literature. However, this methodology offers a poor control over
the composition of the obtained product, resulting in a mixture of several
binary and ternary alloy phases. We have thus achieved a significative

advancement in the controlled production of this type of materials.

The third synthetic methodology used in this research project, involving the
thermal decomposition of an iron-complex, was developed to specifically
deposit graphite-protected ZVI NPs onto MWCNTs. However, compared to
the above-described solvothermal and Pechini methods, this methodology
was not investigated in so much depth. Parameters such as the Fe/C loading
rates, reaction time or temperature were only rapidly screened. Results
obtained with the synthetic parameters described in this manuscript were

considered the most reproducible and satisfactory. Nevertheless, the fact that




Part1

the control of the deposited ZVI NPs size distribution depends on a post-
synthetic acid etching treatment is not optimal. Furthermore, the fact that
empty graphitic shells are left attached to the MWCNTSs surface, after acid
etching, is unsettling. Indeed, we cannot assure that they are completely
uninfluential on the conductivity of the nanocomposite, and thus on its

overall EM properties.
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In this chapter, we present a novel Vector Network
Analyzer (VNA) based transmission line (TL)
broadband characterization method. It has been
developed specifically for this research project in
order to retrieve the electromagnetic (EM) properties
of lossy nanocomposite powders in the microwave
range. Two types of TLs prototypes have been
designed and tested, namely a coplanar waveguide
(CPW) and a microstrip (MS) setup.
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Microwave characterization of materials is of prime interest for a number of
applications. The knowledge of their electromagnetic (EM) constitutive
parameters (e.2. complex permittivity, £, and associated electrical conductivity, o,
or the magnetic permeability, u,) is mandatory to design a number of microwave

devices such as electromagnetic absorbers, attenuators and resistors.

Over the past years, various characterization methods were proposed using
different test cell topologies such as waveguide, coaxial or planar. At microwaves
and millimeter waves, the permittivity is derived from the variation of the
reflection coefficient [1] measured at the input of a shorted waveguide [2] or a
resonant cavity [3] loaded with a solid sample. For liquids or powders,
transmission lines (TL) combining transmission and reflection measurements are
preferred: they use waveguides or TEM (Transverse Electric Magnetic)

transmission lines, coaxial [4] or not 5, 6].

In this research project two TL topologies, namely a coplanar-waveguide (CPW)
and a microstrip, were designed and tested. Both test cells allow to directly
characterize the as-synthetized nanocomposite powders, without any type of
sample preparation. This is a major improvement over current powder EM
characterization methodologies [eg 7-9], in which materials under study must be
mixed with a binder such as paraffin in order to facilitate their manipulation. Most
commonly, the mixture is transformed into a thin slab of controlled thickness that
can then be measured. Nonetheless, as shown in Figure 1, the intensity and
frequency of certain microwave phenomena, such as absorption or reflection, are
strongly dependent on sample thickness [9]. Under these conditions, the powder’s
microwave behavior is masked by the sample’s thickness-derived effects, as it is
impossible to differentiate one from another. By contrast, with our test cells, we
can undoubtedly establish that the obtained responses derivate exclusively from
the nanocomposites powders under study.

The second main development introduced by our EM characterization
methodology relates to the extraction of the magnetic permeability and electric
permittivity of the materials under study. Traditional TL methods suffer from
strong uncertainties when the test cell's length is a multiple of half-wavelengths
since transmission and reflection measurements [10] or reflection measurements
only [11] are used to extract the EM parameters.
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To overcome these problems and achieve a broadband characterization, we
exploited a property of the Line-Return-Line (LRL) self-calibration method [12]
that provides as by-product the propagation constant from which the permittivity
&-is extracted [13]. Our formulation does not include reflection measurements and
hence does not suffer from half-wave uncertainties. However, the propagation
constant cannot discriminate between permittivity &-and permeability z, since it
involves only their product. &-can be extracted for non-magnetic materials only.
Hence, we propose to use a single TL, successively measured twice: once empty
and once filled with our nanopowders. This combination enables to retrieve the
sample’s g-and g, parameters simultaneously, requiring the fabrication of a single
TL. The retrieval of ¢.and g is possible by exploiting two different features. Firstly,
the permittivity is extracted by combining the empty line measurement with the
measurement of the filled line under a high-DC magnetic field. This ensures that
the permeability of the material is equal to unity during the measurement.
Secondly, the permeability is extracted from the combination of the measurement
of the filled line under zero-DC magnetic field and the prior measurement of the

empty line.

The EM characterization measurements were performed with a Vector Network
Analyzer (VNA) instrument as described by Huynen et a/ [14]. Even though this
technique has been widely used for the analysis of electrical circuits operating at
high frequencies, it is definitely not a common characterization tool used by
chemists. Thus, a brief explanation of the principles governing this instrument will
be given below before introducing the extraction methodology and the test cell
fabrication methods.

6.1 Vector Network Analyzer (VNA) instrumentation

and experimental setup

VNAs are able to measure the four scattering or S-parameters (S, S, Sand S5)
that account for either the reflection or transmission of a microwave signal by a
sample-filled test cell, also called Device under test (DUT). To do so, a microwave of
power P, with a frequency sweeping over a determined range, is delivered to the

DUT by means of two ports conventionally named “port 1" and “port 2”.
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The VNA microwave source switches to deliver the microwave either at port 1 or
at port 2, thus allowing to characterize the reflection and transmission of signals
through the DUT in two directions, from port 1 to port 2 and vice versa. Thus, the
Syand S, parameters denote the fraction of the wave’'s power that is transmitted
through the DUT, either from port 1 to port 2 or, in the other direction, from port 2
to port 1. On the other hand, the S, and .S,, parameters indicate the wave’s power

reflected by the DUT at port 1 or port 2 respectively.

Throughout the research project, EM characterization was performed using two
VNA instruments. The first one, an Anritsu 37369A 40 GHz (Anritsu, Japan), was
used for routine analysis of the obtained materials. Higher resolution
measurements were achieved using an Agilent N5245A PNA-X 70 GHz
instrument (Agilent Technologies, U.S.A.) in which the intermediate frequency (IF)
filter bandwidth could be adjusted.

For the ferromagnetic resonance (FMR) experiments, DUTs were characterized
under DC magnetic field applied perpendicularly to the sample using a NTM
10400M-260 electromagnet supplying magnetic field values ranging from 0 to
9 kOersteds (kOe). Figure 2 shows the experimental setup. The DUT was placed in
the gap of the electromagnet, and connected to one end of a set of long coaxial
cables using a pair of Anritsu 36801K right angle launchers. The other coaxial
cables ends were connected to the ports of the VNA, placed away from the

electromagnet’s intense DC magnetic field.

Prior to any measurement set, a 12-terms standard calibration was performed on
the VNA to remove spurious effects provoked by the connection system. Data
acquisition was achieved using Labview. Matlab® codes expressly written for this
project allowed standardizing data treatment and calculations needed for the EM
characterization of the materials under study. More specifically, three data
extraction and treatment procedures were developed: one to characterize the
ferromagnetic resonance (FMR) phenomenon in these materials, a second one to
extract their & and g4 parameters and the last one to calculate their microwave

absorption ratio and shielding effectiveness.

These procedures will be described in the following sections after shortly
reviewing the fabrication of the two transmission line (TL) topologies specifically
designed for this project.
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Figure 1 - Reflection loss (RL) curve of a Fegg,Nigss@porous activated carbon ball
nanocomposite. Frequency-dependent reflection behavior is controlled by the
paraffin-slab thickness in which the nanopowder was dispersed. Taken from [9].

Figure 2 - Experimental configuration for VNA measurements under DC magnetic field.
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6.2 Transmission line (TL) test cells fabrication

Both TL test cells, the coplanar waveguide and the microstrip, were
laser-etched on different Teflon Rogers™ (Ro) substrates using an
Oxford J-1064/355 pulsed laser system. Details about each fabrication

procedure are given below.

6.2.1 Coplanar waveguide (CPW) topology

The CPW TL consisted of a Ro4350B substrate stripped of its bottom
copper layer. Two parallel lines, each having a volume of 22.8 mm?, were
laser-etched lengthwise on the top copper substrate, exposing the
substrate. For this etching procedure, the 355 nm laser was chosen,
operated at 0.5 W, a speed of 200 mm/s and a frequency of 200 kHz,
pulsing every 10 ps for 11 cycles. Leaving the lines edges untouched,
their central section were fully etched through the thickness of the
substrate by using the 1064 nm laser at 1.6 W during four cycles, while
the speed, frequency and pulse length were kept constant. More details
about the dimensions of the obtained device as well as a representation
of the interaction between the electric and magnetic fields of the

incoming microwave and the sample can be found in Figure 3.

6.2.2 Microstrip (MS) topology

As shown in Figure 4, the microstrip design required a two
Rogers-substrate configuration. Two cavities, each having a volume of
38.4 mm?>, were laser-etched through the top Ro3010 substrate using the
same procedure as described above for the 1064 nm laser operation. The
inter-cavity central section of the substrate was conserved in order to
structurally strengthen the TL, facilitating its manipulation. The
substrate was then almost completely stripped of its top and bottom
copper layers except for the central microstrip. The stripping was

performed in order to prevent short circuits between the central
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microstrip and ground in case of highly conductive nanopowders. The
bottom layer was machined out of a Ro4003 substrate for which only
the bottom copper layer was conserved. Afterwards, two connectors

were soldered onto the microstrip using tin welding.

As for the CPW TL, Figure 4 also shows how the electric and magnetic
fields of the incoming microwave interact with the sample in the MS
cavities. As shown there, the electric field tends to penetrate more into
the sample-holding cavities as compared to the CPW TLs. This property,
typical of a MS design, coupled to the larger volume of the etched
cavities which accommodates as much as ~68% more nanopowder than

its CPW counterpart, should be advantageous in terms of sensibility.

6.2.3 TLfilling methodology

In both cases, the same method was employed to fill the TL. The
nanopowders were mixed with ethanol in order to form a slurry that
could be introduced into the TLs rectangular cavities. A Teflon spatula
was then used to compact the samples. The procedure was repeated
thrice in order to compactly fill the cavities. Afterwards, the as-filled TLs
were dried overnight under vacuum, at ambient temperature, to
eliminate the solvent. Finally, nanopowder leftovers were removed with
a thin cotton swab impregnated with ethanol in order to clean the TL

surface.

A piece of cellotape was put on bottom and top of the CPW substrate
before and after filling the cavities with the nanopowder respectively, and
on top of microstrip substrate after filling, to ensure that the low-density
powder was kept enclosed in the cells. Tests were performed to verify
that the cellotape had no effect on the TL line EM characteristics. In order
to reuse the TL, the devices were simply carefully cleaned using ethanol

before moving from one powder sample to another.
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Figure 3 - (a) Top and (b) side views of the coplanar waveguide (CPW) transmission
line (not to scale), showing its components and dimensions. The Teflon substrate is
represented in light grey whereas the top copper layer is colored in dark pink,
cellotape in light blue, and nanopowder in black. (c) Representation of the electrical
and magnetic fields of the incoming microwave interacting with the sample.
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Figure 4 - (a) Top and (b) side views of the microstrip (MS) transmission line (not to
scale), showing its components and dimensions. The Teflon substrate is represented
in light grey whereas the top copper layer is colored in dark pink, cellotape in light
blue, and nanopowder in black. (¢) Representation of the electrical and magnetic
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fields of the incoming microwave interacting with the sample.
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6.3 EM data extraction procedures

6.3.1 Characterization of the electrical permittivity (¢,) and the

magnetic permeability (x,)

Figure 5 shows a schematic view of the measurement configuration, adapted
from [13]. Port A stands for the connection between the VNA microwave
source and the TL input while port B relates the TL output and the VNA
detector. These ports include attenuators, directional couplers, cables and
connectors existing between the VNA’'s source/detector and the

TL’s input/output, respectively.

The obtained S-parameters are used to calculate the propagation constant,
which takes into account the whole cross-section of the TL used, including
the surrounding air. Consequently, the extraction method for the relative
permeability (z,) and permittivity (&) of the nanopowders from the obtained
propagation constant follows three steps:

a) The effective ¢, and u, parameters, denoted by subscript “¢’, are

obtained from the measured S-parameters.

b) The & and u, named substrate parameters, are retrieved from their
& and u, counterparts. These parameters encompass the TL

substrate as well as the nanopowder itself.

¢) Finally, the nanopowders’  &. and u, parameters are obtained by

multiplying the substrate parameter by a volumetric factor, V.

Thus, to first obtain &. and . let us start with the expression representing
the transmission of a microwave signal from source to detector for a
filled TL:

Sy1fitiea = Saa€”VFilledl S, o Equation 6.1
If the TL is kept empty, Equation 6.1 becomes
Sa1empty = Sz1a€ YemPYES, 5 Equation 6.2

In both cases, the propagation constant, y,, is given by
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Yy = 27f [€em Hom /co Equation 6.3

with m being either filled or empty, L is the length of the line, ¢, is the light

velocity in air and fis the frequency of the signal.

From these equations and using the ratio Sueqs/Sorempn, We can derive

Tritlea ~ Yempty S21filted
=—In /2rfL/c,)
2nfL/c, 521empty ?

= l(\lserfi”f?d'ue,filled - \/ge'empfylue,empty>

Given the empty line is filled with air: €aompry = Heempry = 1. Thus, we use

Equation 6.4

another measurement performed on the filled line in order to extract g. A
high magnetic field (9 kOe) is applied during the frequency measurement of
the filled line in order to move any magnetic effect above the frequency
range under scope, resulting into u . seq= 1. yielding

yfilled - 7empty

Sa1fittea
=-In 2nfL/c
2nfL/c, SZlempty /@nfL/co) Equation 6.5

=i/ firea — 1
From these last two equations, the permittivity and the permeability of the
whole TL cross-section are extracted. The permittivity, &, is obtained from
(6.5), using the measurement under high magnetic field ensuring that g, =1
so that only &, is involved and can be retrieved. Then the permeability s, is

obtained by introducing the permittivity in (6.4).

For the microstrip topology shown in Figure 4 the substrate’s permittivity, &,
is retrieved from the effective one &, using the following expression derived

from [15]:

_ere—1+F Equation 6.6
&s 1+F 4 '
Where Fis given by:
1 2
F=—————+0.04{1 — (W,/T)?} Equation 6.7

JI+12T/w,
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Where 7'is the total thickness of the substrate and W, the width of the

microstrip. Given the microstrip dimensions shown in Figure 4, /=0.231.

The substrate permeability, p is retrieved from the chart shown in Figure 6.
The chart is derived from expressions found in [16]. The u, values found for
the studied nanopowders are low, close to 1.02. Thus, using Figure 6, the
corrected substrate permeability u; value would thus be equal to
1.011x1.02=1.0312. This slight difference represents less than a

2% correction.

For the CPW line topology shown in Figure 3, obtaining relative ¢, and u,
values from the effective ones is much simpler since the following
assumptions hold [17]:

& =2(,—1) Equation 6.7
and

us = 2(u, — 1) Equation 6.8

Finally, we are able to retrieve the contribution of the sole nanopowder by
using a simple volumetric factor taking into account the volume occupied by
the nanopowder in the cavities as compared to the total volume present
around the central strip conductor. If the width of each cavity is noted as W,
and the width of the central strip is noted as I/, then the parameters of the
sole nanopowder are obtained from &; and u, by using the multiplicative
factor V:

2W + W,
p="r

Equation 6.9
2W

Factor VVcompensates the volumetric dilution of the powder in the substrate.
Thus:

& =Veg Equation 6.10
and

Uy = Vg Equation 6.11
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Figure 5 - Schematic representation of the measurement configuration.
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Figure 6 - Ratio of relative by effective permeability g/, for the microstrip topology
of Figure 4 calculated from equation in [16].
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6.3.1.1 Phenomenological model for complex permittivity

The extracted relative permittivity, ¢, was fitted using a model previously
developed for conductive inclusions dispersed in an insulating matrix [16], as
illustrated in Figure 7. In the present research, conductive inclusions are the
nanocomposite particles (NcPs), while the insulating matrix is air, the whole
forming the powder under study. According to the model in [16], the random
distribution of NcPs is approximated by a network of grains, separated by
air. Each grain is assumed to be conductive, having an equivalent resistor,
and strongly coupled to his neighbors by a capacitor. The resulting model is

a 2-layered transmission line. Its equivalent permittivity has the following

expression:
1, 1
Corr GNCP)
H,; " Equation 6.12
c 4+ Onep 2
NcPs iwe
B H, + H,

where ¢ y.psis the dielectric constant of the NcPs and oy,.ps their conductivity,
g, is the permittivity of vacuum. These variables are the different inputs for

the phenomenological model.

H, and H, are the NcPs and air layers thicknesses, respectively. They are
related by a filling factor, f, defined as the ratio f = H,/(H; + H,), which models
the proximity between the NcPs inducing capacitive coupling responsible for
the variation in frequency of the dielectric constant and conductivity of the
nanocomposite agglomerate (see Figure 7) . When the phenomenological
model is used to fit the measurements, values of f give an insight on the
compacity of the nanopowder, hence on the reproducibility of the filling
method of the cavities. It also allows to eliminate the air fraction’s
contribution to the powder’s electrical permittivity, exclusively representing

that of the nanocomposite.
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Figure 7 - Schematic representation of phenomenological model. Left: topology of a
nanocomposite powder; center: equivalent circuit; and right: two-layered equivalent
transmission line, where F7 and /2 are the NcPs and air layers thicknesses,
respectively.

6.3.2 Characterization of the ferromagnetic resonance (FMR)

phenomenon

As discussed in Section 1.3.2.2, the MNPs are expected to induce a
ferromagnetic resonance (FMR) absorption in the microwave frequency
range. In order to characterize it, a standardized Matlab® background
subtraction technique was developed. This technique is based on the
normalization of two measurements performed on each sample: the
first one at a given value of DC magnetic field in order to determine the
FMR frequency at this value, and the second one for a DC field value of
9 kOe. This high magnetic field value ensures that the FMR
phenomenon occurs in a frequency range well above 40 GHz, so that
this particular measurement represents losses due to cables, connectors

and mismatch of the microstrip line to the 50 Q reference impedance of

the VNA measuring instrument.

Subtraction of the two curves provides a normalized response free of
spurious losses from which an accurate value of the FMR frequency is
retrieved, as the minimum of the normalized transmission. The

procedure is illustrated in Figure 8: for a raw value of 15.92 GHz
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extracted from the curve at 0 kOe, the corrected value provided by the

normalized curved is equal to 15.88 GHz.

After background subtraction, the Matlab® routine calculates the first
and second derivative of the absorption curve at each magnetic field in
order to detect the relative and absolute minima. For each absorption
curve, the absolute minimum represents the material’'s FMR frequency
at that given magnetic field. The use of such a standardized data
treatment Matlab® routine ensures a homogeneous treatment of all

experimental data.

The position (or value) of the FMR frequency is independent from the
microwave measurement system. Any error on FMR should be due to an
uncertainty of the DC bias field, hence on the stability of the current
source in the electromagnet, which is carefully controlled in our

experimental setup.

For instance, Figure 9 presents the FMR frequency at 2 kOe of a
nanopowder sample measured 5 times at different intervals, over a
period of 6 months. For each measurement, the FMR frequency was
found at the absorption minima using our automatized Matlab® routine,
as described above. Results presented in Table 1 demonstrate that the
as-found FMR frequency shows minimal variance, demonstrating the

robustness of our experimental setup and data-extraction procedures.

