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Abstract

Many of our modern technologies require materials with unusual combinations of properties that
cannot be met by the conventional metal alloys, ceramics, and polymeric materials. This is especially
true for materials that are needed for aerospace, underwater, and transportation applications. For
example, researchers, engineers and material scientists are increasingly searching for structural
materials that have low densities, are strong, stiff, as well as abrasion and impact resistant, in addition
not to be easily corroded. Material property combinations and ranges have been, and are yet being,
extended by the development of composite materials.

Polymer-based composites are the combinations of two or more organic and inorganic materials,
mixed together to create a new material, the composite, with enhanced physical cumulative properties
of the constituents. The polymer acts as the matrix, while the filler is dispersed in order to improve
the physical properties of the final composite.

Polymer matrices and fillers are chosen to create composites with tailored properties; e.g., high-
modulus but brittle carbon fibres are added to low-modulus polymers to create a stiff, lightweight
composite with increased toughness compared to the bare polymer. Recently, however, researchers
have reached the limits of optimizing composite properties of traditional micrometre-scale composite
fillers, because the properties achieved usually involve compromises: stiffness is traded for
toughness, or toughness is obtained at the cost of optical transparency. In addition, macroscopic
defects due to regions of the high or low volume fraction of filler often lead to breakdown or failure.
Recently, a large window of opportunities has opened to overcome the limitations of traditional
micrometre-scale polymer composites: nanoscale filled polymer composites, in which the filler is
<100 nm in at least one dimension. Examples of nanoscale fillers are carbon black, carbon nanotubes

(CNTSs), exfoliated clays, and two-dimensional (2D) crystals, such as graphene.

In particular, graphene has a Young’s Modulus of 1 TPa and intrinsic strength of 130 GPa, electrical
conductivity, 5, of up to 108 S m™2, thermal conductivity of ~ 5x10% W m1.K™?, and a specific surface

area of 2630 m? g1, being, therefore, a promising filler for polymer matrices.

Graphene/polymer composites possess not only increased stiffness and strength, compared to the
pristine matrices, but can be useful for multi-functional applications such as in the electronic field, as

wearable strain sensors, printed electrodes, conductive adhesives, and supercapacitors.



Other 2D crystals, with their own and peculiar properties, can be used as fillers for different kind of
applications. As an example, hexagonal-boron nitride (h-BN) has similar mechanical and thermal
properties compared to those of graphene, but it is an electrical insulator. Therefore, h-BN/polymer
composites can cover applications in which high electrical conductivity is undesirable, e.g. for
thermal management or food packaging. Whereas, 2D semiconductors, such as Black Phosphorous
(BP) and transition metal dichalcogenides (TMDs), can be exploited as fillers for developing

composites useful for optoelectronic applications, such as pulsed fibre lasers and photo-actuators.

In spite of the recent development of 2D crystals/polymer composites, there are many questions yet
to be answered. In particular, many technical barriers involving structure control, dispersion of 2D
crystals in the matrix, the interfacial interaction between 2D crystals and matrix, and re-aggregation
issues between 2D crystal flakes must be taken into account to target the wide applications of these

advanced composites.

The aim of my PhD work, presented in this Thesis, was indeed to investigate 2D crystals as potential
fillers for the development of future polymer-based composites, trying to meet the requirements set
by the aforementioned open-questions, linking the morphology of the 2D crystals and their dispersion

in the polymer matrix to the final properties of the as-produced composites.

In my PhD work, | focused my attention, particularly on graphene, h-BN, and WS,. The 2D crystals
used in this work have been synthesized exploiting sonication-assisted LPE and wet-jet milling
(WJM)-assisted LPE, the latter being a completely novel approach developed in our group that allows
an industrial rate production of 2D crystals, meeting the demand of large-scale filler production
required for the composite field. The morphology of the as-synthesized 2D crystals, in terms of
surface area (A), lateral size (I) and thickness (t), has been tuned by exploiting sedimentation-based

separation (SBS).

The size-sorted 2D crystals are subsequently used as fillers in polymer composites, investigating
several polymer matrices: polycarbonate (PC), acrylonitrile butadiene styrene (ABS), and polylactic
acid (PLA). Composites are produced by means of solution blending technique, allowing a thorough
dispersion of the fillers inside the matrix, and then coagulated or cast in order to obtain composite
pellets or composite films. Mechanical, thermal and electrical characterizations of composite films

have been performed and the obtained results are linked to the morphological properties of the fillers.



In details, the Thesis is organized as follow:

Chapter 1 summarizes the fundamental understanding of 2D crystals as fillers in polymer-based
composites, reviewing their production techniques. In this chapter it is presented the theoretical
background governing the composite properties modification mechanisms, focusing on the
mechanical reinforcement, and electrical, thermal and gas barrier properties, evidencing the effect of
the fillers and their morphology.

Chapter 2 displays the production methods and characterization techniques used during my PhD

work, for both fillers and composites.

Chapter 3 is dedicated to the structural and morphological characterizations of 2D crystals
(graphene, h-BN and WS). This chapter lays a solid foundation for the understanding of the
mechanical performances of composites, which will be discussed in the subsequent Chapters 4, 5 and
6.

Chapter 4 concerns the study of graphene as filler in PC-based composites, giving a first example of
the development of a 2D crystal/polymer composite, evidencing the contribution of filler loading and

the effect of dispersion and agglomeration of the filler inside the matrix.

Chapter 5 covers the production of h-BN flakes with tuned morphology obtained by means of an

environmentally friendly approach and its use as a reinforcing agent in the PC matrix.

Chapter 6 describes the effects of morphological parameters of different 2D crystals, i.e. graphene,
h-BN and WS, in the mechanical properties of ABS-based composites, giving new insights in the

exploitation of fillers in the composite field.

Chapter 7 presents the use of graphene and h-BN, produced by WJM approach, as fillers in PLA
matrix, giving a comprehensive study on the mechanical, electrical and thermal properties of
composites and also exploiting synergistic effects due to the simultaneous use of both graphene and

h-BN as fillers in a hybrid, three-phase, composite.

Chapter 8 summarizes the most important insights achieved in the research topics of 2D crystals,
from material to morphological characterization, and their use as fillers in polymer-based composites.

I will also provide some hints for the future exploitation of these materials in the composite field.



CHAPTER 1

Introduction

1.1 2D crystals for polymer composites

Two-dimensional (2D) crystals [1,2], i.e. crystals with atomic thickness, are nowadays at the centre
of an ever-growing research effort due to their unique physical and chemical properties, often superior
with respect their bulk three-dimensional counterparts, interesting for both fundamental science and
applications [1,3]. From the 2D crystals family (Figure 1.1), the most known and studied is certainly
graphene (Figure 1.1a), a defect-free carbon monolayer in which atoms are arranged in honeycomb
lattice, that was isolated for the first time in 2004 by A. Geim and K. Novoselov [4], then awarded in
2010 with the Nobel Prize in Physics for their “groundbreaking experiments regarding the two-
dimensional material graphene” [5]. Graphene is indeed at the centre of an ever-growing research
effort due to its unique properties. In particular, it possesses a Young’s Modulus of 1 TPa and intrinsic
strength of 130 GPa [6], a room temperature (RT) mobility (1) of 2.5 x 10° cm? V1 s71 [7], electrical
conductivity, ¢, of up to 108 S m™* [8], thermal conductivity of ~ 5x10% W m™-K™* [9], and a specific
surface area of 2630 m? g~ [10].

Figure 1.1. Top and side view of the atomic structure of some 2D crystals: (a) graphene, (b) silicene, (c)
phosphorene, (d) borophene, (e) TiO2, (f) MoS,, (g) TisC: and (f) h-BN. Image taken from [11].



However, nature offers a very broad class of 2D crystals with characteristic and properties
complementary to those of graphene [1]. From an electronic point of view, for example, MoS: (Figure
1.1f), WS,, MoSe; and WSe; (part of the family of transition metal dichalcogenides, TDMs) are
semiconductors [12], Bi.Ses and Bi>Tes are topological insulators with thermoelectric properties [13],
hexagonal-boron nitride (h-BN, Figure 1.1h) is an insulator [14], just to cite a few [1]. Above all, h-
BN is structurally similar to graphene, having a honeycomb lattice composed of alternating boron (B)

and nitrogen (N) atoms. This structure makes h-BN mechanically strong as graphene [15].

Therefore, 2D crystals are expected to have a major impact in several technological fields due to the
new applications enabled by their properties [1], ranging from electronics, to energy, to polymer
composites [1]. To have an idea of the technological outputs of these materials, in Figure 1.2 is
presented an analysis of Intellectual Property activity concerning graphene in terms of number of
patent applications (Figure 1.2a) and divided by sector (Figure 1.2b) [1]. It is worth noting that
composites field represent a large share of the graphene industrial interest (17% of overall patent
applications) and nowadays graphene-based composites are currently the only application of
graphene already commercialized on a large scale [16]. Some examples are the motorcycle graphene-
based helmet by MomoDesign and Fondazione Istituto Italiano di Tecnologia [17,18] and the
graphene-based racquet by Head [19].
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Figure 1.2. a) Patent applications on graphene as a function of application year (data from Web of Science™),

b) Proportion of overall graphene patents by sectors, adapted from [1].

What makes 2D crystals interesting specifically used as fillers in polymer composites, besides their
intrinsic mechanical, electrical or thermal properties, with respect fillers of different geometries, is
their specific surface for given volume (Figure 1.3). In fact, platelet-like geometry (Figure 1.3a),
inherent to 2D crystals but also to exfoliated clays, allow the maximum specific surface,

outperforming the one-dimensional (1D. Figure 1.3b) tube-like structure, inherent e.g. to carbon
5



nanotubes (CNTSs), and the spherical zero-dimensional (OD. Figure 1.3c) nanoparticles (NPSs).
Maximizing the specific surface area of the fillers results in an increase of interactions between the
fillers and the polymer matrix. For this reason, before the advent of graphene and 2D crystals,
exfoliated clays have dominated the nanocomposite field [20,21], starting from the pioneering work
of Toyota researchers which successfully fabricated nylon-6/montmorillonite nanocomposites [22].
In fact, montmorillonite, one of the most used filler in polymer-based composite amongst clay family,
[23,24] has a predicted Young’s Modulus of ~ 270 GPa [25] in its single layer form. This value is
roughly % of that of graphene (1 TPa) [6] or h-BN (1 TPa) [15], therefore, as a matter of principle,
the same enhancement in Young’s Modulus in a composite filled with montmorillonite can be

obtained by using four times less loading of either graphene or h-BN.
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Figure 1.3. Geometry and specific surface for given volume of nanostructured fillers, adapted from [23].

1.2 2D crystals production methods

The implementation of graphene and 2D crystals in the composite field is still a challenge and one of
the most important problems lies in the preparation of high-quality crystals in bulk quantities. For
this reason, several production strategies, both bottom-up and top-down, have been proposed [1,26].
Moreover, different production routes yield 2D crystals with different morphologies and aspect ratios,

the latter a parameter extremely important in composite science, as discussed in section 1.3.

Mechanical exfoliation (Figure 1.4a) is the simplest of the preparation methods and involves using
adhesive tape to peel thin layers from bulk crystals, e.g. graphite, and depositing them on a silicon
substrate [26]. By repeatedly using this method, the bulk crystals can be split into increasingly thinner
pieces, eventually resulting in monolayer exfoliation [26]. This preparation method makes the highest
quality crystals, but is only useful for lab-scale experiments and prototyping as it is not possible to
scale-up the process [26]. Only few examples of the use of mechanically exfoliated graphene in

polymer composites have been proposed and only for proof of concept experiments [6-8].



Chemical vapour deposition (CVD, Figure 1.4b) is a bottom-up approach and one of the most useful
methods to prepare 2D crystals in single layer form, as well as their heterostructures [27], of high
structural quality [26—-28]. This route involves the decomposition of a gas precursor, e.g., hydrocarbon
gases for graphene [28], borazine or ammonia borane for h-BN [29,30], or solid precursors, e.g.,
transition metal oxides (e.g., MoOs, WO3) or chlorides (MoCls) as metal (molybdenum or tungsten)
sources while S or Se elemental powders as the source of sulphur or selenium, in the case of TMDs
production [27,31-33]. A process gas, e.g., hydrogen or argon, catalyses a reaction forming 2D
crystals layers on a metal substrate, typically copper or nickel [26,28,30], or SiO. [32,33]. In terms
of scaling-up, graphene film of 30 inches has been produced exploiting roll-to-roll process [34], but
the high energy-demand required from this technique restricts CVD technology to high-value
applications, i.e. in the electronic field. As for mechanical exfoliation, graphene produced by CVD
has been used as filler in polymer composites for proof of concept applications [9].

The properties of 2D crystals can be exploited for applications where, rather than a monolayer on a
substrate, as can be obtained by either mechanical exfoliation or CVD, large quantities are processed
from solution or melt to be included into polymers. For this reason, liquid phase exfoliation (LPE) of
layered crystals emerged as one of the most promising techniques for the upscaling of 2D crystals
production and their exploitation in the polymer composite field. The LPE consists in three main steps
[3,5]: dispersion of a layered material in a solvent, exfoliation, by means of ultra-sonication [14] or
shear forces [4], and purification, generally performed by centrifugation, separating the non-
exfoliated crystals from the exfoliated ones [5,15,16]. During the purification process, the exfoliated
crystals can be sort according to their morphological differences, this is attractive for their use as filler
in composites since theoretical [22] and experimental [23] works suggest that tuning the lateral size-
thickness ratio is essential to obtain composites with targeted mechanical, electrical, or thermal
properties. [3] Even more, having 2D crystals dispersed in a liquid medium makes possible the
chemical modification of the crystal surface or edges, by introducing functional groups [24-26], thus
enhancing the mechanical-stress-transfer between the filler and the polymer matrix [27-29]. This
method, because of its importance in view of applications in polymer composite field, will be

described in detail in the next section.
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Figure 1.4. Schematic illustration of some of the main 2D crystal production techniques: (a) micromechanical

cleavage, (b) chemical vapour deposition for graphene production. Adapted from [26].