Considering these results, we can affirm that a frequency shift or
difference as small as ~0.1 GHz is significant and can be considered as
the signature of a material/wave interaction and not an artifact of the

measurement configuration.
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Figure 8 - Effect of the normalization procedure on the S, transmission curves
(above) and the retrieval of the FMR frequency (below) for a MaNPs@GO

(50% Fe/NcS LR) sample.
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Figure 9 - S, transmission curves showing a MaNPs@GO (50% Fe/NcS LR)
nanopowder’s FMR frequency at 2 kOe measured at different dates. Inset: closer look
on four measurements bearing high resemblance.

Table 1 - FMR frequency at 2 kOe determined from the S, transmission

curves of the measurements performed at different dates

Date (YYMMDD) FMR f (GHz)

150428 7.03

150722 7.03

151022 713

151214 7.03

........................ RS0 N B4 Vs S

Average 7.05

Standard Deviation 0.04
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6.3.3 Characterization of the shielding effectiveness and

absorption ratio

As mentioned in section 1.1.1, the overall purpose of EM shielding is to
prevent the propagation of an incident EMW from one medium to another by
means of single or multiple reflections and/or absorption of the incoming
EMW.

Therefore, the absorption or shielding effectiveness of a given material, SE;,
can be expressed as a sum of the EMW losses due to absorption, single and
multiple reflections, denoted SE), SErand SE), respectively:

SEp = SEq + SEp + SEyg Equation 6.13

And it is empirically expressed as the logarithmic evaluation of the

transmission, T, expressed in decibels (dB):

SE; = —10logT Equation 6.14

The scattering or S-parameters, S;; and S5, defined in section 6.1 can be
related to the incoming (2,), reflected (2,.) and transmitted (2,,)
microwave power and thus to the reflection, X and transmission, 7;

coefficients presented in section 1.1.1, by the following two equations:

o]

1S;,12 = 2L =R Equation 6.15
Pin
P

S,12 =L =T Equation 6.16
Pin

So that the absorption ratio is then found by:

A=Pabs=PL’ _Pref_Pout=1_R_T )
P, P; Equation 6.17

=1- |511|2 - |521|2

While the empirical shielding effectiveness is given by:

SE; = 10log

5 Equation 6.18
|S211
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6.4 Conclusions

In this chapter, we have presented a novel VNA-based EM characterization
technique specifically developed for fluffy nanocomposite powders such as

the ones synthetized in this research project.

This novel tool is based on two measures of a single transmission line (TL),
the first in which the TL is kept empty and the second one filled with the
nanopowders. Using both measurements and a three-step procedure
executed by a series of Matlab routines, it is possible to extract the complex
permittivity, & and magnetic permeability, & of these materials in the

microwave range.

Also, two different designs of TL test cells, a coplanar waveguide (CPW) and
a microstrip (MS), were designed, machined and tested. These test-cells can
easily be cleaned and re-filled with different nanopowders so that only one of
them is needed to measure a large number of samples. The nanocomposite
samples can be used directly after synthesis, without any type of sample
preparation or additive. Thus, our method ensures that the obtained
responses derivate exclusively from the nanocomposites powders under

study.

Based on the measurement of S-parameters, our method also allows for the
extraction of the material’s dielectric constant and conductivity, which is
successfully validated by implementing a phenomenological model. This
model includes, as input parameters, the dielectric constant and conductivity
of nanoparticles and a filling factor modelling the distance between particles.
In consequence, it also enables to assess the quality of the filling of the

transmission lines’” cavities with the nanopowders.

As it will be further shown in Chapter 7, our methodology also allows to
accurately retrieve the FMR behavior of our ferr(o/i)magnetic nanopowders.
Although the proposed extraction method is used here for nanopowders, it
can also be applied to other materials such as ferrites, liquids, or ferrofluids,

provided they can easily be inserted in the cavities.
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Magnetic nanoparticles
and nanocarbon
supports as control
mechanisms of a
material s magnetic
permeability and
electric permittivity in
the microwave range

In this chapter, we present the results
obtained during the EM characterization of
the different MNPs@NcS nanocomposites
synthetized throughout this research project.
These results illustrate the link between
the nanocompositesi physicochemical
characteristics and their € and u values in
the microwave range. They thus contribute
to the understanding of the core theoretical
principles underlying the Nano4Waves
metamaterial design paradigm.
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As stated in section 1.4, the main objective of this research project is
to obtain a new class of microwave absorbing materials (MAMs)
based on the chemical assembly of different types of magnetic

nanoparticles (MNPs) and nanocarbon supports (NcS).

As shown throughout Part I, Chapters 2 to 5, different synthetic
techniques were developed to produce such MNPs@NcS
nanomaterials. Particular effort was placed in finding which
synthetic parameters governed certain targeted physicochemical
characteristics, and in obtaining well-controlled materials. For the
MNPs, special attention was given on how to control their chemical
composition, their size and their loading rate. Likewise, we varied the
type and oxidation state of the NcSs in order to determine their

impact on the MNPs@NcS characteristics.

The developed synthetic methodologies allowed obtaining seven
types of ferro and ferrimagnetic nanoparticles with various sizes and
loading rates in a controlled manner. Furthermore, we achieved to
graft these MNPs onto as many as five different nanocarbon supports
of different topologies and with various degrees of oxidation. Thus, a
wide diversity of MNPs@NcS nanocomposites with particular
combinations of the targeted physicochemical characteristics can

now be produced (see Table 1).

As discussed in sections 1.3.1 and 1.3.2, the magnetic nanoparticles’
composition, size or loading rate are expected to control the
products’ magnetic permeability, 4 while the nanocarbon supports’
type or oxidation degree should greatly determine their electrical
permittivity, & Such is the core theoretical principle of the
Nano4Waves metamaterial design paradigm, which should lead to

diverse, function-targeted, highly effective MAMs.
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MNPs and NcS as control mechanisms of zand ¢

However, in order to fully explore the potential of this approach to a MAM'’s
design, a novel EM characterization technique specially adapted to
nanocomposite powders was required. Consequently, a VNA-based
characterization tool, its related test cells and data extraction methodologies

were developed specifically for this research project, as reported in Chapter 6.

By applying this characterization technique to a series of chosen MNPs@NcS
products, it was possible to unveil the link between the nanocomposites’
physicochemical characteristics and their & and x values in the microwave
range. Further unexpected synergistic effects between MNPs and NcS,
particularly influencing the materials’ ¢ values, were also found. All these novel
relationships as well as the microwave absorption and shielding efficiencies of
these materials will be illustrated in the following three sections.

7.1  The role of magnetic nanoparticles in the control

of magnetic permeability

By decorating various NcS with different types of MNPs of carefully controlled
composition, size and loading rate, we ought to find how these MNPs
characteristics modify the intensity and/or frequency of the ferromagnetic

resonance (FMR) and thus, the value of the relative magnetic permeability, .

As discussed insection 13221, the relationship between the FMR
phenomenon and the permeability of ferri/ferromagnetic materials is

modelled by the following expression:
4nMgyf
(f + /0% = femw

As also mentioned in section 1322, the FMR phenomenon is the main

=1+ Equation 7.1

magnetic energy loss mechanism in the microwave range for F(i)M materials.
Indeed, in the FMR phenomenon, an incoming microwave is absorbed if its
frequency matches the energy difference between two quantized states of

Larmor precession or magnetic moment rotation.

An appropriate FMR expression fitting the type of materials synthetized

during this research project would be:

f =vu,(H, + Hy) Equation 7.2
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This equation shows that in the absence of an external applied magnetic field,
H,, the model predicts a natural or zero-field FMR absorption frequency, f;, due
to the anisotropy field, H,. However, as H, is applied and its value increased, f

should shift towards higher frequencies.

Figure 1 presents the typical result obtained when monitoring the S,
transmission parameter of a given MNPs@NcS nanocomposite as a static #,is
applied. As predicted by the FMR theory, one first absorption process is
observed in the absence of an applied magnetic field (/, =0 kOe) due to H,. Its
frequency, f,, is determined by identifying the absorption minima in the #, =0
absorption curve. Likewise, as A, increases, a series of absorption processes

are recorded at increasing fvalues.

Interestingly, the absorption peaks are broad, each absorption process
spanning over a few gigahertz. This feature can be due to the polycrystalline
and disordered spatial distribution of the MNPs@NCcS in the nanocomposite
powder. Indeed, Kittel [1] predicted that the value of the applied magnetic field,
H, required for resonance at a fixed frequency depends on the direction of the
crystal axes relative to the shape axes of the specimen. Thus, in a
polycrystalline specimen, the resonance is broader than in a single crystal of
the same material, since the distribution in direction of the crystal axes causes
a distribution in field strengths for resonance. In those nanocomposites
possessing metallic MNPs, it could also be due to the formation of Eddy
currents stemming from the changing magnetic fields inside the nanoparticles
(2]

A second characteristic feature of these F(i)M materials in the microwave
range is presented in Figure 2. The shown spectra were obtained by
subtracting the S,, parameter values from their S, counterparts, thus
highlighting any difference in the transmission of the incoming microwave
between the two VNA ports. The non-zero signal resulting from the S,-5,,
parameter subtraction denotes a mnon-reciprocal transmission of the
microwave. This behavior is expected when a coplanar waveguide, such as the
one used for the characterization of the nanocomposite powders, lies onto a
ferri or ferromagnetic substrate (eg the nanopowder) [3].

\S}
=
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Figure 1 - Typical FMR behavior observed in S, power transmission for a
MNPs@NcS nanocomposite. Experimental data belongs to a 50% Fe/NcS LR
MaNPs@GO nanocomposite produced with the SOLV-A method. Black crosses
indicate absorption frequency minima. Measurement performed with the CPW

transmission line.
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Figure 2 - Difference between S,, and 5,, parameters denoting non-reciprocal power
transmission in a 50% Fe/NcS LR MaNPs@GO nanocomposite produced with the
SOLV-A method.
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The intensity of the FMR phenomenon was found to depend on the
deposited MNPs purity as well as on their loading rate onto the NcS.
For instance, Figure 3, left, shows FMR absorption data for the SOLV
and DCOP MaNPs@GO nanocomposites synthetized as described in
Chapter 2. It clearly stands out that, for similar Fe/NcS LRs, the FMR
absorption is more intense in the SOLV product given it contains
only pure MaNPs while varying amounts of magnetite and
lepidocrocite NPs are present in the DCOP powders (see
section 2.2.1). Likewise, Figure 3, right, shows the FMR absorption
intensity of SOLV-A MaNPs@GO nanocomposites with 10%, 30% and
50% intended Fe/NcS LRs. It is clear that the absorption intensity

sharply increases as a larger quantity of MaNPs is present.

As for the FMR absorption frequency, f, it was found to be dependent

on the chemical identity and size of the deposited MNPs.

In order to illustrate the influence of the chemical composition of the
deposited MNPs on the FMR absorption frequency, five different
iron-based nanocomposites (Magnetite, ZVI, FeCo, FeNi and
FeCoNi NPs) possessing GO as the NcS were chosen. Figure 4 shows
the different nanocomposites’ natural FMR frequency plotted as a
function of their recorded saturation magnetization, A
(see sections 2.2.2.4 and 4.2.4). The natural FMR f was obtained by
extrapolation at zero applied magnetic field of the linear regression
performed on the resonant frequency, f, versus applied magnetic
field curve (see Figure 5). For these nanocomposites, the obtained
results clearly evidence that their natural FMR frequency increases
alongside their M, Given that the different deposited NPs possess
similar average sizes, their different chemical composition is most

probably responsible for the observed changes in M, and thus in f
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Indeed, f is directly dependent on the M, of the MNPs@NcS

nanocomposite, as shown in section 1.3.2.2.

Interestingly, the ZVI@GO nanocomposite does not follow this trend,
its natural FMR frequency being higher than expected for the
recorded M, In fact, such a natural FMR frequency value would
rather correspond to the My of similarly-sized ZVI NPs
(e.g ~175 emu/g as extrapolated from the values reported by Kura et
al [5]). This observation suggests that the p-Fe,O03; shell is not
contributing to the FMR absorption process, which is solely due to

the a-Fe core.

The FMR absorption at zero applied magnetic field of a a-Fe@y-Fe,0;
core@shell nanoparticle was calculated by a numerical simulation
using a chain matrix formalism described elsewhere [3, 6]. The
simulation aimed at determining the relative contribution of the core
and the shell to the natural FMR frequency of the ZVI@GO
nanocomposites. The obtained results, shown in Figure 6, agree with
those observed experimentally. They also show that the natural FMR
frequency is mainly due to the ZVI core since the thin maghemite
shell’'s contribution is extremely weak. Indeed, given maghemite’s
M,value is three times inferior to that of a-Fe, the imaginary
component of relative magnetic permeability, responsible for the

FMR absorption, is thrice as low too.

As for the impact of the deposited MNPs size on the FMR absorption

frequency, please refer to Chapter 8, section 8.2.2.
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Figure 3 - FMR intensity response at 4 kOe influenced by (a) purity of deposited NP
and (b) NPs loading rate onto NcS, in this case MaNPs deposited onto GO supports.
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Figure 4 - Dispersion relation between the recorded natural FMR frequencies, f, and
the saturation magnetization values, M, for the different Fe-containing MNP@GO
nanocomposites.
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Figure 5 - Dispersion relation between the applied magnetic field and the FMR
absorption frequency for five Fe-containing MNP@GO nanocomposites. Symbols
represent the experimental data. The dotted lines are the linear regressions of such
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absorption (S5, parameter) of a a—Fe@jy-Fe,05 core@shell NP; and (b) the real (4/) and
imaginary (") components of the core and shell's relative permeability, z. The
dimensions of the simulated NP are shown in (¢) and are based on TEM observations
of the ZVI@GO nanocomposite produced using 6:1 CA:M and 1:1.5 CA:EG ratios (see
section 4.2.1).
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Finally, by using the methodology described in section 6.3, the MNPs@NcS
relative complex permeability, u, could be extracted and its real, ¢, and
imaginary, u” parts plotted. Figure 7 and Figure 8, respectively, show the
behavior of these parameters for a ZVI@GO nanocomposite at different /7,

and for five Fe-containing MNPs@GO nanocomposites at /,=1 kOe.

As expected, g~ is negative for these nanocomposites and it drops around the
FMR absorption. Therefore, some of the factors governing the FMR
phenomena described above impact the behavior of the " value too. For
instance, Figure 7 illustrates how, as the FMR f increases due to the
increasing /7, the drop in the value of 4 is displaced toward higher
frequencies too. Also, the drop in the 4’ value occurs at different frequencies
if the deposited MNPs’ composition is changed, as shown in Figure 8. This
result is particularly important given it demonstrates x” can be controlled by

using different types of MNPs.

By opposition, the value of x” remains relatively constant for all samples,
decreasing only slightly over the measured microwave range and never
reaching negative values as expected to happen around the FMR frequency
[4]. This result suggests that the magnetic losses induced by the as-
synthetized nanopowders are inferior to those observed in bulk F(i)M
materials. This can be due to two main reasons. Firstly because the
nanocomposites possess lower M, values, given well-known surface effects
happening at the nanoscale (see section 1.2.3.1.4) or surface oxidation (as
illustrated for the different metallic MNPs in Chapters 3 through 5). Secondly,
because the overall magnetic content per unit of mass is lower in these
nanocomposites than in bulk F(i)M materials. Indeed, the loaded MNPs make
up for only a slight fraction of the total weight of the nanocomposite (see

Table 1), the NcS and air accounting for most of the powder’s volume.
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Figure 7 - Complex permeability terms extracted for a ZVI@GO nanopowder with
50% Fe/C LR. Circles indicate location of minima corresponding to FMR frequency.
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to FMR frequency at 1 kOe applied magnetic field.
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7.2  The role of nanocarbon supports in the control of

electrical permittivity

Five different NcS were employed all over this research project: graphene oxide
(GO), reduced graphene oxide (rGO), graphene nanoplatelets (GNPs), multi-walled
carbon nanotubes (MWCNTSs) and oxidized multi-walled carbon nanotubes (ox-
MWCNTS).

As mentioned in section 1.3.2, in the Nano4Waves project these NcS serve a dual
purpose. On the one hand, as shown in Chapter 2, they are meant to support the
MNPs, can reduce their agglomeration and contribute to control their size. On the
other hand, by choosing NcS with different shapes (eg graphenic sheets us
nanotubes) or by chemically modifying their surface (eg through oxidation), we

expect to obtain different conductivity, o; and electrical permittivity, &, values.

Figure 9 and Figure 10 show the ¢.and cobtained for four different NcS (GNPs,
rGO, GO and ox-MWCNT's) measured using the microstrip (MS) transmission line
(see section 6.2.2). It is important to note that, in all cases, the measured values of o
are well below those reported for some of the NcS in the scientific literature [7-9].
However, it is well known that measurements of electrical conductivity in
powders depend on the sample preparation methods [9], since both the air and the
interface between the particles offer extra resistance to charge transport.

The application of pressure should increase the measured conductivity by
enlarging the contact area between the particles. Nonetheless, authors like
Marinho et a/ [9] have shown that even at the theoretical maximum degree of
compaction, single particle conductivity is generally not reached, since the contact
defects cannot be completely eliminated.

In the EM characterization methodology described in Chapter 6, we considered
these issues and devised repeated pressure applications to compact as much as
possible the measured powders. Also, in the phenomenological model underlying
the fitting of the measured data, we introduced a filling factor, f, which informs us
on the degree of compacity of the analyzed nanopowders (see section 6.3.1) and
thus on the reproducibility of the filling method of the cavities. The fact that the
estimated filling factor is similar for all samples (f~0.35, eg ~35% air in the TL

cavities) ensures that comparisons can be directly drawn between each other.
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Thus, let us compare the results for the three graphenic NcS whose degree of
oxidation, as measured by XPS (see Appendix IVlI), increases in the order
GNPs<rGO<<GO. As described in Section 131, it is known that by varying the
NcS oxidation degree, one can modify the number of defects in the carbon
network and thus impact its charge carrier transport and conductivity [7]. Indeed,
the oxidation of graphene or GNPs implies the partial destruction of the aromatic
sp® network. Therefore, GO's conductivity, as compared to that of its non-oxidized
precursors, is lowered to such an extent that it is considered as an insulator 7, 8].
As for rGO, its electrical properties vary according to the degree of reduction which
can partially restore the lost sp> network, and should theoretically be found in
between those of GO and graphene. Our results perfectly illustrate these principles,
showing that the conductivity reached at high frequency for rGO is lower than
that for GNPs, while GO is nearly an insulator over the whole frequency range.

Figure 10 also shows the g.and oresults obtained for ox-MWCNTSs. According to
XPS, this NcS' oxidation degree is low and similar to that of pristine GNPs.
Nonetheless, the conductivity of the ox-MWCNTSs is inferior to that of GNPs, as
expected. Indeed, due to shape effects, carbon nanotubes tend to be less

conductive than their graphenic counterparts [9].

Interestingly, the electrical properties of these materials also seem to be dependent
on the amount and composition of MNPs loaded onto a particular NcS. For
instance, Figure 11 shows how the relative permittivity (&) and conductivity (o)
values for the 50% intended Fe/NcS LR MaNPs@GO nanocomposite are
significantly lower than that of its 10% Fe/NcS LR counterpart. This is probably
due to the poor electrical conductivity of the magnetite phase, which hinders
electron transport over the nanocomposite surface. However, if the deposited
MNPs are metallic and thus conducting (for example Ni, see Figure 12), there is a

significant increase in both g.and othroughout the studied frequency range.