1.2.1 Liquid phase exfoliation of graphite and other layered materials

As mentioned, LPE method involves three steps [26], summarized in Figure 1.5. The first one is the
dispersion of the bulk layered material in a suitable solvent. Then, the exfoliation of layered materials
in the solvent is usually realized by ultra-sonication [35-37], or others external driving forces [26],
such as shear forces [38], in the second step. During the ultra-sonication process, propagation of
cavitons [26,39], e.g., the growth and subsequent collapse of bubbles or voids in solvents due to
pressure fluctuations [26], creates hydrodynamic shear-forces which act on layered materials,
inducing exfoliation [26]. After exfoliation, the solvent/2D crystal flakes interaction needs to balance
the inter-sheet attractive van der Waals forces [26]. This means that the Gibbs free energy (AG) of
the mixture solvent/2D crystals must be minimized [35,40]. This condition can be endorsed if the

surface tension (y) of the solvent is equivalent to the surface free energy of the 2D crystal [35]:

Solvent Solvent

Y = Esurface — TSSurface (L.1)
in which E is the solvent surface energy, T is the absolute temperature and S is the solvent surface
entropy (which generally takes a value of ~ 1072 J m2 K™ [35,37,41]). Moreover, the matching of the
Hansen or Hildebrand parameters of the solvent with the ones of the layered material facilitates the
exfoliation process [35,40,42,43]. The Hildebrand parameter (¢J7) is widely used in polymer science,

and is defined as the square root of the cohesive energy density [42]:

AH, — RT
5y = /V— (1.2)
m

in which AHy is the enthalpy of vaporization, R is the ideal gas constant, and Vi the molar volume.
The Hildebrand parameter is used to evaluate the solubility or dispersibility of a material in a known
solvent [42]. However, in some specific cases, the Hildebrand parameter is not sufficient to describe

and evaluate the dispersibility of a material in a solvent. For example, the Jr of graphene is ~ 23
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MPal’2 [44], thus a solvent with this 57 value, e.g. 2-propanol (IPA) with 6t ~ 23.8 [40] should form
a stable dispersion of graphene which, however, has not been experimentally demonstrated. The
reason lies in the fact that ot does not consider the hydrogen bonding and polar interactions [40]. In
contrast, the Hansen solubility parameters (HSPs) splits the cohesive energy (6%7) into three
components: the polar contribution (Jp), the dispersive component (Jq) and the hydrogen-bonding (on)
[40]:
87 =685+ 65+ 6f (1.3)

Unfortunately, in the case of graphene, the majority of solvents that fulfill these thermodynamic
constraints have high boiling-point (i.e. above 150 °C [26]) and are toxic [1,45], such as N-methyl-
2-pyrrolidone  (NMP) [37,46,47], N,N-dimethylformamide (DMF) [37,48] and ortho-
dichlorobenzene (DCB) [37,49]. An alternative route to the solvent exfoliation [39] relies on the use
of either surfactants [50,51] or polymers, [52,53] which aid the exfoliation of graphite in water [54]
or low boiling-point solvents, such as ethanol [55], tetrahydrofuran (THF) [56], and chloroform[56],
stabilizing the exfoliated flakes against re-aggregation [1,50-54]. However, the residual of either
surfactants or polymer increases the inter-flake contact resistance [1]. On the other hand, several 2D
crystals can be obtained exploiting LPE in environmentally benign and low-boiling-point solvents,
as we have demonstrated for the cases of black phosphorous with acetone [57] and indium selenide
with 2-propanol (IPA) [58]. After the ultra-sonication process, an ultra-centrifugation step is required
to remove thick and un-exfoliated flakes from the as-prepared dispersion [46,59-61]. This last step

will be discussed more in detail in section 1.2.2.

Ultra-sonication

Bulk layered 4 m\l \
crystal
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Figure 1.5. Production of graphene sheets by LPE with graphite as raw materials.



Liquid phase exfoliation is a versatile technique and can be exploited not only for the exfoliation of
pristine graphite into graphene but also for the exfoliation of graphite oxide (GrO) [26]. The
production of graphene oxide (GO) is based on the Hummer’s method and its modification in which
graphite (Figure 1.6a) is intercalated and oxidized in the presence of strong acids (generally sulphuric
acid) and oxidizing agents (sodium nitrate and potassium permanganate) [62,63]. This processes
disrupt the sp-bonded network and covalently functionalizes both basal planes and edges with
oxygen-containing groups (Figure 1.6b), such as hydroxyl, carboxyl, and epoxide groups [64,65].
Eventually, GO flakes can be easily exfoliated from GrO via sonication [66] or thermal expansion
[67] (Figure 1.6c¢). The presence of functional groups makes GO strongly hydrophilic, allowing its
dispersion in pure water [66], as well as in organic solvents [26,68] However, although large GO
single-layer flakes, up to several microns [69], can be produced, they are defective [65,70] and
insulating [65,70,71].

oxidation
—_—
strong acid
(@ e

graphite

reduction

chemical or

e ., v“,“éﬁf(;‘x
graphene oxide reduced graphene oxide

Figure 1.6. Production of GO and reduced graphene oxide (RGO) from parental graphite. Adapted from [26].
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Several processes have been developed to chemically or thermally reduce GO flakes (Figure 1.6d),
i.e. decrease the oxidation state of the oxygen-containing groups and restore the sp?-conjugated
network, in order to re-establish the structure and the electrical and thermal conductivities as close as
possible to pristine graphene [69]. Thermal annealing has demonstrated to be one the most effective
method to reduce GO, decreasing the oxygen content down to 5 % [72]. Despite this, the crystalline
structure of graphene is not fully recovered, making the mechanical, thermal and electrical properties
of RGO inferior compared to the physical performance of non-defective graphene, e.g., the Young’s
modulus of RGO is ~ 250 MPa [73], and its electron mobility is ~ 200 cm? V1 s [72].

1.2.2 Morphology tuning of 2D crystals

Whatever is the process used for the exfoliation of layered crystals, after this step, the as-produced
dispersions have a heterogeneous composition of 2D flakes both in lateral size and thickness
[1,35,39], a condition that is not ideal to fully exploit the properties of the exfoliated 2D crystals [39].

In view of the application of the as-exfoliated flakes in the polymer composite field, having a control
on the morphology of the flakes is of paramount importance, as evidenced by the strong influence of
the aspect ratio of fillers in the final properties of composites [74-78]. Thus, ultra-centrifugation
methodologies emerged not only as purification strategies of the dispersion, i.e. for the removal of

the un-exfoliated flakes but also as a useful tool for sorting of 2D flakes morphology [1,39,61,79].

Small flakes

Centrifugation

Figure 1.7. Schematic illustration of 2D crystals sorting by SBS.

The most simple and common method is the sedimentation-based separation (SBS, Figure 1.7), based
on the ultra-centrifugation in a uniform medium [80]. The exploitation of SBS permits to separate
particles and/or flakes in a solvent, under a force field, on the basis of their sedimentation rate [80].
The forces acting in the SBS are (Figure 1.7a): (i) the centrifugal force Fc = myw?r, proportional to
the mass of the particle itself (mp), the distance from the rotational axes (r), the square of the angular

velocity (); (ii) the buoyant force, Fp = —msw?r, the force deriving from the Archimedes’ principle
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that is proportional to the mass of the displaced solvent (ms) and the centrifugal acceleration; and (iii)
the frictional force Fs = —f,, the force acting on the particles while moving with a sedimentation
velocity (v) in a fluid, proportional to the friction coefficient (f) between the solvent and the particle
itself. The net sum of the forces acting on the dispersed flakes is [80]:
Frot = F, + Fp + F; (1.4)

The volume of the particle or flake can be calculated as its mass (mp) divided by its density (pp), thus
the displaced solvent can be calculated as ms=my-ps/pp, Where ps is the density of the solvent.
Substituting each force in the Eq. 1.4:

Fror = myw?r — mpa)zrp—s - fv (1.5)

Pp

Considering that at equilibrium the net sum of the forces acting on the flake is zero, it is possible to
define the ratio of sedimentation, or sedimentation coefficient (S) as the ratio between the
sedimentation velocity and the particle acceleration, obtaining [80]:

v M (1_5_;) (1.6)
w?r f

As expressed by Equation 1.5, the sedimentation of 2D sheets depends on their mass and the frictional

S =

coefficient [39,57,61,79]. Thick and large sheets, having larger mass, sediment faster with respect to
small and thin sheets, having a smaller mass, which are thus retained in dispersion during the ultra-
centrifugation process [39,57,61,79]. Therefore, by tuning the experimental ultra-centrifugation
parameters, it is possible to retain flakes with different lateral sizes and thickness in dispersion (Figure
1.7b).