To the best of our knowledge, it is the first time that such synergistic effects,
illustrating the intimate interactions between MNPs and their NcS, are

demonstrated.
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Figure 9 - Relative permittivity (left) and conductivity (right) extracted for pristine
GNPs (top) and rGO (bottom). Solid line shows extraction from measurement, dashed
line shows the phenomenological prediction as described in section 6.3.1.
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Figure 10 - Relative permittivity (left) and conductivity (right) extracted for pristine
GO (top) and ox-MWCNTSs (bottom). Solid line shows extraction from measurement,
dashed line shows the phenomenological prediction as described in section 6.3.1.
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Figure 11 - Relative permittivity (left) and conductivity (right) extracted for the 10%

and 50% intended Fe/NcS LR MaNPs@GO nanocomposites produced with the SOLV-
A method.
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Figure 12 - Relative permittivity (left) and conductivity (right) extracted for
NiNPs@GO and MaNPs@GO nanocomposites with a 50% MNPs loading rate.
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7.3 Microwave absorption and shielding efficiency of

the MNPs@NcS nanocomposites

Understanding how to independently control the values of x and ¢ by
manipulating some of the nanocomposites’ physicochemical
characteristics during their chemical assembly was demanded by the
Nano4Waves metamaterial design paradigm. The previous sections
show some examples of how both electromagnetic parameters can be
manipulated by modifying the stated physicochemical parameters of
both, the MNPs and the NcS. Nonetheless, the efficiency of the different

nanocomposites as novel MAM materials has yet to be demonstrated.

As a reminder, in section 1.3, it was shown that the microwave
absorption ratio, A, could be evaluated in terms of the reflectance, £ and
the transmission, 7. of the incoming microwave by the following

expression

Equation 7.3

=1- |511|2 - |521|2
Furthermore, according to Thomassin et a/ [10], the empirical shielding
effectiveness (SE7) of our novel nanocomposites can be found by

1
SE; = 10log <W) Equation 7.4
21

As indicated by Equations 7.3 and 7.4 , R 7 and SE7 can be extracted
from the S;, and S, parameters measured during the VNA-based EM

characterization of our materials.
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Figure 13 and Figure 14, respectively, show the microwave
(0.4 to 20 GHz) absorption ratio and shielding effectiveness of the iron-
based nanocomposites synthetized by the Pechini method
(see Chapter 4). On the one hand, it can be observed that the microwave
absorption efficiency of these new materials ranges from 60% to 100%,
while their shielding effectiveness varies between 20 and 70 dB,

depending on the nature of the metallic particles grafted onto GO.

On the other hand, it is interesting to note that the order for either A or
SE is FeCo > FeCoNi > ZVI > FeNi. As a reminder, these MNPs were
grafted onto the same NcS at a similar intended LR (50%). Thus, this
trend derives exclusively from the deposited nanoparticles and
demonstrates that both, A and SE depend on these nanocomposites’
effective  magnetic content as expressed by their saturation
magnetization (M, values. As shown in Equation 7.1, higher M,
produces higher magnetic permeability (x) values. Higher u materials
efficiently channel the external magnetic field by providing low
resistance paths (see section 1.3.2). The magnetic energy of the incoming
microwave can then be more effectively dissipated by means of

magnetic loss mechanisms such as the FMR.

Considering these results and those presented throughout Chapters 2 to
4, it is possible to identify three distinct physicochemical parameters
that have to be optimized in order to increase the nanocomposite’s M,
4 and ultimately, their microwave absorption efficiency. By adjusting
the synthetic parameters, one should thus aim at a) loading a high rate
of MNPs onto the NcS; b) using MNPs possessing high intrinsic M,
(eg Fe, Co, Ni metals and their alloys, for instance); and/or c)
depositing larger NPs that mnonetheless remain beneath the

multidomain threshold.
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Figure 13 - Percentage absorption rate of the incoming microwave at /,=0 for the
different Pechini nanocomposites. A loading rate of 50 wt.% was aimed at in all cases.
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Figure 14 - Shielding effectiveness of the incoming microwave at /=0 by the
different Pechini nanocomposites. A loading rate of 50 wt.% was aimed at in all cases.
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To illustrate the effect of relative permittivity (&) and conductivity (o)
on the microwave absorbing efficiency of these materials, two
nanocomposites in which MaNPs were grafted on GO, at 10% or
50% Fe/NcS LR, were compared. As discussed earlier (see Section 7.2),
the ¢ and o values for the lower Fe/NcS LR MaNPs@GO nanocomposite
are significantly higher than for its 50% Fe/NcS LR counterpart. This
effect, attributed to the insulating character of the deposited magnetite
phase, has a clear impact on both, the microwave absorbing efficiency
(see Figure 15) and the shielding effectiveness (see Figure 16) of these
materials. The obtained results thus indicate that a MNPs@NcS with
higher & and o values is able to absorb an incoming microwave more

efficiently and thus provide better EM shielding.

Another interesting feature of these materials is that the reflection rate
of the incoming microwave is low, roughly below -10 dB throughout the
analyzed frequency range (see Figure 17 and Figure 18). This low
reflectivity means that the incoming wave can penetrate the material
throughout the frequency range. Thus, the observed A rates are mostly
due to signal attenuation, within the nanocomposite, produced by
magnetic and electrical losses. At these frequencies, the former are
mainly due to the FMR phenomenon induced by the MNDPs
(see Section 1.3.2.2), while the latter is produced by dielectric losses

related to the conductive nature of the NcS (see Section 1.3.1).

These results prove that our materials are suitable to produce EMI
shielding solutions based on the effective absorption of the incoming
microwaves, achieved in a much wider frequency range than with
similar microwave absorbing nanocomposites [11, 12] published in the

scientific literature. Indeed these MAMs show a low reflection in a very
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narrow frequency range so that the incoming wave can only penetrate

and be absorbed in a narrow band.

The reflectivity issue and its dependence on the nanocomposite’s
conductivity is a delicate balance that should be considered when
designing MAMs using the MNPs and NcS as building blocks. Indeed,
the NcS should be conductive enough as to promote dielectric losses.
However, if its conductivity is too high, its reflectivity will increase and
the incoming microwave will not be able to penetrate the material,
decreasing the material’'s efficiency as a microwave absorber. For
instance, Figure 19 shows the reflectivity of the different pristine NcS
for which the & and o values were determined, as described in Section
7.2. It stands out that highly conductive NcS, such as GNPs, have higher
reflectivity rates and thus could yield inefficient MNPs@NcS MAMs
[10, 13], especially if they are decorated with conductive MNPs (such as
metallic Fe, Co or Ni NPs) which further increase the NcS’ conductivity

(see Figure 12 in Section 7.2).

However, it should be kept in mind that these nanopowders will rarely
be used as self-standing MAMs. Indeed, operative prototypes require
these nanopowders to be further processed, for instance by dispersing
them in either a polycarbonate matrix to form thin films (see Chapter 8)
or in water, to create an inkjet printing material (see Chapter 9). These
operations will thus change the end-material’'s ¢and u values. However,
as it will be shown in the next two chapters, they also offer a new range
of possibilities that can be exploited to create novel and versatile

microwave absorbing materials.
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Figure 15 - Percentage absorption rate of the incoming microwave at /7,=0 by the 10%
and 50% intended Fe/NcS LR MaNPs@GO nanocomposites produced with the
SOLV-A method.

m 100

Q" —50% LR

o | 10% LR

B 80

(]

c

(]

= 60

b ‘.

8 -

% 40- P

)

c

S 20

S

=
5 10 15 20
Frequency (GHz)
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method.
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Figure 17 - Reflection (S;;) measurements for the different Pechini nanocomposites at
null magnetic field. A loading rate of 50 wt.% was aimed at in all cases. The horizontal
dashed line indicates the -10 dB limit.
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Figure 18 - Reflection (S;;) measurements for the 10% and 50% intended Fe/NcS LR
MaNPs@GO nanocomposites produced with the SOLV-A method. The horizontal
dashed line indicates the -10 dB limit.
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Figure 19 - Reflection (S;) measurements for the pristine NcS presented in
Section 7.2. The horizontal dashed line indicates the -10 dB limit.
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7.4  Conclusions

The novel VNA-based characterization tool presented in Chapter 6 allowed
screening the microwave-range EM properties of some of the MNPs@NcS
nanocomposites reported in the first part of this manuscript.

The obtained results clearly demonstrate that the deposited magnetic
nanoparticles induce a ferromagnetic resonance (FMR) absorption in the
microwave range, which constitutes the main magnetic loss mechanism in
these materials. They also prove that the FMR absorption induces a change
in the MNPs@NcS' relative complex permeability value, g, around the

resonant frequency.

Interestingly, it was possible to identify that certain MNP physicochemical
characteristics, easily fine-tuned by the synthetic routes described in the
first part of this manuscript, have an influence on the FMR phenomena. For
instance, a shift in the zero-field FMR absorption of the nanocomposites can
be induced by changing the chemical nature of the deposited MNPs or their
size. Also, the intensity of the FMR phenomenon clearly depends on the
deposited MNPs purity as well as on their loading rate onto the NcS.

As for the nanocarbon supports, we were able to demonstrate that it is
possible to produce different conductivity, o and relative electrical
permittivity, ¢, values by choosing different NcS types (e.g graphenic sheets
vs. nanotubes) or by chemically modifying their surface (eg through
oxidation). Interestingly, we also found that the deposited MNPs also had an
impact on the nanocomposite’s electrical properties. Indeed, isolating MNPs
(such as magnetite) seem to reduce the material’s conductivity over the
whole frequency range while conductive MNPs (such as metallic NiNPs)

tend to increase it.

Finally, we determined that the microwave absorption efficiency of these
novel materials is directly proportional to the value of the magnetic
permeability, which greatly depends on the grafted MNPs saturation
magnetization (A,) values. Thus, to produce more efficient MAMs, synthetic
efforts should aim at loading a high rate of MNPs with high A/ (as is the case
for metallic NPs) and which size is the largest possible, remaining below the

)
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multidomain threshold. As for the NcS, a delicate balance of the electric
permittivity, wvia the NcS conductivity, should be kept. Indeed, the
nanocarbon support should be conductive enough as to promote the
dissipation of the microwave via dielectric losses. However, it should not be
too conductive; otherwise, the incoming microwave signal will be reflected
and will not enter the nanocomposite, reducing its microwave absorption

efficiency.

These results are a first exploration of the intricate relationship linking the
nanocompositess MNP and NcS components characteristics to their
microwave absorption behavior. They also prove that these materials are
suitable to produce low reflectivity, efficient EMI shielding solutions based

on the wideband absorption of the incoming microwaves.
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Part II - Summary Conclusions

As shown in Chapter 6, a completely new EM characterization technique
had to be developed in order to exclusively extract the nanopowders
EM parameters, ¢ and g and characterize their microwave response.
Thanks to an intensive interdisciplinary collaboration, the design and
development of the resulting VNA-based characterization method, its test

cells and data extraction methodologies were successfully implemented.

Indeed, results obtained with this methodology, shown in Chapter 7,
allowed to elucidate how a particular set of physicochemical
characteristics of our materials (e.g MNPs composition, size or loading
rate, NcS type and oxidation), produced by chemical assembly, influences
the MNP@NcS nanocomposite ¢ values and response in the microwave

range.

To the best of our knowledge, it is the first time that a direct relationship
is clearly established between these three aspects. By doing so, we prove
that a microwave metamaterial design approach, based on the skillful
assembly of MNMPs and NcS, is possible. These results also support the
claims that certain well-known physical phenomena, such as the
ferromagnetic resonance (FMR) of ferr(o/i)magnetic NPs and the
conductivity of nanocarbons, can be exploited to induce losses in the
microwave range to produce efficient MAMs. Likewise, it is also the first
time that synergistic effects between these building blocks are
demonstrated, as showcased by the variations in conductivity produced

by changing the composition of the MNPs deposited onto MWCNTs.

Consequently, we can now offer a new sort of “material design guidelines”
allowing to independently fine-tune ¢ and x Once translated into precise
MNP and NcS specifications, these guidelines can be used to purposefully

fine-tune the microwave absorption behavior of the resulting MAMs.
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based on multix
walled carbon
nanotubes decorated
with magnetic
nanoparticles

In this chapter, the microwave absorption properties
of micrometric films composed of MWCN'T's
decorated with different types of ferromagnetic
nanoparticles (Fe, Co or Ni NPs) and dispersed

in polycarbonate are presented. Obtained results
illustrate the influence of the NPs composition and
size on the films microwave absorption properties,
particularly on their zeroXfield FMR frequency.
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Microwave absorber films based on MWCNTSs decorated with MNPs

As described in section 1.4, one of the objectives of this research project was
to develop a new generation of highly efficient MAMs based on three main
building blocks: (1) a nanocarbon support (NcS) such as multi-walled carbon
nanotubes (MWCNTSs), (2) decorated with different types of magnetic
nanoparticles (MNPs), such as Fe, Co or Ni NPs, and (3) dispersed in a

polymeric matrix, such as polycarbonate (PC).

The final composite material should possess distinctive EM properties in the
microwave range while retaining certain properties of polymer materials
such as flexibility, conformability or moldability. Our approach therefore
wishes to offer a flexible assembly framework that can be adapted to a wide

diversity of functions and shapes in microwave absorption contexts.

Previous researchers participating in the Nano4Waves project have already
reported on microwave absorbers based solely on conductive NcS dispersed
in a polycarbonate (PC) matrix [1-5]. Consequently, in the current research
project, the microwave absorption properties of micrometric films composed
of MWCNTs decorated with different types of ferromagnetic nanoparticles

(Fe, Co or Ni NPs) dispersed in PC are explored for the first time.

In this chapter, we will demonstrate the correlation between the
physicochemical characteristics of the dispersed nanocomposites and the
resulting films microwave absorption properties. Particularly, by using the
Fe, Co and NI@MWCNTSs nanocomposites presented in Chapters 3 and 5, we
will analyze how changes in the composition and size distribution of the
deposited MNPs influence the films’ zero-field or natural FMR frequency. To
the best of our knowledge, these effects have not been reported previously in
the scientific literature, constituting a concrete advance in the field of thin
and flexible MAMs.

8.1 Materials and methods

8.1.1 Materials

Makrolon® OD2015 polycarbonate was obtained from Bayer Material Science.

The Fe and Co@MWCNTs nanocomposites employed for the creation of the
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thin films were obtained following the synthetic procedures described in
Chapter 5, sections 5121 and 5122, respectively. Two Ni@MWCNTSs
products (AP and AC-S), with different NiNPs size distributions, were also
used. These were synthesized following the methodologies described in
Chapter 3, sections 3.1.2.1 and 3.1.2.2.1.

812 MNPs@MWCNTs nanocomposites dispersion in a
polycarbonate (PC) matrix (MNPs@MWCNTSs_PC)

Four different MNPs@MWCNTs nanocomposites were dispersed in
polycarbonate (PC) using melt-mixing as described in [4]. A fixed PC amount
(11.8 g) was used to produce each film. However, the engaged quantities of
each MNPs@MWCNTs powder were calculated to produce a composite
containing 2% (%w/w) of MWCNTSs (see Table 1). Given that each synthetic
technique produced different M/C %LRs, MNPs@MWCNTSs quantities were
slightly different in each case (see Table 1). It is important to mention that
this particular MWCNTs %w/w loading rate was chosen because of the
results obtained by Mesfin ef al [3]. Indeed, these researchers proved that a
MWCNTs mass loading rate between 2 and 3% ensures the optimum
microwave absorption performance and that increased signal reflection is
produced above the 3% threshold.

In a typical procedure, PC was first dried under vacuum at 70°C, for 24 hours.
Afterwards, the MNPs@MWCNTSs and dried PC powders were introduced in
a co-rotating twin-screw DSM-15 micro-extruder preheated at 250 °C. The
mixture was melt-mixed at that temperature for 10 minutes and 250 rpm. It
was then extruded through a 0.5 mm-diameter die, resulting in an output
filament of the same average diameter. The filament was left to cool down to

ambient temperature. It was then immediately cut into <1 cm-long pellets.

813 MNPs@MWCNTs_PC film formation by compression

molding

MNPs@MWCNTs_PC films were produced by compression molding as

described in [6].
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In a typical procedure, 2.5 g of MNPs@MWCNTs_PC were evenly distributed
at the center of a mold placed on top of a Teflon sheet. The mold was a
square frame cut in a 0.5 mm-thick steel plate. A second Teflon sheet was
then placed atop, so that the material was squeezed between two
antiadhesive layers. Two steel plates where then placed beneath and above

the sandwiched structure.

The whole set-up was transferred into a Fontijne hot press (Fontijne Grotnes
Group, Netherlands), preheated at 250 °C. Starting at ¢, (see Figure 1) the
sample was left to melt for 30 seconds (up to ). After ¢, the pressure was
increased to 2.5 T and immediately released. This action was repeated for
15 seconds (7, to £,), increasing the applied pressure in each cycle, to remove
trapped air bubbles. The pressure was then raised and kept at 10 T for
1minute and 45 seconds (Z;, to #;), summing up to a total compression

molding time of about 2 minutes.

The samples were next transferred to a cold Fontijne press and compressed
at 7.5 T for 2 additional minutes (Z,to ;). The sandwiched structure was then
removed, carefully peeling the Teflon sheets to recover the different
MNPs@MWCNTs_PC films.

8.1.4 EM characterization of the MNPs@MWCNTs_PC films

Scattering matrix (S-parameters) measurements of the NI@MWCNTs_PC
films were performed using a microstrip method as described in [7]. Typical
microstrip sample preparation consisted in cutting an elongated piece of
approximately 1.0 cm x 2.5 cm from the polymer film samples. Afterwards, a
1 mm-broad copper strip and an aluminum film were tapped onto the film

piece as line and ground, respectively (see Figure 2).

Measurements were performed with an Agilent N5245A PNA-X 70 GHz
vector network analyzer (VNA). A DC magnetic field was applied
perpendicularly using a NTM 10400M-260 electromagnet. The data
acquisition and extraction procedures are identical to those described for the

nanopowders in Chapter 6.
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Figure 1 - Schematic representation of the compression molding procedure.

Table 1 - Size distributions, loading rates (% LR) and engaged quantities of
the MNPs@MWCNTSs and PC

MNPs@MWCNTs nanocomposite
Type Size (nm) Weight (mg) Weight (g)
Fe 149+49 355 29 11.8
Co 24.1+10.0 400 39 11.8
Ninp | 136144 303 22 118
Niycs | 130+ 47.0 375 31 117
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2.5cm

p—— Composite film
p»—— Copper microstrip
— Aluminium foil

Figure 2 - Microstrip sample dimensions (top) and components (bottom).

Figure 3 - Typical appearance of MNPs@MWCNTs_PC thin and flexible films (left).
Due to their magnetic MNPs@MWCNTs content, they are able to respond and be
lifted by a magnet (right).
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8.2 Results and discussion

The Fe, Co, Nixp and Nixc.s@MWCNTSs nanocomposites, synthetized as described
in Part II, were dispersed in polycarbonate to produce four different thin films. As
shown in Figure 3, the obtained films are thin (~ < 0.5 mm), flexible and, due to the

included magnetic nanocomposites, they respond to a magnet.

The different films magnetic and microwave absorption properties were
characterized using a vibrating sample magnetometer (VSM) and a microstrip-

based vector network analyzer (VNA) methodology, respectively.

8.2.1 Influence of the MNPs composition and size on the magnetic
properties of the MNPs@MWCNTs_PC films

Figure 4, top, shows the magnetization hysteresis loops obtained for the four
MNPs@MWCNTs _PC films. As it can be observed, the films saturation
magnetization (M) values decrease in the order Fe>Co>Nijc.s>Niap. The obtained
trend matches the one observed for bulk metallic
Fe (218 emu/g)>Co (161 emu/g)>>Ni (54 emu/g) M values [8]. Nonetheless, the

measured values are considerably inferior.