1.3 Theoretical background of composite properties modification

1.3.1 Mechanical reinforcement

One of the simplest relationships that have been developed to describe the reinforcement achieved
from a high-modulus filler, such as 2D crystals, in a low-modulus matrix, such as polymers, is the
so-called “rule of mixtures”, in which the modulus of the composite Ec is given by [81,82]:

Ec= @rEf + omEm (1.7)
where Ef and En are the moduli of the filler and the modulus of the matrix and ¢ and ¢m are the
volume fractions of the filler and the matrix, respectively [81,82]. This model assumes perfectly
aligned semi-infinite fillers (Figure 1.8a) and perfect stress transfer between the filler and the matrix
[81,82]. However, despite its simplicity, it has been found to accurately predict the modulus of the

composites, especially at low loadings [78,83]. At higher filler contents, the unavoidable aggregation
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of the filler is not taken into account from this linear equation and in most cases this model is not
applicable [78,83-85], still providing an upper bound [78,81-83]. A modified version of the simple
rule of mixtures has been proposed in order to take into account the effects of both orientation and
filler’s aspect ratio a, i.e. lateral size over thickness of the 2D crystal [78,86]:

Ec = nomrEr + @mEn (1.8)
where 70 is the Krenchel orientation factor, which depends on the average orientation of the filler
with respect to the applied stress, while #; is the length distribution factor, directly linked to a, i.e., 7
approaches 1 with increasing the o value [78,86]. The Krenchel factor for a composite with aligned
fillers (Figure 1.8b) is equal to 1, while it has been shown that for a material reinforced with randomly
aligned platelets, such as 2D crystals, is equal to 8/15 [78,86]. Hence, the random orientation of the
2D crystals inside the matrix (Figure 1.8c) should cause a reduction of the modulus by almost a factor
of two, with respect the case of aligned 2D crystals in the matrix. Noteworthy, the effect of mechanical
reinforcement by the inclusion of 2D crystals is higher than that obtained by using fillers such as
fibres or CNTSs since for these materials a random orientation causes a reduction of the modulus by a
factor of five (no = 1/5) [86,87].
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C) =Y @ 0 > 10 o 7_{({_#___/_,,_:———*“’
0 P @ (] '_7_7__,‘——‘*“"'4
@ g 0 @ < 0 . . : .
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Figure 1.8. Composites with (a) aligned semi-infinite platelets; (b) aligned platelets; (c) randomly oriented
platelets. d) Effect of aspect ratio of 2D crystals on mechanical stiffness enhancement of composite. Adapted
from [74].

The Halpin-Tsai semi-empirical model [88] is a more complicated model that considers the

distribution of 2D aligned anisotropic fillers as well as 3D randomly oriented fillers with different
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geometries [74,78,88,89]. For composite materials with parallel aligned short platelets, it gives
Young’s modulus of the composite in the longitudinal direction (E;) as [74,88]:
Ef/En —1

E;/E, + 2«a
f/tm

E, =
1wy
The effect of 2D crystals a on the final stiffness of the composite is evidenced in Figure 1.8d [74].

Ep, where | (1.9)

When a—o0, the Halpin-Tsai equation converges to the Eq. 1.8, but the reinforcement approaches
this limit already when a > 10000 [74].

1.3.2 Gas barrier

Impermeability to gases is important for food or electronic packaging applications [90]. The barrier
properties of polymers can be significantly enhanced by the inclusion of impermeable platelet-like
fillers, such as clays [91,92], graphene [90,93], and h-BN [94], in order to alter the diffusion path of
gas-penetrant molecules [90]. The presence of the filler makes the diffusing molecules to follow
longer and more tortuous pathways to pass through the composite film, thus reducing the overall gas
permeability (Figure 1.9) [90].

The gas permeation in a polymer (Figure 1.9a), as well as in a composite, film is governed by a
diffusion-solubility mechanism [95] and it occurs due to a pressure gradient across the film [95].
According to the diffusion-solution model, the permeability (P) of a gas molecule in a composite film
can be expressed as a product of the diffusivity, related to the kinetic aspect of the transport, and
solubility, related to the thermodynamic aspect of the transport, i.e. the penetrant affinity between the

gas molecule and the composite [90,95].

For polymer composites with 2D crystal fillers oriented perpendicular to the diffusion path (Figure
1.9b), the relative permeability (P/Po, where Py is the permeability of the pure polymer matrix) is
given by the relation [90]:
P 1—-¢f
Py T

where 7 is the tortuosity factor, which depends on the aspect ratio of the fillers and their orientation.

(1.10)

In a dilute regime (¢r <0.01) of flakes aligned perpendicularly to the gas flow (Figure 1.9b) the

relative permeability can be described by the Nielsen model [96]:
P 1—
LRk /4 (1.11)
Py 1+ agy

Here, = 1 + agpr. The importance of the aspect ratio of 2D crystal fillers is evidenced in Figure 1.9c.

As an example, a reduction of ~ 80% in gas permeability can be obtained with a volume fraction of
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0.0005, if the filler has an aspect ratio of ~ 1000, whereas if the filler has an aspect ratio of 10000,
the reduction in permeability at the same volume fraction reaches 98%.

The Nielsen model can be modified in order to take into account the orientation of the 2D crystals
inside the polymer matrix, introducing the parameter S into the definition of z [97]:

2a 1
r=1+%(5+§) (1.12)

where —1/2 <S < 1. In particular, S = 1 describes the condition of oriented 2D crystals as assumed in
the Nielsen model (note that in this case Eq. 1.12 converges into Eqg. 1.11), S = 0 describes the
condition of 2D crystals randomly oriented inside the polymer matrix and S = —1/2 describes the
condition of 2D crystals aligned towards the gas flow, thus not contributing to the tortuosity [90,97].

a)

——a= 1000
a= 10000
a =1000000

0 0.002 0.004 0.006 0.008 0.010

2D crystals volume fraction

Figure 1.9. lllustration of the tortuous pathway created by incorporation of aligned 2D crystals into a polymer
matrix film and consequent variation of barrier properties. a) In a polymer film, diffusing gas molecules, in
this case Oz, migrate via a pathway that is perpendicular to the film orientation; b) in a composite, diffusing
molecules navigate around impenetrable 2D crystals platelets through a more tortuous pathway; ¢) change in

relative permeability of composites for different aspect ratio of 2D crystals. Adapted from [90], [98] and [74].

1.3.3 Electrical conduction

Electrically conductive composites can be achieved by adding a conductive filler, such as graphene
[8], to the polymer matrix, generally insulating [77]. These composites can be useful for many
applications, including conductive adhesives [99], strain sensors [100,101], and electromagnetic
shielding [102].

The electrical conduction mechanism in a composite is described by the percolation theory [103—
105], and it can be divided into three stages, as evidenced in Figure 1.10a. For filler loadings below
the so-called percolation threshold (¢c), i.e. the loading in which the fillers form a conductive network
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no charge can flow, and the composite remains insulating. On the other hand, if the filler forms a
directly connected network, electrons can move through this network, and the composite is
conductive. Between these two extremes, conduction takes place when the fillers are not in direct
contact but are connected via electrons tunnelling through an interface formed between the filler and
the matrix; the conductivity, in this case, is lower than that where a direct network has been formed.
This tunnelling conduction is a quantum phenomenon where the contribution between the nearest
neighbours is the most dominant [77,106,107], therefore the tunnelling resistance is the limiting factor
in the composite conductivity [108].

The variation of electrical conductivity of composites with the filler loading follows a power-law
relation (valid for ¢ > ¢) [105]:

¢ — <pc)5
1- Pc
where a9 is the intrinsic conductivity of the filler and s is the critical exponent, related with system

0=00( (1.13)

dimensionality, i.e. geometrical pathways [105,109] e.g. for two-dimensional pathway s assumes
values in the range 1.1-1.3, and ~ 2 for three-dimensional systems [105,109]. Both simulations and
experiments have shown that fillers with larger aspect ratios lead to reduced percolation thresholds
(Figure 1.10b) [107,110,111]. Assuming disc-shaped particles oriented two- or three-dimensionally
and randomly in a polymer matrix, the percolation threshold can be expressed by the following
equations [110]:
_ 2mD*t
Pc2p) = m

_ 27rD%t
(pC(3D) - 4’(D + DIP)S

(1.14)

(1.15)

where D is the diameter of the disk, t the thickness of the platelet, and Dp is the inter-particle distance
[110]. The effects of Dip on the percolation threshold are negligible for D/t > 500 [110]. Moreover, it
has been shown that fillers with higher aspect ratio lead to a higher final conductivity of the composite
[112,113], because fillers with large aspect ratios form a network with fewer junctions than those

with smaller aspect ratios, and fewer junctions reduce the total resistance of the network [77,112,113].
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Figure 1.10. Electrical conduction in graphene-based composites. a) A schematic of conduction mechanisms
in a composite with increasing graphene loading: at no graphene loading, the polymer is insulating, and
remains insulating while the loadings are low; as the graphene loading is increased to the percolation threshold,
a conductive network begins to form; at loadings higher than the percolation threshold an efficient network
has been formed and the conductivity is saturated. b) Percolation threshold of electrical conduction of polymer

nanocomposites with graphene at different aspect ratios. Adapted from [77] and [110].

1.3.4 Thermal conduction

In polymers, phonons are the primary mechanism of heat conduction since free movement of
electrons is not possible [114,115]. In view of theoretical prediction, the Debye equation is frequently
used to calculate the thermal conductivity (1) of polymers [114,115]:
B cpv' A
3
where c; is the specific heat capacity per unit volume, v’ is the phonon group velocity, and 4 is the

(1.16)

phonon mean free path [114]. For amorphous polymers, 4 is an extremely small constant (i.e. a few
angstroms) due to phonon scattering from numerous defects, leading to a low thermal conductivity in
polymers (usually < 0.4 W m* K1) [114,116].

Many applications would benefit from the use of polymers with enhanced thermal conductivity
[115,117]. For example, when used as heat sinks in electric or electronic systems, composites with a
thermal conductivity approximately from 1 to 30 W m?* K are required [118]. The thermal
conductivity of polymers has been traditionally enhanced by the addition of thermally conductive
fillers [119], including graphite [120,121], carbon black [122,123], carbon fibres [124,125], ceramic
[126] or metal particles [127], and more recently by CNTs [115,128,129] and 2D crystals e.g.
graphene [123,130-132] or h-BN [133-135].
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Thermal conduction in an isotropic, two-phase composite with low filler volume fraction is well

represented by the Maxwell model (Figure 1.7a) [136]:

20, + A +20(A — A
A= ory "‘)Am (1.17)

where ¢, A and Am are the thermal conductivities of the composite, of the filler, and of the matrix,

respectively [136]. The Maxwell model assumes that the filler particles are spherical, isolated, and
randomly distributed within the matrix [136]. The validity and accuracy of the Maxwell model breaks
down for high filler volume fractions, i.e. for ¢c > 0.3 [74,123,136]. In this case, percolation theory
may be applied also in thermal transport, leading to the expression (Figure 1.11a) [136]:

1-¢

de =2 G—]’j)[W] (1.18)

where 1, is the thermal conductivity at the percolation threshold and n is the percolation exponent,
usually in the range 0.3-0.8 [136], which depends upon filler’s shape, size and distribution [136].

However, despite the case of electrical conductivity enhancement, the high intrinsic thermal
conductivity of the filler is usually not well exploited in composites [117]. In fact, heat would quickly
diffuse through the crystalline filler, whereas it is considerably slowed by the polymer because of
phonon scattering at the interfaces [117]. For this reason, having continued, high-aspect-ratio fillers

are beneficial for the thermal conductivity improvement.

Polymer matrices are thermally homogeneous, i.e., each polymer chain or component will display
similar low thermal conductivity. Therefore, heat diffuses slowly and uniformly through the matrix
(Figure 1.11b). In the case of a composite filled with spherical nanoparticles, heat diffusion is locally
facilitated, but the overall thermal diffusion is hindered by a large number of nanoparticle/matrix
interfaces (Figure 1.11c). Following this hypothesis, a composite with anisotropic fillers appears to
be more suitable to improve thermal conductivity. Considering the same loading as in the
nanoparticle-based composite, better heat transfer is expected due to far fewer filler/matrix interfaces
(Figure 1.11d). Fillers with a higher aspect ratio can further reduce those distances and build better
thermal paths to achieve higher thermal conductivities in the final composite because mean inter-

filler distance, detrimental for good thermal transfer, are further reduced (Figure 1.11e) [117].
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Figure 1.11. a) Results for the effective thermal conductivity of a graphite-based composite as a function of
graphite volume fraction as obtained from experiment and modeling. b-e) Heat transfer mechanisms in

composites, as a function of size and aspect ratios of fillers. Adapted from [136] and [117].

1.4 Using 2D materials in a 3D world

Currently, graphene-based composites are the only application of graphene already commercialized
on a large scale [17-19]. Nevertheless, the performance of such products is not comparable to that of
pristine graphene [16]. A key reason for this difference in properties is that it is not yet fully
understood how graphene-based, and in general 2D crystal-based, composites work at the nanoscale
level and what is the ultimate performance (mechanical, electrical, etc.) that can be achieved when

they are included in a bulk material [16].

A key requirement, apart from the 2D crystal morphology, as evidenced by the importance of the
aspect ratio of filler in the previous section, to obtain improvements with respect pristine polymer in
the properties of the final composite material is the optimal dispersion of the graphene flakes in the
polymer matrices [74,78]. The molecular interactions between the 2D crystals and polymer chains
are essentially due to weak van der Waals forces [137], n—n stacking [137,138], and hydrophobic-
hydrophobic interactions [137]. These interactions hinder efficient connections between the 2D
crystals and the polymer chains, so 2D crystals usually do not form homogeneous composites [139-
141]. In contrast, the functional groups present on the basal plane of GO [63,70] and also partially in
RGO [66,72] can interact with the polymer chains. Therefore, their use as a filler in the polymer-

based composites is widely reported in the literature [1,139,141,142]. As aforementioned, the
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presence of these groups acts as defects, reducing the mechanical and electrical properties of GO and
RGO flakes compared to graphene flakes [66,139,143,144]. Besides, the dispersion of the 2D crystals
inside the polymer matrix is strongly dependent on the processing techniques used for the production
of the composite itself. Some of the most common processes for polymer composite preparation are
melt blending [145,146], solution blending [47,147,148], and in situ polymerization.[149] Melt
blending is industrially attractive due to its scalability and low-cost, while solution blending provides
better mixing than melt blending between the exfoliated 2D crystals flakes and the polymer matrix
[93,150,151]. Moreover, strong shear forces produced during melt mixing are able to break the larger
flakes to smaller sizes, thus reducing their aspect ratio [146,152], whereas other issues such as thermal
degradation, often observed during melt mixing, and feeding difficulty are also still challenges
necessary to overcome [146].
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CHAPTER 2

Experimental procedure

2.1 Liquid phase exfoliation of 2D crystals

During the research activity, LPE, presented in the previous chapter, has been exploited as a
production technique for the preparation of 2D crystals i.e. graphene, h-BN, MoSz, and WS..