This difference can be explained by the reduced sizes of the deposited NPs, as
explained in the Introduction, section 1.3.21.2. Indeed, it is considered that NPs
possess a disordered magnetic spin layer at their surfaces [9]. Therefore, as the NP
size decreases, the disordered layer to NPs radius ratio becomes significant. Such
surface spin disorder reduces the M, value for smaller nanoparticles [10]. This
effect is clearly illustrated when comparing the A/ values of the AP and AC-S
nickel products, as previously discussed in section 3.2.3. However, the measured
film M, values are significantly lower than those expected considering the size of
the different deposited MNPs (see Table 1) and the values reported in the scientific

literature for similarly-sized Fe, Co or NiNPs [11].

This difference must then be due to the concurrence of additional factors. For
instance, XPS characterization of the four MNPs@MWCNTs nanocomposites has
revealed the presence of ferrimagnetic (FiM) or antiferromagnetic (AF) oxides
alongside the ferromagnetic (FM) metallic MNPs (see sections 32.2, 521 and 52.2),

indicating a core-shell structure. Such metal oxide phases possess lower or null
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M;values when compared to the FM metallic species they derive from. Therefore,
by lowering the effective amount of FM phase in the deposited NPs, the oxide

phases tend to lower the recorded A7

Also, it was observed that the Niyp and Niacs films M, values halved as compared
to the untreated nanocomposite powders (see Figure 12 in section 3223). This
result suggests that the NPs undergo thermal oxidation in the polycarbonate
matrix during melt mixing and compression molding. As discussed above, this
oxidation induces size reduction of the magnetic content (metallic nickel core) of

the NPs, hence reduction of their magnetization.

Figure 4, bottom, shows a detail of the hysteresis loop highlighting the differences
in coercive field (/,)and remanence magnetization (M,)for the different films. The
fact that both /.and M, are close to zero only for the Nip film is due to the fact
that the deposited NiNPs are superparamagnetic (see section 32.3) while the Fe,
Co and Nixcs NPs are ferromagnetic. Indeed, according to the averaged
superparamagnetic limit (SPL) values reported by Mazaleyrat et al [12] and
Guimaraes [13], the deposited Ni p NPs are well below the SPL size (~28 nm), while

the Fe, Co and Nixc.s NPs are above it (~14 and ~7 nm for Fe and Co respectively).

As explained in section 1.3.2.1.2, superparamagnetic NPs have null or close-to-zero
M,and H_.values at room temperature because the magnetic anisotropy energy is
lowered as the NP size is reduced. Below the SPL size, the magnetic anisotropy
energy, which holds the magnetic moment along the easy magnetization axis,
becomes comparable to the thermal energy [14]. Consequently, thermal excitation
produces a rapid and random magnetic spin reversal or flipping [15] so that the
relaxation time of such NPs magnetic moments becomes very small (<107 s) [16].

In such conditions, the NPs lose their magnetic order.

However, in the case of the ferromagnetic Fe and Co NPs, the magnetic anisotropy
and/or exchange coupling energies are sufficiently important to oblige all spins
within a single domain to be collinear and rotate in unison. These short-range
interactions minimize the NPs magnetic energy [17]. Thus, in the absence of a
magnetic field, a non-zero M, value is observed. Also, the stronger magnetic
ordering implies that higher external field strengths are needed to reverse the
direction of the collinear spins found in a single domain of the ferromagnetic NPs,

producing higher A, values.
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MNPs@MWCNTs_PC (top). A detail of the hysteresis loop (bottom) highlights the
difference in the /,.and M, found for these materials.
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8.2.2 Influence of the MNPs composition and size on the
microwave absorption properties of the
MNPs@MWCNTs_PC films

Figure 5 shows a typical result for the S, transmission parameter of a
MNPs@MWCNTs_PC composite film. As can be observed, a series of
absorption processes were recorded, occurring even in the absence of an
external applied magnetic field. Also, their frequency shifted towards higher
values as the external magnetic field was increased. As discussed before
(see section 71), these experimental observations indicate that a
ferromagnetic resonance (FMR) is occurring in these films in the range of the

microwave frequencies under study (40 MHz to 20 GHz).

As also shown in Figure 5, the absorption frequency, f, at each value of
applied magnetic field, /, was determined by identifying the absorption
minima in the S, curves. Figure 6 shows the extracted minima f values for
the nanocomposite films plotted as a function of #, and the linear
regressions derived therefrom. Finally, Figure 7 shows the different
MNPs@MWCNTs_PC films natural or zero-field FMR frequency plotted as a

function of their saturation magnetization, M.

The obtained results clearly evidence that natural FMR frequency is different
for each thin film and that it increases as the films M, increases. As
discussed in previous chapters, the M;of the nanocomposites depends either
on the NPs composition (eg the Pechini nanopowders described in
Chapter 4) and/or size (eg the NiAP and AC products shown in Chapter 3).
Therefore, results shown in Figure 6 and Figure 7 illustrate that these
physicochemical parameters, derived from the MNPs grafted onto the NcS,
are also provoking striking differences in the FMR absorption properties of
these films. To the best of our knowledge, this is the first time that such a

correlation is shown for this type of materials.
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8.2.3 Microwave absorption and shielding efficiency of the
MNPs@NcS_PC films

Figure 8 and Figure 9, respectively, show the microwave
(0.4 to 20 GHz) absorption index, A, and shielding effectiveness, SE.

of the four different films.

The Co, Niyc.s and Niyp films shows similar absorption efficiencies,
absorbing as much as 90% of the incoming microwave at the highest
frequencies. Regarding the SE, these three films also show a very
similar behavior, shielding as much as 40 dB at higher frequencies.
Comparatively, the Fe film underperforms by almost 50% in both,

Aand SE throughout the whole frequency range.

Results obtained for the MNPs@NcS nanocomposite powders
(see section 7.3) clearly show that both A and SE tend to increase as
the magnetic content of these materials, expressed by their M,
increased. However, this is not the case for these films, given that the
observed order for both A and SE£is Co = Nijc.g=Nijp>>Fe while their

Mg decreases in the order Fe > Co > Nijc.g > Nigp.

This discrepancy seems to indicate that the loss mechanisms
responsible for 4 and SE in these films are electrical, due to their
similar MWCNTs content (~2% w/w), rather than magnetic. This
could be due to the low magnetic content of these films (< 1.3% w/w),
which might not be enough as to produce detectable magnetic-
dependent losses, contrary to what was observed for the pure
nanocomposite powders (see Section 7.3). This hypothesis seems
comforted by the fact that, at equivalent microwave frequencies,
similar A and SE results were found in the scientific literature for

non-decorated MWCNTs_PC films [18-20].
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In any case, the observed behavior for the Fe film remains abnormal
as compared to its Co and Ni counterparts. The analysis of the
different films S;; scattering parameters (see Figure 10) shows that
all films present a similar low reflection rate (<10 dB) of the incoming
microwave. However, the Fe-film transmits the incoming microwave
at a higher rate than the other three films, as shown in the S,
measurements (see Figure 11), thus reducing its absorption. A
possible explanation for such irregularity might be found in factors
related to the nanocomposite’s dispersion in the PC matrix. Indeed,
Thomassin et al [7], Barrau et al [21] or Abbasi et al [22], to cite just
a few, have shown that the dispersion of a NcS in a polymeric matrix
can significantly affect the resulting composite film’s microwave
absorbing behavior. A TEM study on thin sections of these films

would be required to corroborate this hypothesis.
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8.3 Conclusions

Four different MNPs@MWCNTSs_PC thin films were created by dispersing in
polycarbonate the Fe/Co/Ni@MWCNTs nanopowders synthetized in
Chapters 3 and 5. The dispersed nanocomposites allowed to investigate the
impact of the MNPs composition or size on the films EM properties in the

microwave range.

Interestingly, we clearly observed an FMR process taking place in all four
thin films. Furthermore, we also observed that the natural FMR frequency, f,
was directly correlated to the M, measured for the different films. Given that
neither the MWCNTSs nor the PC are magnetic, the FMR phenomena and the
Mf correlation can only be attributed to the MNPs found in the dispersed
MNPs@MWCNTs nanocomposites. Nonetheless, the films A/ values halved
as compared to those obtained for the nanocomposites prior to their
dispersion in the PC matrix. This result suggests that the high temperatures
used for the extrusion of the films might be inducing a thermal oxidation of

the MNPs, thus reducing the films’ effective magnetic content.

However, when analyzing the microwave absorption rate, 4, and shielding
effectiveness, SE, the effect of the MNPs was not detectable. Indeed, in
Chapter 7 we demonstrated that both A and SE tend to increase as the
MNPs@NcS M, increases. However, in the case of these films, the
Aand SErates were very similar for the Co, Niyp and Niye films,
notwithstanding that their different MNPs composition or sizes produced
very different M, values. Thus, it seems that the observed A and SE'behaviors
are exclusively related to the MWCNTSs, loaded at similar rates in all films
and thus producing similar electric losses in them. As for the Fe film, it
shows an anomalous transmission rate of the incoming microwave and thus
shows reduced A and SE rates, as compared to the other three films. This
difference might be due to a reduced quality of the dispersion of the
MNPs@MWCNTSs in the PC matrix.

In any case, the microwave absorption capacity presented by these films

could be exploited to produce thin MAMs for the telecommunications
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industry. Also, thanks to the polymeric matrix in which the microwave
active nanocomposites are dispersed, different shapes could be easily

created, widening the range of potential applications for these materials.
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Thin and flexible
ultraXwideband
MAMs printed with
multiXwalled carbon
nanotubesybased inks

In this chapter, ultra‘wideband MAMs created
by inkjet printing resistive frequencyselectivex
surfaces (FSS) on a flexible substrate are
presented. Two different MAMs were obtained
by using aqueous inks based on either pristine
or magnetite NPsxdecorated MWCNTSs. In

both cases, the obtained MAMs show excellent
absorption efficiency with very low reflectivity
over a 31 GHz bandwidth, between 9 and 40 GHz.
Strikingly, the MaNPs@MWCNTs MAM is half as
thin as its pristine MWCNTs counterpart



Chapter 9

Related PhD dissertations

Results presented in this chapter are also included in Mr. Rajkumar Jaiswar’s
PhD dissertation entitled “Wideband microwave absorber structures based
on carbonaceous nanomaterials: from modelling to experimental
characterization” (Université Catholique de Louvain, Louvain-la-Neuve,

Belgium, 2019) given they were obtained in close collaboration .

Related publications

R. Jaiswar, F. Mederos-Henry, V. Dupont, S. Hermans, A. Delcorte, C. Bailly, C.
Delmotte, V. Lardot, J.P. Raskin, I. Huynen. A thin ultra-wideband
microwave absorbing structure printed on flexible substrate with
resistive-ink made of multsiwalled carbon-nanotubes. Proceedings of the
11" International Congress on Engineered Materials Platforms for Novel

Wave Phenomena (Metamaterials) France, 2017. Marseille, France: IEEE.

R. Jaiswar, F. Mederos-Henry, V. Dupont, S. Hermans, A. Delcorte, C. Bailly, C.
Delmotte, V. Lardot, J.P. Raskin, I. Huynen. An ultra-wideband thin
microwave absorber using inkjet-printed Frequency Selective Surfaces
combining carbon nanotubes and magnetic nanoparticles. Appl Phys. A.
2019, 125(7), 473.

Collaborators
Sébastien Depaifve (IMCN/MOST), Védi Dupont (BCRC/EMRA) and
Cathy Delmotte (BCRC/EMRA).




Thin and flexible ultra-wideband MAMs printed with a MWCNTs ink

Using a different approach than in the previous chapter, microwave
absorbing materials (MAMs) can also be produced by combining planar
frequency-selective-surfaces (FSS) with grounded dielectrics to achieve a
high-impedance surface. Frequency selective surfaces (FSS) are a
subclass of electromagnetic bandgap (EBG) materials that are able to
reflect or absorb incident microwaves at some frequencies while
remaining transparent to them at other wavelengths [1]. Thus, FSS
exhibit bandgap and passband behaviors simultaneously by virtue of
their periodic surface geometric pattern. Their microwave absorption
efficiency is based on the tuning of the unit cell dimensions and shape
such that its effective impedance matches that of free space, thereby
minimizing the reflection of electromagnetic wave at the interface [2].
Lumped elements can also be used to increase the absorption bandwidth
and intensity. Nonetheless, this increases the complexity of the
FSS-based MAM design and manufacture. Traditionally, FSS are
patterned on metal screens or sheets, either as self-standing units or
included in printed circuit boards. They are manufactured by

conventional machining, laser etching or lithography techniques [3].

An alternative approach consists in printing the FSS with a low
conductivity or resistive ink onto a dielectric substrate. This variant
offers two main competitive advantages. On the one hand, it permits to
easily fine-tune and reconfigure the final MAM structure depending on
the desired applications and absorption efficiencies. Indeed, the input
impedance of the absorber can be modified not only by the geometry of
the FSS but also through the surface resistance of the printed layer [4-7].
Their efficiency can be further improved by stacking multiple printed FSS
using spacers of optimal thickness. On the other hand, printed electronics
can be mass-produced at low cost, are easily fabricated and reduce

material waste [7, 8].
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Given these considerable advantages, it was decided to explore how to
produce MAMs by inkjet-printing resistive FSS patterns on a flexible
substrate separated by low-dielectric spacers. The printed layers were
obtained by using two different water-based MWCNTs-inks, formulated
in collaboration with the Belgian Ceramic Research Centre (BCRC)'. One
ink employed pristine MWCNTSs while the other was based on MWCNTs
decorated with magnetite nanoparticles (MaNPs). The latter
nanocomposite was obtained with the synthetic routes developed in this
research work (see Chapter 2). The design, simulation and experimental

results obtained for both MAM structures are detailed below.

9.1 Materials and methods

9.1.1 Materials

Nanocyl (Belgium) supplied the NC3100 multi-walled carbon nanotubes
(MWCNTSs, 95%C purity). Lexan 8B35E polycarbonate (PC) sheets were
offered by Sabic Innovative Plastics (Saudi Arabia). All other reactants
were supplied by Sigma Aldrich or BYK, and engaged as received. More
details on each reactant are provided in Appendix I while the different
physicochemical characterization techniques employed are described in

Appendix I1I.
9.1.2 Synthesis of the MaNPs@MWCNTs nanocomposites

As mentioned above, one of the water-based inks used MWCNTSs
decorated with magnetite nanoparticles (MaNPs). The SOLV-B synthetic
methodology employed to produce this nanocomposite is described in

Chapter 2, section 2.1.2.4.2.

' Belgian Ceramic Research Centre, Av. du Gouverneur E. Cornez 4, 7000 Mons,

Belgium. www.bcrc.be
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9.1.3 MWCNTs-ink formulation

Two different inks were formulated by Dr. Védi Dupont at the Belgian
Ceramic Research Centre (BCRC). The first one (iCNT-1) was composed of
pristine MWCNTs while the second (iCNT-2) employed a
MaNPs@MWCNTs nanocomposite.

In a typical procedure, 1 g of pristine or MaNPs-decorated MWCNTSs were
dispersed in a mixture of 100 mL of distilled water and 1 g of Triton X-100
(Sigma Aldrich). The latter additive reduced the water’s surface tension,
promoting the wettability of the MWCNTs and their stable dispersion in

the aqueous medium.

The mixture was placed in an ice bath and sonicated using a Bioblock
Scientific Vibracell 75041 ultrasonic processor (Sonics & Materials Inc.,
U.S.A.) at 80% of its maximum power. The total sonication time was

6 minutes using alternating on and off periods of 10 seconds each.

After sonication, the dispersion gelled. Thus, 1 g of Disperbyk 190 (BYK)
was added to the solution and the sonication procedure described above

was repeated.

The dispersion was then centrifuged at 2500 rpm for 30 minutes using a
Heraeus Sepatech 2520 centrifuge (Thermo Fisher Scientific, U.S.A.) to
remove impurities or possible remaining powder aggregates which could
clog the print heads nozzles. The supernatant was recovered and the
sediment discarded. Afterwards, the resultant suspension was filtered

over a 5 um pore size polypropylene disk filter (ACRO LCF HDC II filter).

The filtered suspensions viscosity ranged between 5 and 6 mPa-s while its

surface tension and density were 30 mN/m and ~1 g/cm’ respectively.
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9.1.4 Inkjet printing

Inkjet printing was also carried out at the Belgian Ceramic Research Center
(BCRC) by Dr. Védi Dupont. A DMP-2800 Materials Printer (Fujifilm Dimatix
Inc., US.A.) equipped with a 10 pL drop cartridge (DMC-11610) and a 21 um
diameter piezoelectric nozzle was used. An optimized waveform for the
piezoelectric printhead was designed. It consisted of alternating 8192 us on
and off pulses. The jetting (printing) pulses were performed at 28 V. Also, in
order to ensure the printed film homogeneity, drop spacing and diameter

were set to 25 gm and 35 um, respectively.

Using these parameters, two types of samples were inkjet printed with both
types of ink: a) 5-by-5 cm square patches with 2, 3, 5, 8 and 10 printed layers;
and b) the 10-by-10 cm FSS patterns (see section 9.1.4 below) with
5or 10 printed layers. In all cases, samples were printed at room temperature
on polycarbonate (PC) Lexan-8B35E (Sabic Europe) sheets. All samples were

subsequently annealed in a drying oven at 85 °C for one hour.
9.1.5 MAM design and simulation

The ultrawide-band MAMs design and their numerical simulation were
carried out by Rajkumar Jaiswar (ICTEAM/ELEN).

Figure 1 shows the MAM’s cross-section (top) and unit cell (bottom) printed
with both types of inks. It consists of two resistive-FSS layers printed on
125 um-thick Lexan 8B35E (Sabic) polycarbonate (PC) sheets. Each FSS is
laminated between pristine Lexan 8B35E PC sheets. Each set of laminated
FSSs is separated by low-dielectric Roger 5880 (e=2.2) spacers having
different d, d, and d; thicknesses optimized to achieve low reflection
between 9 and 40 GHz (see Table 1). The top resistive FSS laminate pattern
consists of a wire-mesh enclosing a Jerusalem-cross (JC) while its bottom
counterpart is composed of a wire-mesh enclosing a closed-ring and one JC
(see Figure 1, bottom). A ground plane was added in both MAM structures, at
the bottom of the entire unit cell. In the case of the iCNT-1 MAM, it consisted

of a resistive MWCNTs-ink printed to match its input impedance with free
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space impedance [6, 10]. A copper ground plane was used for the
iCNT-2 MAM.

Simulation of the microwave absorption performance of the designed unit
cell was performed in the 5-to-50 GHz frequency range using
CST-Microwave Studio (Dassault Systemes, France). Absorption properties
were determined by the reflection parameter, S, and input impedance (7,
from the full-wave simulation frequency-solver where a y-polarized electric-

field is incident normally on the periodic structure of MAMs.

The simulation also optimized the FSS patterns’ surface resistances (%) in

order to obtain the maximum-bandwidth absorption in the simulated range.