Two exfoliation methodologies have been followed: sonication-assisted LPE [35] and WJM [153].
The WJM technique has been developed in our laboratories as a synthesis method for 2D crystal able
to produce flakes with higher aspect ratio and higher production rate compared to the sonication-
assisted LPE [154], targeting the needing of gram-scale production rates required for the full

exploitation of 2D crystals as fillers in polymer composites.

2.1.1 Sonication-assisted LPE of graphite

500 mg of graphite flakes (Sigma-Aldrich, +100 mesh) are dispersed in 50 mL of NMP (Sigma-
Aldrich, Reagent Plus®, 99%) and exfoliated by ultra-sonication in a sonic bath (VWR Ultrasonic
Cleaner USC-THD) for 6 hours. The resulting dispersion is then ultra-centrifuged at 10000 rpm
(17000 g) in a Beckman Coulter Optima ™ XE-90 equipped with a SW32Ti rotor, for 30 minutes at
15°C, to remove thick flakes and un-exfoliated graphite. After the ultracentrifugation process, 80%

of the supernatant is collected by pipetting, thus delivering a graphene dispersion in NMP.

2.1.2 Sonication-assisted LPE of layered materials and size sorting

500 mg of bulk material (graphite flakes, Sigma-Aldrich, +100 mesh, WS,, Sigma-Aldrich, 2 um
particle size powder, and h-BN, Sigma-Aldrich, 1 um particle size powder) are dispersed in 50 mL
of NMP and exfoliated by ultra-sonication in a sonic bath for 6 hours. The supernatant is collected
by pipetting after the ultra-centrifugation process. Different angular velocity is applied at 1000, 2500,
5000, 7500, 10000 rpm, corresponding to different g-forces, i.e., 170g, 10009, 4250g, 9500g, 17000g,
respectively. In order to further tune the morphology of the 2D crystals, we performed cascade ultra-
centrifugations [61], using multiple ultra-centrifugation steps in sequence, collecting and processing
the supernatant for all cases. We started with an as-prepared LPE dispersion of 2D crystals, where
any un-exfoliated bulk materials had been removed by the centrifugation at 170 g. This dispersion is

then centrifuged at a higher speed (4250 g) and the supernatant is collected again. Afterwards, the
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dispersion is again centrifuged at 170 g, and subsequently a second, and a third 170g centrifugation
steps are added, collecting supernatant at each step.

2.1.3 Environmentally-friendly sonication-assisted LPE of h-BN and size sorting

500 mg of h-BN powder (1 pm particle size) are dispersed in 50 mL of water/surfactant solution
concentrated at 2 wt % and exfoliated in an ultrasonic bath for 6 hours. The surfactant herein used is
Kolliphor® P188, a triblock copolymer. More details on it structure and function will be given in the
next chapter. Then, the obtained dispersion (Figure 2.1a) is ultra-centrifuged at 1000 rpm (200 g) for
30 min at 15 °C with an ultra-centrifuge, to remove un-exfoliated and thicker flakes (Figure 2.1b).
The supernatant is collected and ultra-centrifuged again at 2400 rpm (1000 g) for 30 min at 15 °C.
Both supernatant and precipitate (re-dispersed in a freshwater/surfactant solution) are collected and
named as “h-BN-s” and “h-BN-p”, where “s” and “p” correspond to “supernatant” and “precipitate”,

respectively (Figure 2.1c).
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Figure 2.1. Scheme of size selection of h-BN flakes. a) Heterogeneous h-BN dispersion after exfoliation; b)
first ultra-centrifugation step (1000 rpm for 30 min) to remove un-exfoliated and thick flakes; c) second ultra-

centrifugation step (2400 rpm for 30 min) for the selection of h-BN flakes with different morphology.

2.2 Wet-jet mill exfoliation of layered materials

Seeking for industrially relevant approaches, i.e. the time, weight-yield and a cost-effective
production of the 2D crystals without compromising the crystalline-integrity, our group developed
the WJM exfoliation technique, a promising method to produce 2D crystals exfoliated from their bulk
layered materials. Particularly, the WJIM allows obtaining single- and few-layers 2D crystal flakes
with concentrations up to 10 g L%, with no material loss, i.e. the weight ratio between the final
processed material and the starting layered material flakes is one. Additionally, the WJM guarantees

a production capability of 2.35 L h™?, i.e. the time required to produce one gram of exfoliated graphite
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is only 2.55 min, thus outperforming other proposed LPE-based synthesis approaches such as shear
exfoliation [38] and micro-fluidization [155]. In the WJM the solvent/layered-crystal mixture is
forced to pass through a nozzle with an adjustable diameter (0.3-0.1 mm) by applying high pressure
(180 — 250 MPa) creating jet streams and shear forces between the layered material and the solvent.
The shear forces generated by the solvent when passing through the nozzle is the main phenomenon

that promotes the exfoliation of layered-crystals into 2D crystals [154].

t A
1% container | B
Pneumatic o3 .

valve Piston 2~ container

b)

Processor

Disk A

_ Disk B
(nozzle)

Disk A

Nozzle

Figure 2.2. a) Scheme of the WIM system, the arrows indicate the flow of the solvent through the WIM; b)
Close-up view of the processor. The zoomed image in (b) shows the channels configuration and the disks
arrangement. The solvent flow is indicated by the white arrows. On the right side a top view of the holes and
channels on each disk. The disks A and A have two holes of 1 mm in diameter, separated by a distance of 2.3
mm from centre to centre and joined by a half-cylinder channel of 0.3 mm in diameter. The thickness of the A
and A disks is 4 mm. The disk B is the core of the system; the image (b, disk B) shows the 0.10 mm nozzle. It
can be changed to 0.10, 0.20, and 0.30 mm nozzle diameter disks according to the size of the bulk layered

crystals. The thickness of the B disk is 0.95 mm. Adapted from [154].

The WJM apparatus is schemed in Figure 2.2a. A hydraulic mechanism and a piston supply the
pressure (up to 250 MPa) in order to push the sample into a set of 5 different perforated and
interconnected disks, see Figure 2.2b, named processor, where jet streams are generated. The
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pulverization is obtained mainly by collision of the pressurised streams of the particle liquid
dispersions. The collision takes place between the disks A and B (Figure 2.2b). In contrast, for the
exfoliation of layered crystals, the shear force generated by the solvent when the sample passes
through the disk B is the main phenomenon promoting the exfoliation.

2.2.1 Wet-jet mill exfoliation of layered crystals

A mixture of the bulk layered crystals (natural graphite flakes, Sigma-Aldrich, +100 mesh; or MoSy,
Sigma-Aldrich, <2 um particle size powder; or WSy, Sigma-Aldrich, 2 pm particle size powder; or
hBN, Sigma-Aldrich, 1 um particle size powder; or h-BN, Alfa Aesar, +325 mesh) and NMP
(concentration of bulk materials in the solvent is kept at 10 g L™Y) is prepared. The mixture is placed
in the container and mixed with a mechanical stirrer (Eurostar digital lka-Werke). The dispersion
formed by either graphite/NMP or h-BN (325 mesh)/NMP is forced to pass through 0.30, 0.15 and
0.10 mm nozzles consecutively, obtaining a dispersion of the exfoliated material. The processed
dispersion is then dried, removing the NMP by rotary evaporation and re-dispersed in dimethyl
sulfoxide (DMSO, Sigma-Aldrich, ReagentPlus®, >99.6%) at a concentration of 30 g L. Finally, the
dispersion is lyophilized (Martin Christ Alpha 2-4 LSC plus) obtaining wet-jet milled graphene (WG)
and h-BN (WhBN) in the powder form.

For the others layered materials, i.e., h-BN (1 um powder form), MoS,, and WS, since their starting
crystallite size is much smaller, it is possible to perform the exfoliation directly with the 0.10 mm

nozzle diameter.
2.3. Material characterization techniques

2.3.1. Optical extinction spectroscopy

The Optical extinction spectroscopy is carried out in a Cary Varian 5000 UV-vis spectrophotometer.
The extinction spectra are acquired using a 1 mL quartz glass cuvette. The extinction spectra of the

solvents used are subtracted from each spectrum.

2.3.2. Raman spectroscopy

Raman spectroscopy is carried out using a Renishaw inVia confocal Raman microscope, with a laser
excitation wavelength of 514.5 nm at an incident power of ~1 mW and a 100x objective. For the
measurements, dispersions of exfoliated 2D crystals are drop cast onto Si/SiO» wafer (Si-Mat Silicon

Materials) substrate and dried under vacuum overnight.
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2.3.3 Transmission electron microscopy

Transmission electron microscopy (TEM) images of samples are acquired with a JOEL JEM-1011
microscope, operating at 100 kV. High-resolution TEM (HRTEM) is performed using a 200 kV field
emission gun, a CEOS spherical aberration corrector for the objective lens, enabling a spatial
resolution of 0.9 A, and an in-column image filter (Q-type). For the measurements, dispersions of
exfoliated 2D crystals are drop cast onto ultrathin C-film on holey carbon 400 mesh Cu grids (Ted

Pella Inc.) and dried under vacuum overnight.

2.3.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) images are acquired with Bruker Innova AFM in tapping mode
using silicon probes (f = 300 kHz, k = 40 Nm™?). Images of 5x5 um? were collected with 512 data
points per line and the working set point was kept above 70% of free oscillation amplitude and
measurements were taken at a scan rate of 0.7 Hz. The AFM instrument was calibrated using the
Bruker Platinum-coated grating for AFMs: 100 nm depth, 1 um pitch. For the measurements,
dispersions of exfoliated 2D crystals are drop cast onto a Si/SiO, wafer (Si-Mat Silicon Materials)

substrate and dried under vacuum overnight.

2.3.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) characterization was carried out on a Kratos Axis UltraDLD
spectrometer, using a monochromatic Al Ko source (15 kV, 20 mA). The spectra were acquired over
an area of 300 um x 700 um. Wide scans were collected with constant pass energy of 160 eV and an
energy step of 1 eV. High-resolution spectra were acquired at constant pass energy of 10 eV and an
energy step of 0.1 eV. The binding energy scale was calibrated to the C 1s peak at 284.8 eV. For the
measurements, dispersions of exfoliated 2D crystals are drop cast onto Si wafer (Si-Mat Silicon

Materials) substrates and dried under vacuum overnight.
2.4 Composites preparation

2.4.1 Graphene/Polycarbonate composites

The graphene/polycarbonate (PC, MAKROLON®2405) (PC/G) composites are produced by
exploiting the solution blending technique. Figure 2.3a shows a schematic representation of the
composite preparation. Firstly, PC pellets are dissolved in 1,3-dioxolane (Sigma-Aldrich, Reagent
Plus®, 99%) at a concentration of 150 mg mL™ by stirring for 3 h using a magnetic stirrer. Then, the
graphene dispersions in NMP are exchanged via rotary evaporation (Heidolph Hei-Vap) and re-

dispersed in 1,3-dioxolane at a concentration of 10 mg mL2. Subsequently, graphene dispersion and
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PC dispersion are mixed together at different weight fractions, specifically between 0 wt % and 10
wt % compared to PC weight. The resulting composite dispersions are mixed by means of ultra-
sonication for 1 h, maintaining the temperature in the range 25-40 °C, in order to obtain a thorough
mixing. The composite dispersion, in 1,3-dioxolane, is then dripped into distilled water (volume ratio
of 1,3-dioxolane/distilled water is 1:4). The PC/G mass is therefore immediately coagulated forming
pellets (Figure 2.3b), because water is a non-solvent for PC. Finally, composite pellets are dried in a
vacuum oven (Binder VDL 115) at 80 °C for 12 h and compression moulded, by hot pressing at
225°C at 2 tons for 5 minutes using a Madatec Atlas T8 press, forming composite films.

a)
PC pellets Graphene ink PC/G in 1,3-dioxolane
5 o in 1,3-dioxolane composite solution
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Figure 2.3. a) Scheme of solution blending preparation of PC/G composites. b) Photograph of PC/G

composites pellets at different loadings of graphene-based flakes. Adapted from [47].

2.4.2 h-BN/Polycarbonate composites

The h-BN/PC composites are produced by exploiting the solution blending technique. Briefly, PC
pellets are dissolved in 1,3-dioxolane, at a concentration of 150 mg mL™2, by stirring for 3h using a
magnetic stirrer. h-BN-s and h-BN-p dispersions in water surfactant are exchanged, washed and re-
dispersed in 1,3-dioxolane in order to perform the blending. Thus, specified amounts of either h-BN-
s or h-BN-p flakes dispersed in 1,3-dioxolane at a concentration of 10 mg mL™* are mixed with PC
dispersions, obtaining composite dispersions for both samples ranging from 0 to 5 wt % of filler with
respect to the polymer weight. After mixing, composite dispersions are subsequently sonicated for 1
h obtaining a thorough mixing and then coagulated forming composite pellets by pouring into water,
using a similar procedure descripted in section 2.4.1. Composite pellets are then dried in a vacuum
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oven at 80 °C for 12 h and finally hot pressed at 2 tons at 225 °C for 5 minutes in order to produce

composite films.

2.4.3 2D crystals/ABS composites

Acrylonitrile butadiene styrene (ABS) pellets (Terluran® GP-22) are dissolved in acetone (Sigma-
Aldrich, ACS Reagent, >99.5%) at a concentration of 240 mg mL 1. 2D crystals, either graphene, or
h-BN, or WS, exfoliated in NMP are exchanged and re-dispersed in acetone at a concentration of 10
mg mLt. ABS and 2D crystal dispersions in acetone are mixed together according to different
ABS/2D crystal weight fractions, ranging from 0.01 to 1 wt %. Composite dispersions are sonicated
for 1 h in order to obtain a thorough mixing. The composite dispersion is coagulated/precipitated
forming pellets by pouring water. Finally, composite pellets are dried in a vacuum oven at 80 °C for
12 h and compression moulded, by hot pressing at 215°C at 1 ton for 5 minutes, forming composite

films.

2.4.4 WJIM-exfoliated 2D crystals/PLA composites

Polylactic-acid pellets (Natureworks Ingeo 4043D) are dissolved in 1,3-dioxolane at a concentration
of 100 mg mL! by stirring for 8 h. Calculated masses, corresponding to 0.1, 0.5, 1, 2, 5 and 10% in
volume of the total composite mass, of WG and WhBN powders into the PLA dispersions are mixed
by ultra-sonication for 1 h, forming the composite dispersions. Three-phase composites are produced
with a similar procedure at 0.1, 0.5, 1, 2, 5 and 10% in volume keeping the ratio between WG and
WhBN 1:1. After mixing, the composite dispersions are sonicated for 1 h and then cast into
polytetrafluoroethylene Petri dishes. Composite dispersions are dried in air overnight, then dried in a
vacuum oven at 80 °C for 12 h and finally hot pressed applying 2 tons at 180 °C for 5 minutes in

order to produce composite films of c.a. 80 um thickness (Mitutoyo micrometre 293).