9.1.6 Direct current (DC) surface resistance (R;) and microwave-

absorption characterization

The square patches printed using different layers of MWCNTs-ink were cut
into five individual bands of equivalent dimensions. A conductive silver
paste (G3790, Agar Scientific Ltd) was deposited at regular intervals to
ensure good electrical contact with the meter probes (see Figure 2). Each
zone delimited by two silver paste electrodes was measured using a
B2902A Agilent IV meter (Agilent Technologies, U.S.A.) equipped with two
probes. 25 resistance, R, measurements were performed in different points of
each zone and the surface resistance, 2, (Q/sq), was calculated for each point

using the following relationship:

1
Ry=—=— Equation 9.1

where R w; / are measured resistance, width and length of the printed
patches and o and t are the conductivity and thickness of the printed layers,
respectively. The average R, value was considered representative of the
entire printed surface. The MAM absorption efficiency was characterized
using the Agilent PNA-X vector network analyzer described in section 6.1

and the waveguide methodology described in [11].
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Figure 1 - MAM's cross-section (top) and unit cell (bottom) where a,=a,= 9 mm.
Adapted from [12].

Table 1 -Thickness (mm) of the different components of both MAM

structures

Substrate Component ICNT-1 MAM | iCNT-2 MAM
a, 2 0.25
Rogers 5880 , 15 15
d; 1 0.75
Lexan-8B35E PC FSS (2x) 0.25 0.25
(0.125 mm) Sandwich films (4x) 0.5 0.5
Total 5.25 3.25
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9.2 Results and discussion

9.21 DC surface resistance (R,) characterization.

As described in section 9.1.2, the CST-Microwave Studio simulation was used to
determine specific surface resistance (R,)values for each FSS pattern in order to

ensure optimal MAM performance. For the iCNT-1 MAM, the calculated R, for the
top and bottom FSS patterns (Rgand As,in Figure 1) were 160 QQ/sq and 60 /sq,
respectively. While the calculated Rg; and R, for iCNT-2 MAM were 600 €0/sq
and 270 Q/sq, respectively. It was thus necessary to determine how £, changed

for each ink as the number of printed layers increased.

Figure 3 shows the results of measuring the R, of 2, 3, 5, 8 and 10 printed layers
using the two types of ink. As can be observed, average R,exponentially
decreases as the number of printed layers are increased. This result suggests
that as the number of printed layers increases, so does the number of conductive
paths available for electron transport throughout the printed film, resulting in
improved conductivity. Indeed, MWCNT's can form an entangled interconnected

network to support the current transport thanks to their flexible, tubular shape.

In the case of the MaNPs@MWCNTs-based ink, the A, values are superior to
those obtained for an equal number of layers printed with the pristine MWCNTs
ink. This is mainly due to the insulating character of the magnetite phase that
hinders electron transport throughout the nanocomposite film, as shown in

section 7.2, thus increasing its A,

Using these results, we were able to determine the number of printed layers that
are needed to obtain the calculated £,in both MAM’s FSS. For both types of inks,
the top FSS pattern required to be printed in 5 layers while the bottom FSS was

printed in 10 layers.

SEM investigation of the printed surfaces showed that the printing
configuration and ink-preparation method allowed to obtain extremely regular
and smooth surfaces (see Figure 4, inset a). Nonetheless, it also showed that the
printed layers have a low scratch resistance. Indeed, punctual micrometric

scratches were observed throughout the surface (see Figure 4, inset b).
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Figure 2 - Typical sample preparation for the DC R, characterization of the patches
printed with different number of MWCNTs-ink layers. Image by Rajkumar Jaiswar.
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Figure 3 -
inkjet-printed layers with both types of inks. Solid symbols represent the
experimental data. Symbols represent the experimental data. The dashed or dotted
lines are the exponential regressions of such data. Adapted from [12, 13].
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Figure 4 -SEM images of the 10-layer MWCNTSs-ink printed surface. A 16 kX
magnification (a) clearly shows the MWCNTSs. Minute scratches were likewise
observed (b, 4 kX).
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9.2.2 MWCNTs-inkjet printed FSS patterns and MAM absorption

performance

Figure 5 shows the top and bottom printed FSS patterns as well as a
perspective view of a MAM obtained by inkjet printing and subsequent

assembly.

Figure 6 presents the reflectivity (5;; parameter) in the 5-50 GHz frequency
range obtained for the iCNT-1 MAM, printed with a pristine MWCNTSs-ink.
There is an excellent agreement between the measured and simulated
MAM'’s reflection throughout the frequency range. Interestingly, reflection is
neglectable (<-10 dB) between 9 and 40 GHz, corresponding to a 31 GHz
bandwidth.

Remarkably, as shown in Figure 7, the MAM achieves a high absorption
efficiency (~98%) between 9 and 40 GHz, despite its reduced thickness
(5.5mm).

Likewise, Figure 8 and Figure 9 present the reflectivity and associated
absorption in the 5-50 GHz frequency range for the iCNT-2 MAM, printed
with the MaNPs@MWCNTs-based ink. Given this MAM is backed with a
conductive copper ground, reflectivity, R, and absorption, A, are calculated

using the following expressions:

Sa1” ti
o1y S q
A=1 — R? Equation 9.3

Simulated and measured results are also in good agreement, showing
negligible reflection (<-10 dB) and a 90% absorption rate in the 7-45 GHz
band. Such an absorption performance thus represents a 36 GHz bandwidth

for an absorber thickness of 3.25 mm.
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Figure 5 - General view of the top (top) and bottom (middle) resistive-ink FSS
patterns printed on Lexan-8B35E PC sheets with the iCNT-1 ink; and perspective view
(bottom) of the ungrounded MAM structure. Images by Rajkumar Jaiswar.
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Figure 6 - Measured and CST-simulated reflection coefficient (5, of the iCNT-1 MAM
structure. Adapted from [12].
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Figure 7 - Measured and CST-simulated absorption ratio of the iCNTs-1 MAM
structure. Adapted from [12].
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Figure 8 - Measured and simulated reflection coefficient (5;,) of the iCNT-2 MAM
structure. Adapted from [13].
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These results prove that both MAMs are suitable as effective EMI shielding
materials. Reflection of the incoming microwave is minimal in both cases,
even though the iCNT-1 MAM shows a slightly higher absorption rate than its
iCNT-2 counterpart. However, the latter is able to absorb the incoming

microwave over a larger bandwidth.

Nonetheless, in order to compare these MAM structures to others reported in
the scientific literature, it is necessary to calculate two operational
parameters. The first one is the fractional bandwidth (FBW), an indication of

how wideband a microwave device is.

If such a device operates at a center frequency £, between lower frequency £
and upper frequency £, so that 7#=( /+ £5)/2, then it is possible to calculate its
FBW by using;

FBW = u Equation 9.4

fc
The FBW values varies between 0 and 2. However, it is more commonly
expressed as a percentage between 0% and 200%. Higher percentile values
indicate that the device covers a wider bandwidth. In this case, the iCNT-1
MAM has a FBW of 126% while its iCNT2 counterpart shows a FBW value of

146%. These very high FBW values allow classifying these structures as ultra-

wideband absorbers (UWBSs) [13].

The second comparative parameter is a MAM’s relative thickness, 27 This
parameter allows comparing a device’s thickness, 7 in terms of the
wavelength of the incoming microwave, usually at the lower frequency of

operation (4,), so that:

RT = — Equation 9.5

N
~J
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Considering each MAMs’ thickness and their respective lower frequencies of
absorption, 27 values of 0.1654; and 0.0754, are obtained for the iCNT-1 and

iCNT-2 absorbers, respectively.

Table 2 compares the #BW and R7values reported in the scientific literature
for other MAM designs, including Jaumann screens [14], circuit analogous
(CA) absorbers loaded with either high impedance surfaces [6] or lumped
elements [15], multi-layered metamaterial absorbers [16] and a meta-surface
Salisbury screen [17]. As can be observed, the iCNT-1 MAM has similar
FBWalues than other absorbers possessing similar 275 even though its
operational bandwidth is much larger. More interestingly, the iCNT-2 MAM
produced in this research possesses the lowest #7'and highest FBW over the
largest bandwidth. This outstanding performance proves that using
MNPs@NcS nanocomposites to create inkjet-printed MAM designs can be an
extremely competitive approach to design novel, highly-efficient

EMI shielding solutions.

Table 2 - Fractional bandwidth (FBW) and relative thickness (R7)

comparison of different MAM designs

MAM Bandwidth (GHz) FBW (%) RT (4;)
iCNT-1 9-40 126 0.165
iCNT-2 7-45 136 0.075

[14] 3-16 132 0.169
[6] 7-23 110 0.112
[15] 2-9 129 0.087
[16] 8-15 63 0.128
[17] 4-19 133 0.112
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9.3 Conclusions

New prototypes of thin, highly efficient, ultra-wideband MAMs have been
designed, produced and tested. They are based on a layered arrangement of
frequency selective surfaces (FSS), inkjet-printed on thin polycarbonate
sheets and spaced by dielectric layers. Two types of inks were developed to
print the FSS: one in which pristine MWCNTSs were used and the second in
which the MWCNTs were decorated with magnetite nanoparticles (MaNPs),

following a procedure described in Chapter 2.

As demonstrated throughout the present chapter, our design approach to
inkjet-printed MAMs depended on a numerical simulation to determine the
ideal physical characteristics for each component of the MAM unit cell, such
as its thickness and surface resistance (Ry). It also allowed predicting its
microwave absorption efficiency and reflectivity over an operational
bandwidth. We also proved that by varying the number of printed layers or
changing the type of printing ink, it was possible to easily control the
FSS’ R, values, so as to adjust them to the simulation results. Indeed, for both
types of inks, we determined that the R, of the printed surface is inversely
proportional to the number of printed layers. Nonetheless, for identical
number of printed layers, the MaNPs@MWCNTs-based ink gave higher
Rsvalues than its pristine MWCNTs-based counterpart.

The high fractional bandwidth (FWB) values obtained for both prototypes
(126% and 146% for the iCNT-1 and iCNT-2 MAMSs, respectively) show that the
as-obtained MAMs are highly-efficient EMI-shielding alternatives, in which
heightened absorption constitutes the main shielding mechanism.
Furthermore, the outstanding performance of the MAM printed with
decorated MWCNTSs, achieved at an extremely low relative thicknesses
(0.075 AL), reveals an unimagined new field of application for the different

MNPs@NcS nanocomposites synthetized in this research project.




Thin and flexible ultra-wideband MAMs printed with a MWCNTs ink

9.4

10.

11.

12.

13.

14.

15.

16.

17.

Bibliography

T. K. Wu. Frequency Selective Surface and Grid Array. John Wiley & Sons:
New York, USA.1995.

A. Kazemzadeh, /EEE Antennas Propag, 2010, 59(1), 135-140.

D. Ferreira, R. F. S. Caldeirinha, 1. Cuifias, and T. R. Fernandes, /EEE
Antennas Propag Mag, 2018, 60(6), 110-119.

M. Olszewska-Placha, B. Salski, D. Janczak, P.R. Bajurko, W. Gwarek and M.
Jakubowska, /EEE Antennas Propag, 2015, 63(2), 565-572, 2015.

E. Yildimy and O. Aydin Civi, Proceedings of the 5th European Conference
on Antenna and Propagation (EUCAP), Italy, 2011. Rome, Italy: EurAAP.

F. Costa, A. Monorchio and G. Manara, /EEE Antennas Propag., 2010, 58(5),
1551-1158.

X. Huang, K. Pan and Z. Hu, Sci. Reports, 2016, 6, 38197.

Y. Gao, W. Shi, W. Wang, Y. Leng and Y. Zhaom /nd Eng Chem. Res., 2014,
53(43), 16777 - 16784.

0O-S Kwon, H. Kim, H. Ko, J. Lee, B. Lee, C-H Jung, J-H Choi and K. Shin,
Carbon, 2013, 58, 116 - 127.

F. Costa, A. Monorchio and G. Manara, /EEE Antennas Propag Mag, 2012,
54(4), 35-48.

Y. Danlée, 2015. Hierarchically organised materials based on polymers and
conductive one-dimensional nanostructures for the control of
electromagnetic propagation (Doctoral dissertation). Retrieved from:
http://hdl.handle.net/2078.1/157886.

R. Jaiswar, F. Mederos-Henry, V. Dupont, S. Hermans, A. Delcorte, C. Bailly, C.
Delmotte, V. Lardot, JP. Raskin, I. Huynen. A thin ultra-wideband
microwave absorbing structure printed on flexible substrate with resistive-
ink made of multi-walled carbon-nanotubes. Proceedings of the 11th
International Congress on Engineered Materials Platforms for Novel Wave
Phenomena (Metamaterials), France, 2017. Marseille, France: IEEE.

R. Jaiswar, F. Mederos-Henry, V. Dupont, S. Hermans, J.P. Raskin, I. Huynen,
Article submited to the Journal of Applied Physics for publication.

A. Kazemzadeh asnd A. Karlsson, /EEE Trans. Antennas Propag, 2010,
58(11), 3637-3646.

Y. Shang, Z. Shen, and S. Xiao, /EEE Trans. Antennas Propag., 2013, 61(12),
6022-6029.

F.Ding, Y. Cui, X. Ge, Y. Jin, and S. He, Appl. Phys. Lett, 2012,100(10), 103504-
103506.

Z. Zhou, K. Chen, B. Zhu, J. Zhao, Y. Feng and Y. Li, /EEE Access, 2018, 6,
26843-26853.




mmmmmm



Part III - Summary Conclusions

The first designed type of MAM consisted of a series of thin films, obtained by
dispersing Fe, Co or Ni@MWCNTs nanocomposites into a polycarbonate
matrix. Results presented in Chapter 8 prove that the dispersed
nanocomposites impart their microwave behavior onto the obtained films.
For instance, an FMR process was clearly detected in these composite
materials. Furthermore, certain FMR-related characteristics of the films,
such as their natural or zero-field absorption frequency, could be directly
related to certain characteristics of the deposited MNPs, such as their

composition or size distributions.

Unfortunately, the full potentiality offered by the MNPs@NcS could not be
completely unveiled. Two main issues were identified. On the one hand, the
low amounts of nanocomposites loaded into the polycarbonate films, which
produced very low MNPs loadings. On the other hand, the extrusion
temperatures used to prepare these films, which induced the oxidation of the
different metallic MNPs. The combination of these factors lowered the
effective magnetic content of these films and consequently, the influence of
the MNPs on the microwave absorption behavior of these composite
materials was almost unperceivable. Indeed, their MAM efficiency was quite
mediocre and seemed dominated by the electrical loss mechanisms induced
by the MWCNTs.

As shown in Chapter 9, a second type of MAM was obtained by stacking
dielectrics and inkjet-printed frequency selective surfaces (FSS) produced
using either pristine MWCNTs or one of our MaNPs@MWCNTs
nanocomposite. The efficient ultra-wideband absorption achieved by both
novel inkjet-printed FSS-MAM structures are remarkable, exceeding the
performance of similar solutions published in the scientific literature. More
interestingly, the potential benefits of the MNP-NcS synergies described
above are here fully revealed by comparing the operative performance of the
MAM printed with pristine MWCNTSs and its MaNPs@MWCNTSs counterpart.
Thus, these results are only a first glimpse of what could be achieved if our
different MNPs@NcS nanocomposites were systematically employed with

this approach to a MAM design.

281



COn
S

+ perspectives for









Achieving highly efficient MAMs using MNPs@NcS

nanocomposites: concluding remarks

This project's different research endeavors were united by one main
objective: developing a new generation of microwave absorbing
metamaterials based on the controlled chemical assembly of magnetic

nanoparticles and nanocarbon supports.

In order to achieve this goal, we first developed a series of nanochemical
synthetic methods to obtain different types of MNPs@NcS nanocomposites.
Throughout Part I of this manuscript, we showed how to chemically combine
as many as seven different types of MNPs and five different NcS. We also
identified which synthetic parameters allow to control the deposited MNPs
chemical identity, size or spatial distribution over the NcS, as well as the

oxidation state of the latter.

In parallel, as was shown in Part 1, a novel EM characterization method was
invented and applied to the obtained nanocomposite powders in order to
retrieve the electrical permittivity and magnetic permeability without
sample preparation. It revealed how the constitutive MNPs and NcS allow
controlling the electric permittivity, magnetic permeability and microwave
absorption behavior of these materials. These results have brought to light a
clear relationship between the physicochemical characteristics of the
nanocomposite assemblies and their ability to effectively absorb microwaves.
Thus, we can now offer the scientific community a series of precise
guidelines (see Figure 1) allowing to obtain novel MAM materials which
efficiently dissipate the magnetic and electric energies conveyed by a

microwave.

For instance, the pathway towards efficient MAMs demands the creation of
high magnetic permeability () materials so that they effectively channel the

external magnetic field by providing low resistance paths (see section 1.3.2).
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Concluding remarks

Given that the magnetic permeability is directly dependent on a material’'s
saturation magnetization (My), the latter parameter should be maximized in
potential MAM nanocomposites. Interestingly, we have shown that higher M,
values can be achieved if pure or alloyed Fe, Co or Ni metallic MNPs, with
sizes just below the mono- to multidomain threshold, are deposited onto a

NcS.

The as-guided magnetic energy can then be dissipated by ferromagnetic
resonance (FMR) absorption, the main magnetic loss mechanism operating
at microwave frequencies. Consequently, the intensity of such an absorption
should also be maximized in order to increase the materials’ overall
EM absorption rate. Accordingly, we have found that higher MNPs loading
rates produce more intense FMR absorptions and should thus be favored
when looking for higher MAM efficiencies. Furthermore, we have proved that
the composition and size of the deposited MNPs also impacts the FMR
absorption properties of the nanocomposites. Indeed, as for the magnetic
permeability, we demonstrated that the FMR natural absorption frequency, f,
increases as the system’'s M, values increased, paving the way towards

frequency-selective MAM functionalities.

The nanocarbon supports’ role in the dissipation of electrical energy
conveyed by a microwave was also elucidated. As mentioned in section 1.3.1,
the main loss mechanism operating in the microwave range is the Ohmic
conduction of electrical currents formed on the nanocomposites’ surface.
Thus, more conductive, non-oxidized NcS such as pristine GNPs or MWCNT's
should be favored over rGO, ox-MWCNTs or GO in order to increase
microwave absorption rates. We also revealed a remarkable synergistic
effect between the chemical nature of the deposited MNPs and the
nanocomposite’s overall conductivity. Indeed, we demonstrated that for a
given NcS, conductive metallic nanoparticles increase the conductivity and
thus the microwave absorption rate of the resulting nanocomposites, while

insulating MNPs lower it.
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Achieving highly efficient MAMs using MNPs@NcS nanocomposites

- Deposit larger, metallic MNPs

- Higher loading rates

- Maximize M_ values
- Favor highly conductive NcS (e.g. MCWNTs or GNPs)

- Use fully reduced NcS
- Favor metallic over oxide MNPs

s Magnetic losses
MNPs

NcS

Figure 1 - Synthetic guidelines allowing to obtain novel MAM materials which
efficiently dissipate the magnetic and electric energies conveyed by a microwave.
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Concluding remarks

Even so, the as-obtained MNPs@NcS nanopowders will rarely be used
as self-standing MAMs in real-life applications. Nonetheless, the above-
given guidelines can be used as a basis for the design of novel MAM
functional materials, as shown in Part III. This is particularly
straightforward for the thin films produced by the dispersion of the
nanocomposites in a polycarbonate matrix. Indeed, we demonstrated
that in this case, the microwave absorption properties of the
nanocomposites are transposed onto the films, following the same

principles as outlined above.

Nonetheless, the inkjet printed FSS prototypes design might not
replicate these guidelines as much as exploiting the flexibility of the
MNP and NcS chemical assemblies developed in this research project
and the potential & and g permutations it can produce. Indeed, we
clearly proved that extremely promising MAM solutions can be found by
using a magnetite-based nanocomposite. However, in the above-stated
guidelines we affirmed that non-metallic MNPs should produce less
efficient magnetic and electric losses and thus reduce the MAM’s overall
efficiency. This apparent paradox strikingly exemplifies the adjustable
nature of the FSS design approach and thus clearly outlines its
enormous potential. Indeed, the FSS patterns can be purposely designed
and cleverly assembled to exploit the particular EM characteristics of a
given MNPs@NcS nanocomposite in order to produce given MAM
functionalities. For instance, promising frequency-selective absorption
behaviors, tunable with an external applied magnetic or electric field,

could be thus created.
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Perspectives for future research

In some cases, obtained results met the project’s predefined objectives and
requirements. In others, encountered problems or challenges remained
unsolved. Thus, echoing the structure used for the conclusive remarks given
above, a series of ideas for future experimental undertakings will be

presented in the following three sections.

Further explorations on the chemical assembly of magnetic

nanoparticles and nanocarbon supports

Obtaining more than seven different MNPs compositions would be thrilling
in terms of the resulting metamaterial design possibilities. An exploratory
decoration of GO with Ni and Co ferrites (mixed oxides XFe,0,, where X=Ni
or Co) was initiated, using the experience acquired by developing the
SOLV-A strategy (Section 2.1.2.4.1). Preliminary but encouraging results were
obtained. Indeed, pure Ni or Co ferrite MNPs were deposited onto GO but
their size and spatial distribution have yet to be optimized. It would thus be
interesting to continue developing these syntheses to offer new types of
ferrite NPs, besides MaNPs. Also, by using the Pechini method, it should be
possible to produce different binary and ternary Fe/Co/Ni alloys of varying

molar ratios by changing the proportions of the Fe/Co/Ni precursors.

As for the deposited NPs size, our results show that the optimal size range,
allowing to maximize both M, and A, is situated just below the single to
multi-domain transition limit. Therefore, finding other strategies allowing to
control the deposited MNPs sizes would be highly appreciated. In the first
place, a parametric study involving different capping agents, concentrations,
reaction times and temperatures could be applied to the solvothermal
synthesis of MaNPs, NiNPs and CoNPs. This study would complement was
has been done for polyvinylpyrrolidone, when developing the AC-S synthesis
of the NiI@MWCNTs nanocomposite and thus, should show which size

ranges can be achieved under certain given experimental conditions.
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Perspectives for future research

Another clue that could be further investigated is the combination offered
by: a) controlling the speed at which the NPs precursor is added to the
reaction mixture; and b) the post-synthetic thermal treatment that
simultaneously induces particle growth and creates a protective graphitic
shell around the NPs. This combination was used for the decoration of
MWCNTs with Ni and Co NPs. Thus, an experimental design testing the
impact of adding the NPs precursor at different speeds and the temperature,
time or atmosphere of the thermal treatment would be greatly helpful to

obtain other NP sizes.

The experimental parameters governing the thermal decomposition reaction
used to produce the Fe@MWCNT's could also be explored in detail. Particular
efforts should be devoted to controlling the ZVI NPs size distribution to
avoid the acid etching procedure. However, if the latter remains a mandatory
step in the preparation of these nanocomposites, then a way of removing the

empty graphitic shells should be found.

Likewise, different o and ¢, values could be obtained and their effects on the
microwave behavior of the MNPs@NcS nanocomposites monitored if
chemically functionalized NcS were used. Commercial sources of chemically
functionalized NcS are nowadays available. Otherwise, the nanocarbon
functionalization expertise of Prof. Hermans research group could be used to

produce functionalized NcS with tailored electrical properties.

Finally, all permutations of MNPs and NcS should be tested, as done in
Chapter 2 for MaNPs decoration. Besides obtaining the full set of
nanocomposites, useful for MAM design purposes, these investigations
would allow understanding how the different NcS impact the obtained
MNPs@NcS characteristics, given each method’'s particular synthetic
conditions. The need for this type of experimental investigation was
evidenced when preliminary explorations were performed to decorate
MWCNTs and GNPs with Fe/Co/Ni Pechini alloys. In both cases, results were
partially satisfactory, particularly in terms of the graphitic shell quality and

the NPs size distributions.
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Perspectives for future research

Further explorations regarding the EM characterization of the

MNPs@NcS nanocomposites

Regarding the novel VNA-based EM characterization method, particular
attention should be given to making the test cells more robust. Indeed, both
the CPW and MS prototypes were fragile, especially the later. Even with a
highly cautious manipulation, they broke down after a few cycles of sample

filling, measurement and cleaning.

Eventually, more robust and standardized CPW test cells were produced by
Multi CB, a printed circuit boards industrial manufacturer. This was
unfortunately not the case for the project’s latecomer, the MS test cell.
Nonetheless, it should definitely be done in order to complete the
EM screening of all the nanocomposite powders produced in this research
project. Indeed, full screening of the entire range of MNPsS@NcS
nanocomposites should contribute to unravel, in a more precise way, the
complex relationship between the NcS, the MNPs and the nanocomposite’s

EM response in the microwave range.

Also, new ways of compacting the powders into the test cells etched cavities
should be found. As mentioned in Section 72, as long as the
phenomenological model’s filling factor, f, is the same for all samples, direct
comparisons can be established between them. Fortunately, such was the
case for the measurements performed in this research project. Nonetheless,
the ¢, and o values obtained for our nanomaterials are well below those
reported in the scientific literature, an effect that can be attributed to the
degree of compacity of the nanopowders. Thus, a detailed study linking the
mass of the introduced nanopowders, the compacting method, the obtained

filling factor and the variations in ¢.and ovalues is necessary.
Further explorations regarding EMI shielding functionalities

Concerning the Fe, Co, Ni@MWCNTs films, different experimental
undertakings should be performed to fully unveil the potentialities offered by
this MAM design. Firstly, the films should be loaded with a higher rate of
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MNPs in order to observe the impact of the magnetic materials on the
microwave absorption rates. The solution must come from the MNPs loading
rate and not the amount of nanocomposite powder loaded into this films.
Indeed, as stated in Section 812, the latter is restricted to a maximum of
3% (%w/w), in order to avoid excessive reflection of the incoming microwave
and film brittleness. Thus, MNPs@MWCNTs nanocomposites with much
higher MNPs loading rates (~100%) should be produced for these
experiments. Furthermore, the deposited MNPs should possess a size
distribution situated just below the mono-to-multidomain transition

threshold, to simultaneously optimize both M;and ..

Secondly, a different dispersion method should be found. Indeed, as shown in
Chapter 8, the temperature (250°C) used during the extrusion process
induces the thermal oxidation of the deposited MNPs, thus reducing the
film’s magnetic content. Preliminary undertakings were performed to
develop an ambient-temperature, solvent-based dispersion method.
However, obtained results were unsatisfactory as the nanocomposites were
heterogeneously distributed in the polymeric matrix. An alternative would
be to use a different polymeric matrix with a lower fusion temperature.
Nonetheless, this would firstly demand to study the dispersion behavior of

the nanocomposite in the tested polymer matrixes.

Finally, a TEM study on thin sections obtained from the films should be
performed. Indeed, this would allow understanding the microstructure
formed by the dispersed MNPs@NCcS inside the polycarbonate matrix. It
would also allow to determine if the MNPs detach from the NcS during the

dispersion process.

For the inkjet-printed prototype of MAM presented in Chapter 9, it is perhaps
the most exciting venue to thoroughly explore in the near future. Both the
ink composition and the FSS structure could be varied in order to expand its
range of possible applications, especially as electromagnetic bandgap
materials. For instance, magnetic losses, determined by NP composition-
dependent FMR, could be exploited to induce highly efficient frequency-

selective absorption. In order to achieve this, inks using MWCNTs decorated
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with higher loadings of MNPs should be developed. Also, as mentioned above
for the polymeric films, the deposited MNPs should possess the appropriate
size distributions in terms of M,and /.optimization. Furthermore, a metallic
MNPs@MWCNTs nanocomposite (Fe, Ni or Co) should be transformed into
an inkjet-printable dispersion. FSS specifically designed for its higher ¢, and
4, values could allow achieving frequency-selective reflections or
absorptions. Finally, it should be determined if tunable, frequency-selective
absorption behaviors could be achieved under variable magnetic or electric
fields.
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Appendix I

I1 Nanocarbon supports

Specification Company Country

Multi-walled carbon NC3100, 95%C .
nanotubes urit Nanocyl Belgium
(MWCNTSs) purity

Graphene oxide (GO) - Nanoinnova

Reduced graphene . Technologies Spain
oxide (rGO) SL
Graphene
nanoplatelets Téhl\?ggg( TIMCAL Switzerland
(GNPs)

I.2  Other reactants
Across, Belgium

Name Specification

Iron (II1) nitrate nonahydrate 99+%

Cobalt (II) nitrate hexahydrate For analysis

Alfa Aesar, Germany

Name Specification

Ethylene glycol Spectrophotometric grade, 99+%
Hydrazine monohydrate 99+%

Iron (II) chloride tetrahydrate Reagent grade, 99%
Polyethylene glycol 2000 -

Polyvinylpyrrolidone 10,000 | Powder (M.W 10,000)
(PVP-10,000)

Tetraethoxysilane 99.9%

Tetramethylammonium 25% w/w aq. soln., 99.9999%
hydroxide

BYK, Germany

Name Specification

i Disperbyk-190 [ -

Bayer Material Science, Germany

Name Specification

i Polycarbonate i Makrolon®0D2015

Merck, Germany

Name Specification
Polyethylene glycol 400 Synthesis grade
Citric acid monohydrate For analysis
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Materials and reactants

Sabic Innovative Plastics, Saudi Arabia

Specification
| 0.125 mm-thick

Name
i Lexan 8B35E sheets

Sigma Aldrich, Germany

Name Specification
(3-aminopropyDtrimethoxysilane { 97%
Iron (II1) acetylacetonate 97%

Iron (11T) chloride hexahydrate

puriss. p.a., Reag. Ph. Eur., 299%

Nickel (II) nitrate hexahydrate

97+%

Thionyl chloride

ReagentPlus®, >99%

Triethylene glycol

ReagentPlus®, >99%

Triton X-100

For molecular biology

VWR, Belgium

Specification

Name

Ethanol 96% v/v, Technisolv
Hydrochloric acid 37% w/w, AnalaR NORMAPUR
Nitric acid 65% w/w, AnalaR NORMAPUR
Sodium Hydroxide AnalaR NORMAPUR

Toluene AnalaR NORMAPUR

299






appenclix 1l

physicochemical
characterization
techniques



Appendix I1

Support scientists and technicians

Sergey Basov (IMCN/BSMA), Arnaud Delcorte (IMCN/BSMA), Pierre Eloy
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Benoit P. Pichon (UNISTRA/IPCMS), Claude Polenius (IMCN/BSMA), Koen
Robeyns (IMCN/MOST), Laurence Ryelandt (IMMC/IMAP), Jean-Francois
Statsyns (IMCN/MOST), Pascal Van Velthem (IMCN/BSMA), Frederic Van
Wonterghem (IMMC/IMAP).




Physicochemical Characterization Techniques

A wide range of analytical techniques were employed to extensively
characterize the obtained nanocomposite products. Indeed, revealing the
influence of certain synthetic parameters on the nanocomposites most
relevant physicochemical characteristics was of foremost importance.
Regarding the different types of synthetized nanoparticles (NPs), we
systematically evaluated their chemical identity, size, loading rate and
spatial distribution over a particular nanocarbon support (NcS). As for the
different NcS employed, we studied their characteristic morphologies and
sizes, as well as their elemental and molecular compositions. Finally, the
magnetic properties of the end nanocomposite powders and their

corresponding thin films were also determined.

Accordingly, the crystalline phases constituting the NPs were identified
using X-Ray diffraction (XRPD). For certain Fe-containing NPs, *'Fe
Mossbauer spectroscopy was also used to complement the XRPD results.
Furthermore, energy dispersive X-ray analysis (EDX) coupled to a scanning
electron microscope (SEM) or inductively coupled plasma atomic emission
spectroscopy (ICP-AES) were used to determine punctual or global
elemental  profiles, respectively, in  the as-synthetized  NPs.
X-ray photoelectron spectroscopy (XPS) was likewise used to determine the
elemental composition and the chemical states of such elements at the
surface of the different NPs and NcS. Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMs) was also employed in the specific case of the
Fe/Co/Ni alloy NPs to address complex issues regarding their surface

composition.

Thermogravimetric analysis (TGA) was used to determine the amount of
NPs loaded onto a particular NcS. However, in the specific case of the
Fe/Co/Ni alloy NPs, ICP-AES was chosen instead to determine the loading of

each metal.

Electron microscopy techniques such as SEM or transmission electron
microscopy (TEM) were also regularly used to observe the shapes and

measure the sizes of the different NPs and NcS composing the synthetized
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nanomaterials. They also allowed visualizing the NPs spatial distribution

over a particular NcS surface.

Lastly, the magnetic properties of the different nanocomposite powders and
their films were evaluated using two types of magnetometers. The former
products were studied using a Superconducting Quantum Interference
Device (SQUID) while a Vibrating Sample magnetometer (VSM) was used for
the latter.

II.1 Characterization techniques and sample

preparation methods

A brief overview of each characterization technique experimental procedure
and its corresponding sample preparation method is given below. The

techniques are listed in alphabetical order.

II.1.1 Inductively coupled plasma atomic emission spectroscopy
(ICP-AES)

Samples (=25 mg) were carbonized at 550°C. The leftover ashes were
dissolved in 0.05 mL of agua regia and then diluted 1000x. The resulting
solutions were measured with an ICAP 6500 Thermo Scientific

spectrophotometer (Thermo Fisher Scientific, U.S.A).
I1.1.2  *’Fe Mossbauer spectroscopy

Samples were sealed in aluminum foil and mounted on a nitrogen Oxford
bath cryostat. >’Fe Mossbauer spectra were recorded at 77 K and room
temperature (R.T. in transmission geometry using a conventional
Mossbauer spectrometer equipped with a “’Co(Rh) radioactive source
operating at room temperature. The spectra were fitted to the sum of
Lorentzians by a least-squares refinement using Recoil 1.05 Modssbauer

Analysis Software [1]. All isomer shifts refer to a-Fe at room temperature.
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1113  X-Ray powder diffraction (XRPD)

Samples were introduced into 0.5 mm thin-walled glass capillaries
(Hilgenberg GmbH, Germany), mounted on a goniometer head and kept at
200 mm distance from the detector. Diffractograms were then collected at
room temperature using a MAR345 diffractometer (MarResearch GmbH,
Germany), a Mo-Ka (0.71073 A) anode and a XENOCS focusing mirror. The
obtained 2D diffractograms were azimuthally integrated using the
Fit2D software, calibrated with a L.aB6 standard (NIST 660b Standard).

I1.1.4 Scanning electron microscopy with coupled energy-

dispersive X-ray spectroscopy (SEM-EDX)

Samples prepared for TEM analysis were also used for SEM imaging. The
TEM grids were mounted on double-face adhesive carbon tape adhered to an
aluminum sample holder. These were analyzed without further preparation
in a FEG-SEM Ultra55 instrument (Carl Zeiss, Germany) equipped with an
Oxford Inca EDX system (Oxford Instruments, U.K.). Images were acquired
with the SmartSEM software (Carl Zeiss, Germany) at different acceleration
voltages ranging between 3 keV and 15 keV, using InLens and SE2 detectors.
X-ray fluorescence spectra were collected at 15 keV using the ESPRIT
software (Bruker, U.S.A.).

II1.1.5 Superconducting Quantum Interference Device (SQUID)

magnetometer

Magnetization measurements were performed using a MPMS-XL5 SQUID
magnetometer (Quantum Design, U.S.A.) without further sample
preparation. Magnetization curves as a function of an applied magnetic field
(M(H) curve) were measured at 300 K after applying a degaussing procedure.
The magnetization was then measured at constant temperature by sweeping
back and forth the magnetic field between +7 T and -7 T.

I.1.6  Time offlight secondary ion mass spectrometry (ToF-SIMS)

Sample powders were manually pressed with a spatula onto adhesive part of
Post-it" papers and analyzed without further preparation using a IONTOF
TOF.SIMS instrument (IONTOF GmbH, Munster, Germany). A pulsed
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Bi" metal ion source produced a primary beam using an acceleration voltage
of 30 kV. An AC target current of 2 pA with a bunched pulse width lower
than 1 ns was used. Both positive and negative secondary ion species were
analyzed. For spectra acquisition, a raster of 128 x 128 data points over an
area of 200 x 200 pm” was employed. The total primary ion beam dose for
each analyzed area was always kept below 2x10"™ ions.cm™ Lateral
resolution of ~3 um and mass resolution m/Am > 5500 at 29 m/z were
maintained for positive and negative spectra acquisition. Charge
compensation was done with an interlaced electron flood gun (Ei = 20 eV).
All data analyses were carried out using the software supplied by the
instrument manufacturer, SurfacelLab (v.6.5).

II.1.7 Transmission electron microscopy (TEM)

Samples were dispersed in hexane or ethanol by sonication. Three drops of
the supernatant were then deposited onto a holey carbon film supported on
a copper grid (C-flat, Protochips, USA), and left to dry, overnight, at room
temperature under vacuum. TEM images were obtained on a
LEO 922 OMEGA Energy Filter Transmission Electron Microscope
(Carl Zeiss, Germany) operating at 120 kV. Particle sizes were analyzed with
the AnalySIS Auto 5.0 software (Olympus Soft Imaging Solutions GmbH,
Germany) on at least 100 particles per sample as recorded on the TEM
images. High resolution TEM (HRTEM), EDX, and electron diffraction (ED)
were performed with a JEOL ARM200F microscope (JEOL Ltd. Japan)
operating at 200 kV.

I1.1.8 Thermogravimetric analysis (TGA)

Samples (5-10 mg) were placed in alumina crucibles and introduced in a
TGA/SDTA 85le instrument (Mettler Toledo, US.A). Thermograms were
recorded up to 900 °C using a 10 °C/min heating rate under an air flux. The
samples were recovered after heating and analyzed by XRPD as described
above, to identify the chemical nature of the remaining powder. Indeed, TGA
data treatment required for the calculation of the NPs loading rates was
based on the formula weight of the identified compound. Corrections for
residual non-carbonaceous impurities present in the different NcS used were

also included in these calculations.
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I.1.9  Vibrating sample magnetometer (VSM)

The magnetization measurements of the MNPs@MWCNTs_PC films were
performed with a VSM apparatus (Oxford Instruments) at room temperature
using typical sweep rates between 0.06 and 0.12 T/min. The magnetic field
was applied perpendicularly to the sample at all times. The obtained results
were normalized with respect to the amount of MNPs contained in each film.
To do so, the corresponding M/C (metal-to-carbon) loading rate (LR) values

determined by TGA analysis were used.
II1.1.10 X-Ray photoelectron spectroscopy (XPS)

A few milligrams of each sample were deposited on a double-sided adhesive
tape clung onto a brass cup, and then introduced onto a Macor® carousel.
The analyses were performed on a SSX 100/206 photoelectron spectrometer
from Surface Science Instruments (US.A) equipped with a
monochromatized micro focused Al X-ray source (powered at 20 mA and
10 kV). The pressure in the analysis chamber was around 10° Pa. A flood gun
set at 8 eV and a Ni grid placed 3 mm above the sample surface were used for
charge stabilization. The C-(C,H) component of the carbon Cls peak was
fixed to 284.8 eV to set the binding energy scale. Data treatment was
performed with the CasaXPS program (Casa Software Ltd, UK). Spectra were
decomposed with the least squares fitting routine provided by the software
with a Gaussian/Lorentzian (85/15) product function and after subtraction of
a Shirley-type baseline [2]. Molar fractions were calculated using peak areas
normalized on the basis of acquisition parameters and sensitivity factors
provided by the manufacturer. Depending on the MNP@NcS combination,

the analytical peaks used were Cys, Nayg, Clyp, Org, Nig, Niop, Fesp, Copp and Niyy,.
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The chemistry of iron oxides, hydroxides and oxyhydroxides

The chemical family constituted by iron, its oxides, hydroxides and oxyhydroxides
have been of utmost importance to very diverse areas of human activity since the
dawn of ages [1]. Accordingly, the scientific community has devoted extensive
attention to their transformations and synthesis. Indeed, the different compounds
that compose this family are complexly interrelated by a series of physicochemical
transformations that are sensibly dependent on a system’s particular reaction

conditions such as pH, temperature or pressure [2, 3], among other variables.

The later was experimentally observed during the synthesis of a
magnetite@graphene nanocomposite by a direct co-precipitation method, in
which a lepidocrocite phase was obtained as a synthetic by-product
(see Section 2.2.1). In the context of this research project, the presence of iron
oxyhydroxide impurities is considered doubly problematic. Firstly, because they
are non-magnetic, and secondly because they can readily transform into other,
thermodynamically more stable, iron-containing oxyhydroxides, such as goethite,
or oxides, such as maghemite or even hematite.

These findings made it clear that it was important to overview the different
interrelations existing between the iron-containing species in order to clarify
which experimental conditions allowed the obtention of a particular iron-
containing compound as a pure phase. The present review thus wishes to give a
brief overview on these matters.

IIl1 Existing iron oxides, hydroxides and

oxyhydroxides

Altogether, there are sixteen known iron oxides, hydroxides and oxyhydroxides [4]

whose common names and formulas can be found in Table 1.

Generally speaking, these species consist of closed packed arrays of oxygen atoms
or hydroxyl anions (usually in hexagonal (hcp) or cubic close packing (ccp)) in
which the interstices are partly filled with divalent or trivalent iron predominately
in octahedral coordination, though in certain cases tetrahedral coordination is
also observed. The various species differ in the way in which the basic structural
units are arranged in space. In some cases, water molecules and small amounts of

anions (mainly Cl, SO, CO5?) may also participate in the structure.
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I11.2 Formation and transformations of the different
iron oxides, hydroxides and oxyhydroxides:

general considerations and mechanisms

Being able to predict which iron oxide will form under a particular set of
conditions and whether a single compound or a mixture can be expected is of
uttermost importance. Different predictive approaches have been reviewed in the

scientific literature.

For instance, a clear guide as to which compound is thermodynamically possible
under any set of conditions can be obtained from the change in free energy, AG?
for a particular reaction under consideration. A comprehensive list of values
required for this calculation applied to the different iron oxides and the soluble

Fe species can be found in Cornell and Schwertmann [4].

Whatsoever, it must not be forgotten that a particular transformation considered
feasible from the thermodynamic point of view can sometimes not be observed
under laboratory conditions. These might be a result of sluggish kinetics, involving
other variables not considered by the thermodynamic calculations. This is the case
of the transformation of lepidocrocite into goethite, a more stable
Fe oxyhydroxide, which has never been observed under ambient conditions in the
laboratory [4]. Furthermore, the lepidocrocite to hematite or maghemite
transformation has been observed only at high temperatures [4]. Another
situation in which thermodynamic predictions might also be insufficient is when
dealing with metastable phases that exist for certain periods of time. For example,
Fe(OH), is thermodynamically unstable with respect to magnetite and other
Fe* compounds. It can, however, exist as a metastable phase for limited periods

[4].

A second predictive approach involving redox reaction conditions could be
considered more appropriate given the different transformations occurring
between the Fe-containing species usually involve changes between the two
common Fe valence states, 2" and 3". In this case, a series of plots traditionally
named Pourbaix or “Eh vs pH” diagrams relate the system'’s redox potential (Eh)
variation against its pH, allowing to identify the stability zones of the different

possible iron-species.
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Table 1 - List of iron oxides, hydroxides and oxyhydroxides. Adapted

from [4]
Species Common name Chemical formula
Iron oxides
1ron(ll) oxide Wistite FeO
iron(IL111) oxide Magnetite Fe;0,
iron(1ll) oxide
alpha phase Hematite o-Fe,04
beta phase - S-Fe,04
gamma phase Maghemite »Fe;0;
epsilon phase - &-Fe,04
Iron hydroxides
iron(ll) hydroxide White rust Fe(OH),
iron(Ill) hydroxide Bernalite Fe(OH),
Iron oxyhydroxides
Goethite a-FeOOH
Akaganéite B-FeOOH'
Lepidocrocite y-FeOOH
Feroxyhyte 6-FeOOH
Ferrihydrite FeOOH-4H,0,
FesHOg4H,0,
Fes(OH)0O-4H,0
High-pressure FeOOH -
Iron (III) i Schwertmannite ideally
oxyhydroxysulfate Fei60:6(0H)y(S0,),
2 'HHBQO X
(Fe™ 10Fe” ((OH),]"
Iron (IL, III) Grgen rusts | (_planar 2 Ix/ 1(1A')n~m/ nH,0™
oxyhydroxychloride, anzjons, eg,Cl and %03 )
sulfate or carbonate ?1 sreen rusts.H (t e where A isCl, CO5>
imensional anions SO, ) orSOf

""Cudennec and Lecerf [5] mention that akaganéite is not strictly an iron
oxyhydroxide but rather an oxyhydroxichloride. Indeed, in this compound’s
structure, oxygen is occasionally replaced by a hydroxide and a chloride ion.
The presence of the chloride ion is essential to the stability of the crystal
structure, characterized by the presence of large channels in which these ions
are positioned. Cornell and Schwertmann [4] point out that fluoride-
containing akaganéite minerals have also been found, in which F replaces the
Cl" anion.
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As for the mechanisms governing not only the obtention of a particular iron-
containing species but also the transformations occurring between them, they
are still a matter of academic debate[1,2 4, 5,6, 7].

Cornell and Schwertmann [4] consider that the formation of all the Fe-
containing hydroxides, oxyhydroxides and oxides follow one of the following
four basic mechanisms:

i)  Direct precipitation from Fe* and/or Fe®-containing solutions by
means of either hydrolysis reactions of Fe* ions or oxidation followed
by hydrolysis of Fe*" ions, at various temperatures and pHs.

ii) By the thermal decomposition of metal chelates.

iii) Transformation of an Fe oxide precursor, either by a
dissolution/reprecipitation process or,

iv) Via a solid state thermal transformation involving internal
rearrangements within the structure of the solid precursor.

A different perspective on the same matter has been offered by Cuddenec [9].
Considering that metallic iron is the initial departure point, the author proposes
four main oxidation mechanisms that end up in the obtention of hematite, the
iron oxide with the highest thermodynamic stability. These mechanisms are:

i)  Oxidation under humid air (in the absence of CO,).
ii) Oxidation in acid aqueous environments.

iii) Oxidation in neutral aqueous environments, in the presence of anions,
particularly chloride.

iv) Oxidation in basic environments.

In Cudennec’s approach, the other iron oxides, hydroxides and oxyhydroxides
are to be considered as intermediary phases that are more or less metastable.
The extremely poor solubility of all these solid phases doesn't exclude the
possibility that they transform into each other by dissolution and
recrystallization mechanisms, as Cornell and Schwertmann have documented
[4]. Whatsoever, the structural filiations existing between some of these phases
tend to point towards the fact that a topotactic transformation is, sometimes,
the only valid mechanism explaining why a particular phase transforms
exclusively into another.

The different transformation pathways as summarized by Cuddenec [9] and by
Cornell and Schwertmann [4] are shown in Figure 1 and Figure 2 respectively.
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Dissolved

Hexagonal -

Deprotonation close packing

Cubic-
close packing

O
@
il

Hydrolysis, nucleation, crystallization

pH21
Goethite Dehydration
o-FeOOH Rearrangement
Thermal transformation 200-400°C
Oxidation + Dehydroxylati Maghemite Thermal
carbonate ehydroxylation transformation
pPHS57 Y'Fezog
>
Oxidation higher temp.

Oxidation Magnetite
F6304

Oxidation +
dehydration

Precipitation Rapid oxidation

Oxidation, deprotonation

Figure 2- Transformation pathways of the iron-containing oxides, hydroxydes and
oxyhydroxides. Adapted from Cornell and Schwertmann [4].

316



The chemistry of iron oxides, hydroxides and oxyhydroxides

II1.3 Experimental conditions leading to particular Fe-

containing hydroxides, oxyhydroxides or oxides

The following sections will present a brief review of the mechanisms and
reaction conditions that can lead to the formation of a particular iron-
containing phase or a mixture of them either from a) a solution of Fe*" ions
or b) a solution of Fe” ions: c) the thermal decomposition of a metal chelate;
d) thermally driven transformations in the solid state; and

e) dissolution/recrystallization processes.

Green rusts (GR), goethite, lepidocrocite and maghemite have been given
special attention, being these species the most possible reaction by-products
that can be obtained under the experimental conditions we have used for

magnetite synthesis.

II1.3.1 Formation of Fe hydroxides, oxyhydroxides and oxides

from Fe(III) systems

Most of the reactions departing from Fe ions in an aqueous solution and
leading to the obtention of one particular Fe-containing hydroxide,
oxyhydroxide or oxide involves a hydrolysis reaction. These reactions
spontaneously occur when, in the presence of water, an Fe®* salt dissociates,
forms an hexa-aquo ion (see Equation I11.1) and then, due to the influence of

the electropositive cation, the ligands are deprotonated (see Equation I11.2).

FeCly+6H,0 — Fe(H,0); +3CI Equation IIL.1
Fe(H,0)}" - FeOH(H,0); +H" ... Equation I11.2

This process happens stepwise with ultimately all six ligands being
deprotonated. Complete hydrolysis corresponds to the formation of an
Fe’* oxyhydroxide or oxide (Equation 1113 and Equation I11.4).
Fe(HZO)f_)* - FeOOH+3H" + 4H,0 Equation I11.3
2Fe(H,0);" - Fe,0, +6H" + 9H,0 Equation I11.4
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Initially, low molecular weight species are formed, as shown in Equation I11.5

(the Fe®" ion is not shown fully hydrated as in Equation I11.2):
Fe* +H,0 - Fe(OH)*" +H" Equation IIL.5

However, when the OH/Fe ratio reaches a threshold value of circa 1 [4], the
low molecular weight species interact to produce dimers (Equation II1.6).

Trimers or tetramers have not been identified directly.

k
2Fe(OHY 2 Fe,(OH);" Equation I1L.6

ko1
The formation of the dimer is rapid, around three orders of magnitude faster
than its breakdown (k;,=360 M's™ while ky=0.4 s* @25°C, 3M NaClO,), and
thus further polymerization of the dimer may be very swift [4]. Usually,
when hydrolysis has reached an advanced state, a red brown solid,
suspended or precipitated, is obtained. It contains a mixture of monomers,
dimers and polymers of different molecular weights, being these last species

more abundant when the OH/Fe ratio reaches higher values [4].

From what was described above, a Fe’* salt solution may lead directly to
goethite, lepidocrocite, akaganéite and hematite- or mixtures of these

compounds- depending on the experimental conditions.

The key factor governing which oxyhydroxide or oxide forms, as well as its
crystallinity, is the rate at which the above-described monomers and dimers
are supplied to the growing crystal. The governing factors in this
polymerization/crystallization  process are thus pH and the
Fe’ concentration (and thus, the OH/Fe ratio) as well as temperature.
Indeed, the supply rate of growth units has to be such that the solubility
products of these oxides are exceeded, but not the much higher one of
ferrihydrite. Such a situation arises at low pH (OH/Fe < 1) or, at higher
OH/Fe, if the growth units are supplied so slowly that the spatial ordering

leading to the more crystalline Fe oxyhydroxides or oxydes can be achieved.

In other terms, the slower the hydrolyzed species are supplied, the better
ordered are the phases that result and thus the highly crystalline oxides,

such as lepidocrocite, goethite or hematite, can be formed. On the other
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hand, when the rate of supply of growth units is relatively rapid, the
ferrihydrite is favored. However, the more crystalline Fe species can also
form over a wide pH range by transformation of ferrihydrite following a

series of dissolution/reprecipitation mechanisms.

The nature of the anion has also been shown to have a significant effect. For
example, goethite has been found to be formed exclusively from Fe(NO;);
solutions whereas both goethite and lepidocrocite were obtained from
Fe(ClO,) 5 solutions. In addition, akaganéite formation seems to require the

presence of chloride and fluoride ions [4].

The obtention of magnetite from a Fe’' solution must involve the partial
reduction of some of the Fe’ species into Fe*" ions. In the following section,
the basic set of chemical reactions involving Fe*" ions will be reviewed,
making a special emphasis on those reactions that can take place when

2 3+ .
Fe*" and Fe” ions are present.

I11.3.2 Formation of Fe hydroxides, oxyhydroxides and oxides

from Fe(II) systems

Goethite, lepidocrocite, akagénite, magnetite, maghemite, ferrihydrite,
feroxyhyte and hematite can all be produced from Fe* solutions by
oxidation to Fe’" followed by hydrolysis. This process can happen either
directly or wia green rust complexes or Fe(OH),. The latter species can
convert to the oxides either by a solid state reaction or by means of a
solution (reconstructive) transformation [4]. Generally, when there is a
difference between the structure of the precursor and that of the final oxide,
a via solution process seems more likely, but an internal rearrangement

during oxidation may also take place.

Which oxide forms is governed by the pH, the rate of oxidation and
concentration of Fe*', the temperature and also by foreign compounds in the

system.
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Given the oxidation reaction of Fe*" with oxygen can be written as:
1 .
2Fe?** + 3H,0+ 70, - 2FeOOH+4H" Equation I11.7

The rate of Fe*" oxidation can then be described by the following equation:

#te%]—k[l?ez*] -Po, - [OH T Equation II1.8

It can be thus clearly observed that the rate of oxidation increases one
hundredfold per pH unit. In addition, besides increasing with increasing
temperature, this rate has also been shown to be inversely dependent on the
ionic strength of the system, directly dependent on the stirrer speed and also
influenced by the nature of the counterion. Indeed oxidation of Fe*" is
accelerated by ions such as F, H,PO, and HPO,? and lowered by others in
the order, ClO, > NO; > ClI' > H,SiO, > Br > I' > SO,? [4]. Likewise, the
presence of other iron oxides can promote oxidation in the order ferrihydrite

< goethite < lepidocrocite < akaganéite.

Unless the reaction conditions are carefully controlled, mixtures, rather than
a monophase product result. Characteristically, Fe* systems lead to the
formation of pairs of products, e.g. goethite/lepidocrocite. Table 2 exemplifies
certain experimental conditions favoring the formation of one compound in

various pairs of oxides typically formed via the oxidation of Fe*" salts.

Table 2 - Experimental conditions that favor the obtention of a particular Fe-

containing compound when departing from Fe”" salts

Goethite Lepidocrocite
CO, present CO, absent
Sulphate Chloride
Fast oxidation Slow oxidation
Lower pH Higher pH

Al, Mn, Co
Lepidocrocite Ferrihydrite
Slow oxidation Fast oxidation

pH>5 pH<5
Lepidocrocite Magnetite
Fast oxidation Slow oxidation
Low temperature High temperature
Lower pH Higher pH
Chloride -
Low [Fe*] High [Fe*']
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The chemical system formed by all the possible Fe-containing species that
can be formed from a Fe* solution is extremely complex. Whatsoever, given
the aims of both, our research project and this Appendix, only the chemical
system surrounding magnetite and its obtention will be explored, clearly
outlining the role played by pH, the oxidation rate of Fe*" and reaction

temperature as the most relevant experimental variables to be controlled.

111.3.2.1 Effect of pH, oxidation rate of Fe(ll), and temperature:
the Fe(OH),, green rusts type I or II, Fe;HOg, o.,y-FeOOH
and Fe;0, system

In strongly alkaline solutions (pH > 10) oxidation of Fe*" solutions proceeds
via the formation of Fe(OH), and usually yields magnetite given that, under
these conditions, the solubility product of magnetite is exceeded so that it is

more stable than the other Fe®* oxides.

The exact mechanism through which Fe(OH), transforms into magnetite is
still a subject of debate [4]. Kiyama [8] has indicated that at a pH value above
10, abundant Fe(OH), crystals precipitate and, wa air oxidation, form
magnetite. Considering that the involved species have different particle
shapes and that the oxidation rate is independent of the concentration of
magnetite in the system, this author assumed that the formation of the oxide
does not occur by the surface oxidation of the hydroxide (solid phase
reaction) but instead occurs in the liquid phase. Other authors [4] observed,
however, that magnetite indeed nucleated on the surface of platy Fe(OH),

crystals but that this growth involved soluble species [4].

Nonetheless, different authors have observed [4, 5 8] that, alongside
magnetite, FeOOH (either lepidocrocite or goethite) is formed in the
suspension. Cornell and Schwertmann [4] indicate that the formation of
these oxyhydroxides ceases at an early stage of the reaction and that the
Fe” ions in solution interact with them to form magnetite. Indeed, Cudennec
[5] has shown that under the oxidative action of oxygen, it dissolves yielding
goethite, and then, forms magnetite. One of the hypothesis that have been

proposed [5] to explain this reaction pathway is that the goethite formed
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from Fe(OH), reacts with the residual hydroxide, yielding the more stable
magnetite oxide:
2a-FeO(OH)+Fe(OH), - Fe;0,+2H,0 Equation I11.9

Different authors [4-8] have also observed that when the amount of base
added creates only slightly basic conditions (7 < pH < 10), a whitish but
relatively amorphous precipitate of Fe(OH), and/or ferrihydrite is formed,
this later species being favorably produced at lower pH values. The oxidation
of this precipitate forms firstly a dark green precipitate whose XRPD
analysis proved to be a green rust of type I or II [8], depending on the

intercalating anion found in the precursor Fe** salt.

The obtention of a green rust from the oxidation of Fe(OH), has been
described by Génin et al [6]. The hydroxide consists of hexagonal close-
packed OH  ions with alternating Fe*" layers and empty spaces forming a
sequence AcBOJA... In this sequence A and B represent the OH  planes, ¢ the
Fe®* cations and [J the empty spaces. When oxidation of the Fe(OH), occurs
and some Fe”' are transformed into Fe*', a hydroxide sheet AcB which was
originally electrically neutral, gains an “excess” positive charge. In order to
restore electrical neutrality, negative charges provided by anions (such as CI,
S04* or CO32’) are intercalated into the AcB sheets and thus a green rust

(of a type dependent on the nature of the anion) is formed.

Cornell and Schwertmann [4] point out that green rusts are also formed
during the oxidation of Fe*" species under weakly acid to weakly alkaline
conditions. In this case, the solubility product of Fe(OH), is no longer
exceeded and its precipitate is not formed. Whatsoever, these authors have
established that there are two other possible reaction pathways for green
rust formation: either by direct precipitation from a Fe*" salt solution upon
oxidation, once their solubility product is exceeded (Equation II1.10); or by
interaction between the highly reactive 2-line ferrihydrite, FesHOs,
precipitated initially, and Fe*" in solution (Equation I11.11). In the presence of
a sufficiently high concentration of Fezf the green rust is more stable than

2-line ferrihydrite.

322



The chemistry of iron oxides, hydroxides and oxyhydroxides

3FeS0,4+0.250, + 45H,0 - Fe3 Fe* (OH).SO, +2H,S0, EquIlIalt;)on
Fed"HOg+10FeSO,+ 17H,0 — 5Fe3 Fe’ (OH);S0, + 5H,S0, Equation
11Nt}

From these equations, it is clear that the formation of the green rust phases
depends on the concentration of Fe*" in solution. Indeed, it has been found
that once the [Fe*] falls below a critical level and the pH of the solution
becomes slightly acidic (pH < 5), further oxidation leads to the
decomposition of the green rust and to the formation of goethite and/or
lepidocrocite (see Equation 111.12).

5Fe3"Fe’ (OH).SO,+ 0, — 6FeOOH+4H,S0, Equation I11.12

Seemingly, which type of allotropic form of FeOOH is obtained depends on
which type of green rust is oxidized [5, 6]. y-lepidocrocite is obtained, mostly
as a pure phase, for green rusts containing chloride while a-goethite is
obtained exclusively when oxidizing green rusts whose counteranion is
carbonate [6]; a mixture of both allotropes can be obtained, depending on the

reaction conditions, from sulfate-containing green rusts [5].

Cudennec and Lecerf [5] have postulated that these particularities might be
attributed to the effect of the counteranion on the oxidation rate of Fe™,
following the same principles described in section I11.3.2 for the formation of
these two FeOOH allotropes from a Fe* solution. Indeed, if the oxidation rate
of the ferrous ion is slow, the most thermodynamically stable trivalent iron
oxyhydroxide, goethite, is to be produced. Thus, while chlorides seem to
accelerate the oxidation of Fe® ions and thus induce the production of
lepidocrocite, carbonates retard this oxidation and orient the reaction

towards the obtention of goethite.

However, these authors have also advanced the idea that a complex
topotactic transformation takes place and thus the crystalline structure
found in a particular green rust, which is basically induced by the
counteranion, also plays a fundamental role in the obtention of one or the
other iron (III) oxyhydroxide allotrope. Whatsoever, here again, there is no

consensus on how this transformation actually takes place given the
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structural differences between the green rust and the oxidation products
(sheets vs. double bands of octahedra) has been considered by some authors
[4, 6] as an evidence that a wia solution transformation takes place.
Nonetheless, the crystallographic evidence produced by Cudennec and
Lecerfis, up to this date, the most comprehensive mechanistic explanation of

these transformation processes.

At slightly lower pH values, goethite and lepidocrocite form directly from
soluble green rust complexes, possibly because the solubility product of the
correspondent solid green rust is no longer exceeded. At even more acidic
pHs (pH < 4), the [OH ] is too low to form a green rust and thus ferrihydrite, a

compound with alow OH content, is formed exclusively [5].

However, at higher pHs (pH > 7) further oxidation of the green rusts yields
magnetite once the required Fe*'/Fe® molar ratio (0.5) is achieved [7, 8].
Indeed, green rusts have a higher molar ratio of Fe*'/Fe® than magnetite (2.5
to 3.0) [7]. The results produced by Schwertmann and Fechter [7] indicate
that the formation of green rust requires a minimum of Fe® that most
probably lies close to 25% of total iron for the chloride form and close to
33% for the sulphate form (no information for the carbonate-based green
rust is given). However, once formed, the structures tolerate much higher
Fe’ proportions, possibly up to more than 50%. Further oxidation of Fe®" and
thus an increase in the Fe* content causes the green rust to break down and,
if the pH and temperature conditions are met, magnetite is produced.
However, the oxidation rate of Fe*" ions has to be relatively low. Indeed
magnetite formation requires slow oxidation because complete
dehydroxylation of the precursor (the green rust) prior to complete
oxidation is only possible if sufficient time is available. If, on the other hand,
complete oxidation is fast and precedes dehydroxylation, lepidocrocite forms
in preference to magnetite. Indeed, dehydroxylation and oxidation appear to

be competing reactions steps [4].

From the information exposed above, it seems clear that Fe(OH),, the two
FeOOH allotropes, green rusts and Fe;0, are chemical species interrelated by

complex transformation processes. Even though pH and the oxidation rate
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of Fe*" ions seem to be crucial experimental variables for the obtention of a
particular product, Kiyama [8] has also shown that temperature is an
extremely important variable. Indeed, this author proved that independently
of the precursor that is oxidized (e.g. Fe(OH), or green rusts) higher reaction
temperatures favor the formation of a pure magnetite phase while lowering
the temperature produces a mixture of magnetite and « or »-FeOOH and,
eventually, the obtention of either one of the non-magnetic allotropic FeOOH

species (see Figure 3).

-
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Figure 3- Oxidation conditions for the formation of Fe;0,. (Adapted from Kiyama [8])
Legend: ®: Fe;04 X: a-FeOOH, O: A mixture of Fe;0, and a-FeOOH, A: A mixture of
Fe;0, a-FeOOH and p-FeOOH, A: A mixture of Fe;0, and p-FeOOH. R=2NaOH/FeSO,
molar ratio.

I11.3.3 Formation of Fe oxides from the decomposition of Fe

complexes via thermolysis

This process is used to produce iron oxides of well-defined morphology and a
narrow size distribution. It usually involves the solvo or hydrothermal
decomposition of Fe** or Fe® complexes to produce either hematite (under
oxidizing conditions, as those produced by the presence of NO; ions) or magnetite
(in reducing conditions generally obtained by the addition of amines or polyols) [4]
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but has also been performed in the solid state in order to obtain maghemite [10] or
amagnetite-hematite mixtures [11].

The exact mechanisms through which the oxides are formed are not very well
understood. In alkaline conditions, it is believed the complexes are decomposed
forming soluble Fe-hydroxo species that are slowly released [2]. According to what
was presented in section I11.31, the presence of Fe-hydroxo species implies that a
hydrolysis reaction has to take place if the oxides are to be formed. Depending on
the oxidation state of the complex precursor and thus on the redox nature of the
reaction environment, when supersaturation with respect to a particular Fe oxide
(magnetite or hematite) is exceeded, nucleation occurs, followed by an equilibrium
growth stage. Given that the ligand is destroyed as the complex breaks down, it
does not interact with the growing iron oxide.

I11.3.4 Formation of Fe oxides from transformation processes

As mentioned before, a particular characteristic of the iron oxide system is the
variety of possible interconversions between the different phases. This means that,
once obtained, if the appropriate conditions are met, almost every iron oxide can
be converted into at least two others [4]. As mentioned before and as can be
observed in Figure 1, goethite and hematite are the most common end members of
the different transformation processes due to their high thermodynamic stability.

The different transformation processes can be classified in terms of either the
chemical changes that occur or the modifications observed in the compounds’
structural features. Transformations that involve a chemical modification are
dehydration (loss of H,O molecules), dehydroxylation (loss of OH moieties) and
oxidation/reduction (transfer of electrons and change in Fe oxidation state). On
the other hand, the structural transformation processes are either topotactic or
reconstructive.

Topotactic transformations take place in the solid phase, usually at high
temperatures given they involve atomic rearrangements within the crystal lattice.
In this type of transformations, there must be an agreement in three dimensions
between the reactant and the product’s structures. In reconstructive
transformations, however, there is no structural relationship between the reactant
and the product given the former is dissolved and the later precipitates afterwards
from solution. Table 3 below summarizes the interconversions that, accordingly to
Cornell and Schwertmann [4], can take place between the different iron oxides.
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Table 3 - Transformations that can take place between the different iron
ed from [4]

Precursor

Product

Type of transformation

Thermal or mechanical

Preferred
medium

Goethite Hematite dehydroxylation Gas/vacuum
Hydrothermal dehydroxylation Solution
Maghemite Thermal dehydroxylation Air + organic
Maghemlte, Thermal dehydroxylation Gas/vacuum
hematite
. . . . Alkaline
Lepidocrocite Goethite Dissolution/reprecipitation solution
Alkaline
Magnetite Reduction solzution with
Fe™
Akaganéite Hematite Thermal dehydroxylation Gas/vacuum
Goethite Dissolution/reprecipitation Alkal.l ne
solution
Hematite Dissolution/reprecipitation Acid solution
Alkaline
Magnetite Dissolution/reduction solution with
NoH,
&-FeOOH Hematite Thermal dehydroxylation Gas/vacuum
. . . . Alkaline
Feroxyhyte Goethite Dissolution/reprecipitation solution
Ferrihydrite Hematitg, Thermal . . Gas/vacuum
Maghemite dehydroxylation/dehydration
Aqueous
Goethite Dissolution/reprecipitation solution pH 3-
14
. . . S Acidic media;
Akaganéite Dissolution/reprecipitation presence of Cl
Lepidocrocite Dissolution/reprecipitation PH 6, presence
of cysteine
Aggregation, short-range Aqueous
Hematite crystallization within ferrihydrite solution at pH
aggregate 6-8
Substituted . . S Alkal}ne .
. Dissolution/reprecipitation solution with
magnetite M
Hematite Magnetite Reduction Reducing gas
Reduction-dissolution Alkal}ne .
S solution with
reprecipitation
N2H4
Magnetite Maghem ite, Oxidation Air
hematite
Maghemite Hematite Thermal conversion Air
Fe(OH), Magnetite Oxidation N2; Alkahne
solution
Goethite
Lepidocrocite Oxidation Alkaline
Magnetite solution
Maghemite
FeO Magnetite (+Fe) Disproportionation Air
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111.3.4.1 Formation of Fe(lIl) oxyhydroxides and oxides from
thermally-driven transformations

As mentioned in the introduction to this manuscript, in the context of this
research project, the most interesting thermal transformations are those
that relate hematite to maghemite, magnetite or one of the FeOOH
polymorphs that can be formed while trying to obtain magnetite
(eg lepidocrocite or goethite). Indeed, the fact that all the above-mentioned
species can eventually transform into the most thermodynamically stable
hematite implies that our nanocomposites could eventually lose their

magnetic properties.

Generally speaking, all the polymorphs of FeOOH, as well as ferrihydrite, can
be dehydroxylated and dehydrated to those of Fe,O; under the influence of
either heat or mechanical stress. Most of the times, the end product of these
reactions is hematite; only in the case of lepidocrocite, maghemite is

obtained as an intermediate phase.

Even though these transformations have been extensively investigated in
the dry state, they can also take place in solution, under hydrothermal
conditions. Whatsoever, no consensus has been reached on the different
processes’ onset temperature. This is partly due to the fact that this
temperature mainly depends on the nature of the compound, its crystallinity,
the presence of chemical impurities or if the process occurs under air or
under vacuum. For example, it has been observed that as the crystallinity of
goethite improved, the endothermic (DTA) peak temperature shifted from
260 to 320 °C [4]. Furthermore, the dynamic nature of the used
thermoanalysis methods (eg DTA), in which the temperature of the
endothermic peak is usually higher than the equilibrium temperature of the
conversion, also plays a role. Nonetheless, the temperature range values
reported by Cornell and Schwertmann [4] are presented in Table 4 and can

be used as a reference.
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Table 4 - Temperature ranges for thermally-driven transformations

amongst certain Fe-containing species
Transformation temperature (°C)
Goethite Hematite 260-320 °C
200-280 °C (air)
120 °C (vacuum)
Maghemite Hematite 370 - 600 °C

Lepidocrocite Maghemite

3411 The transformation of magnetite to maghemite or hematite

In the specific case of the magnetite to maghemite or hematite
transformation, the thermally-induced topotactic change of magnetite into

maghemite or hematite must be accompanied by an oxidation process.

Different authors indicate that the oxidation from Fe;0, to »Fe,O5; can be
fully accomplished at approximately 220 °C [12]. Nonetheless, the results
obtained previously in our research group [3] clearly indicate that this
process takes place gradually, and that, contrary to what certain authors
recently claim [3], there is not a clearly-defined onset temperature at which
the oxidation process begins nor there is a definite reaction time at which it

is completed.

For instance, it was found that after heating a magnetite sample under air, at
220°C for 6 hours, the finer grains changed color from black to a reddish-
brown, an indication of the magnetite to maghemite transformation which
was confirmed by p-Raman spectroscopy and X-ray diffraction [3]. However,
the larger grains remained black, their surface covered with minute
maghemite particles. This was explained by the fact that
magnetite-to-maghemite oxidation is a diffusion-governed process, in which
particle size are of outmost importance to the oxidation rate. Indeed,
Siddhu et al [12] have proposed that the oxidation process of magnetite
occurs via the outward diffusion of iron cations towards the particle’s
surface. Whatsoever, the oxidation state of the migrating iron cations
remains unclear and no conclusive evidence has yet been provided to solve
this issue. For instance, the investigations conducted by Haneda and Morrish
[13] indicate that the magnetite to maghemite conversion occurs most easily

in ultrafine micrometric magnetite particles. Furthermore, contrary to what
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was reported by Sidhu er al [12], they demonstrated that the activation
temperature for the oxidation process decreases as magnetite particles’ size
decrease, thus making it possible for this transformation to occur even at
room temperature. This is in agreement with has been observed in our
laboratory: our synthetized nanocomposites, whose magnetite nanoparticles
are three orders of magnitude smaller than those investigated by Haneda
and Morrish, also turn reddish-brown when left exposed to air, at room

temperature.

Also, a second process, involving the transformation of magnetite or
maghemite into hematite is also possible. This oxidation process is
particularly crucial to the applications that depend on the ferrimagnetic iron
oxides’ magnetic properties given that hematite is antiferromagnetic. As
with the magnetite to maghemite transformation, the conversion of any of
the two-ferrimagnetic iron oxides into hematite is a diffusion-driven process

dependent on temperature and particle size [14].

Furthermore, the inversion of the cubic spinel structure into hematite’s
hexagonal form is also a thermally activated process. However, the reported
temperature at which this transformation occurs is highly variable and may
range from =~ 250 °C to = 900 °C [14]. For example, David and Welch [15] found
that precipitated magnetite of undetermined particle size presented equal
amounts of magnetite and hematite after heating a sample at 400 °C for
4 hours. Sidhu [16] established that maghemite powders with an average
crystal size of 500 A oxidized to form hematite at a very slow rate (about
10% reaction completed in one week) when heated at temperatures above
320 °C, having to reach temperatures above 450 °C in order to obtain
increasingly higher rates of oxidation. Our own results [3] have shown that
no hematite is observed while heating under air, at 410 °C, a sample of
agglomerated magnetite nanoparticles whose average size is 10.9 + 3.5 nm.
Accordingly, Cornell and Schwertmann [4] have reported that in the
temperature range comprised between 200 and 250 °C, magnetite crystals

transformed solely into maghemite while hematite was obtained at
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temperatures above 500 °C. They have also stated that at even higher

temperatures ( 7>500 °C) magnetite would directly change into hematite.

111.3.4.2  Formation of Fe(lll) oxyhydroxides and oxides from
dissolution/reprecipitation processes

Of all the dissolution/reprecipitation reactions reviewed by Cornell and
Schwertmann [4], only three seem to be of direct relevance to the

development of this research project.

The first of them is the lepidocrocite to goethite/hematite transformation
given the former has been obtained as a non-desired product in several of
our magnetite synthesis and could thus be transformed into the non-
magnetic goethite or hematite species. In alkaline conditions, such as the
ones used in some of our synthesis, goethite can nucleate from soluble
Fe(OH), species released by the dissolution of lepidocrocite. Using a poorly
crystalline lepidocrocite and higher temperatures (above 80 °C according to
the experimental data shown by Cornell and Schwertmann [4]), hematite can

be obtained, possibly via a dehydroxylation process.

The second reaction of interest is the maghemite and goethite to hematite
transformation. In this case, under hydrothermal conditions maghemite
(150 °C - 180 °C) and goethite (180 °C) can transform into hematite by means
of a dissolution/reprecipitation mechanism. A change in the habit of the
reactant and product’s crystals tend to support the existence of such a
mechanism. For the maghemite to hematite transformation, reaction
kinetics seem to depend on the nature of both the reaction medium and the
base, while in the case of goethite they are mostly dependent on the

crystallinity and crystal size of the goethite precursor.

The last reaction to be considered is the reduction of lepidocrocite into

magnetite in alkaline media, following the reaction shown in Equation I11.13:
2FeOOH+ Fe** — Fe;0,+2H" Equation I11.13

Neutralization of the protons promotes the reaction and allows for the

system to become supersaturated with respect to magnetite. The

transformation is believed to occur v7a solution. However, it is also thought
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that the actual mechanism could involve the adsorption of Fe*" species on

lepidocrocite’s surface groups in order to form magnetite directly.

This reaction could theoretically be a solution for the lepidocrocite
contaminations obtained during the synthesis of some of our
nanocomposites. Indeed, if these are replaced in an alkaline media with an
excess of Fe*" ions (using FeCl,4H,0 or FeSO, as precursors, for example),

one should actually expect the contaminant to transform into magnetite.
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IV.1 Oxygenated functions abundance in the different

nanocarbon supports as determined by XPS.

XPS analyses were performed on the different nanocarbon supports. The Ci,
peak was fitted using aromatic (C-arom), alkyl (C-(C,H)), alcohol (C-0),
carbonyl/ether (C=0, 0O-C-O) and acyl ((C=0)-OH) components. The
quantification of the different components’ contribution to the Cis peak area
indicate that the total amount of oxygenated functions decreases in the
order GO>>rGO>GNPs for the graphenic supports and
0X-MWCNTs>MWCNTs. Table 1 below summarizes the % atomic
concentrations of each component and the C/O ratio calculated for each NcS.
The XPS spectra for the Cls peak of the different NcS are presented in
Figures 1-3.

Table 1 - C/O ratio calculated from the atomic concentration (%) of O,
N,s and C;s XPS peaks of the different NcS. C,s peak components detailing

the abundance of the oxygenated functions are included.

Peak é zﬂ , - =
ol 3 =
. — =
@] 6 ac) . B i
24 9 2 el £ M
Ql S Ol Ol i O [3)
Position S -8R 2 2 a =
eV) A S & & & kS S
MWCNTSs 2.2 0.1 0.0 0.0 0.0 0.0 977 977 i 442
OX-MWCNTs | 55 i 00 i 11 { 19 | 00 i 00 | 915 | 945 i 17.3
GNPs 2.2 0.1 01 0.0 0.0 132 84.3 977 i 442
rGO 9.0 2.2 0.2 2.9 54 2.7 77.6 887 9.8
GO 30.3 0.6 53 28.9 3.9 227 82 69.1 2.3
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Figure 2 - XPS spectrum for the C1s peak of GNPs.
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IV.2 Pourbaix diagram for cobalt

Edited from the Materials Project Database. Available online at:

https:;//materialsproject.org
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IV.3 Supplementary XPS results for Fe/Co/Ni alloys

FeCo@GO
Component Pos. (eV) % Area
Co®° 778.8 19.1
CoOx s, TSN 50.8
CoOx_sat ... 786.3 30.1
N
(b)
FeCoNi@GO
LTy \ Component Pos. (eV) % Area
) . /\ Co® 778.1 5.1
J z - CoOx sy <7807 775
792 790 788 786 784 782 780 778 776 774 CoOx_sat ........ 786.2 17.4

Binding energy (eV)

Figure 4 - XPS Co2p;,, peak region showing metallic (Co®) and oxidized (Coox+Coox
sat) components in (a) FeCo and (d) FeCoNi alloy NPs deposited on GO.

FeNi@GO

Component Pos. (eV) % Area
Ni° 852.6 21.8
NiOx -=- 8553 59.7
NiOx_sat ......... 861.5 18.5

FeCoNi@GO

Component Pos. (eV) % Area
Ni° 852.6 20.3
NiOx - 8552 54.6
NiOx_sat ... 861.2 251

Binding energy (eV)

Figure 5 - XPS Ni2p;), peak region showing metallic (Ni°) and oxidized (Niox+Niox
sat) components in (a) FeNi and (d) FeCoNi alloy NPs deposited on GO.
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