The conversion from mass fraction (w) to volume fraction (¢) of the fillers is made by considering ¢
= W pm/(Wr pm + Wi pr) [82], where wr and wi are the weight fractions and pr and pm are the densities
of fillers and PLA matrix, respectively. Densities of 2.2 g cm™ for graphene [84], 2.3 g cm™ for h-
BN [85] and 1.24 g cm™3 for PLA [156] have been used.

2.5 Composites characterization

2.5.1 Scanning electron microscopy

Scanning electron microscopy (SEM) images of cryo-fractured cross-sections of pristine polymer

matrices and composites are taken using a field-emission scanning electron microscope (Jeol JSSM-
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7500 FA) at the operating voltage of 10 kV. Before image acquisition, samples are first coated with
~ 10 nm of gold layer in order to avoid charging effect due to insulating nature of polymer matrices.

2.5.2 Raman spectroscopy

Raman spectroscopy of cryo-fractured cross-sections of pristine polymer matrices and composites is
carried out using a Renishaw inVia confocal Raman microscope, with a laser excitation wavelength

of 514.5 nm at an incident power of ~1 mW and a 100x objective.

2.5.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is carried out with a TGA Q500-TA Instrument. During TGA,
the samples are heated from 30 °C to 800 °C at a heating rate of 10 °C min™! under nitrogen

atmosphere set at a flow rate of 50 mL min~2.

2.5.4 Tensile testing

Mechanical properties of materials, either metals, ceramics, polymers and composites, can be
analysed via tensile testing. This process involves applying a uniaxial tensile stress to a sample, in
form of dog-bones, of known geometry at a predetermined rate and examining the force required to
elongate and ultimately cause a fracture in the material. The output of such a tensile test is recorded
as load (or force, F) vs. deformation (or elongation). These load-deformation characteristics are
dependent on the specimen size. To minimize the geometrical factors, load and elongation are
normalized to the respective parameters of stress and strain [157,158]. Stress (¢) [MPa] is defined by

the relationship [157,158]:
—_ 1
o= - (2.1)

in which F [N] is the instantaneous load applied perpendicular to the specimen cross-section and Ao
[m?] is the original cross-sectional area. Strain (g) [%] is defined by the relationship [157,158]:
I -1, Al

L Lo

in which lo is the original length before any load is applied, and I; is the instantaneous length.

€ (2.2)

Therefore, a stress-stain curve can be obtained (Figure 2.4). Important parameters that can be obtained
by the tensile test (Figure 2.4a) are: (1) the Young’s Modulus, evaluated as the slope of the curve in
the elastic region, i.e., the deformation is non-permanent, which means that when the applied load is
released the sample returns to its original shape; (2) the yield strength (ov), i.e., the value of stress
corresponding to the proportional limit of stress and strain, in which the deformation is no more elastic

(reversible) but plastic (irreversible); (3) the ultimate tensile strength (ou), i.e., the maximum value
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of stress recorded during the test and corresponds to the formation of a necking in the sample and its
consequent fracture; and (4) elongation at break (eg), i.e., the elongation, usually expressed in

percentage, at which sample failure (or fracture) occurs [157,158].

Concerning polymeric materials, as well as and their composites, three typical stress-strain

behaviours are expected, as schematized in Figure 2.4b.

In this thesis, mechanical properties of the pristine polymer and composite films are measured,
performing tensile tests using an Instron dual column tabletop universal testing System 3365, with 5
mm min! cross-head speed. The tensile measurements are carried out at least on five different
specimens for each film according to ASTM D 882 Standard Test Methods for Tensile Properties of
Thin Plastic Sheeting [159]. Dogbone specimens used have overall length of ~ 74 mm, gauge length
of ~ 25 mm, width of ~ 4 mm and thickness of ~ 100 pm.
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Figure 2.4. a) Analysis of a stress-strain curve, with reference to structural shape evolution of the sample
(dogbone) during the tensile test; b) Typical stress-strain curve for brittle (red), ductile (blue) and elastic

(green) polymers. Adapted from [158].

2.5.5 Electrical conductivity

Electrical conductivity was measured by using a four-point-probe station (Signatone 1160 probe
station) connected to a Keithley source-measurement unit in DC regime on 1 cm x 0.5 cm pieces of
the compression-moulded pristine polymer or composite films. Measurements are carried out
applying voltages ranging from —1 to 1 V and acquiring current values. From the linear interpolation
of the acquired I-V curves electrical resistance is extracted and linked to the electrical conductivity

[160].
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2.5.6 Thermal conductivity

In-plane and through-plane thermal conductivity has been evaluated by measuring room-temperature
thermal diffusivity (&) of composites by light flash technique (Netzsch LFA 467 Hyperflash) which
is related to the thermal conductivity by the relation A = apcp, where p is the density of the composites
and cp the specific heat capacity [161]. The rule of mixtures has been used for estimating both p and
cp of the composites, considering the respective values of the polymer matrix and the fillers, both

taken from literature.
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CHAPTER 3

Characterization of 2D crystals

This chapter provides a detailed morphological and structural characterization of 2D crystals
(graphene, h-BN, MoS», and WS;) exfoliated by exploiting both sonication-assisted LPE and WJM-
assisted LPE. Different techniques have been used in order to investigate the physical and chemical
properties of the samples. The morphology of 2D crystals has been evaluated in terms of lateral size
(TEM), surface area (TEM), and thickness (AFM). The structural properties of all samples are
revealed by Raman spectroscopy. In addition, XPS is carried out to evaluate the surface chemical
composition of 2D crystals and the possibility of oxidative processes occurring during exfoliation.

The information obtained from the aforementioned characterization techniques enables a
comprehensive evaluation of the material properties, in particular providing an insightful
understanding of their morphological properties that are of paramount importance for the exploitation

of 2D crystals as fillers in polymer composites.
3.1 2D crystals exfoliated by sonication-assisted LPE

3.1.1 Characterization of graphene flakes exchanged in 1,3-dioxolane

In order to exploit graphene flakes as fillers in PC-based composites, natural graphite flakes are
exfoliated in NMP exploiting sonication-assisted LPE, and purified by SBS (see section 2.1.1 for
experimental details). The obtained graphene flakes are subsequently exchanged from NMP to 1,3-
dioxolane, which is the solvent used for dissolving PC, and characterized by TEM, AFM, and Raman

spectroscopy.

A representative TEM image of graphene flakes in 1,3-dioxolane is depicted in Figure 3.1a. The
electron diffraction pattern (DP) image (inset to Figure 3.1a) confirms the typical lattice reflections
present in a graphene flake, the expected honeycomb lattice, and pristine crystallinity [162]. The
statistical analysis of lateral sizes (Figure 3.1b) shows a distribution of lateral size in the 200 — 600
nm range. The statistic is fitted by a log-normal distribution with a mode of lateral size peaked at 295

nm and log-normal standard deviation (lg-sd) of 0.34.

A representative AFM image and statistical analysis of graphene dispersion are shown in Figure 3.1c

and Figure 3.1d, respectively. More than 70 % of the measured thicknesses are in the range 0.7-1.4
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nm, corresponding to 1-3 layers of graphene flakes, considering that the first layer on SiO2 substrate
has a height of ~0.7 nm [163,164]. The mode occurs at 1.05 nm (with a Ig-sd of 0.35).

Counts (%)
& N
o (.] o (8] o

200 400 600 800
Lateral size (nm)

15 nm

o

~

w & [
o o o

Counts (%)

n
o

%.0 07 14 21 28 35
Thickness (nm)

Figure 3.1. Morphological characterization of graphene dispersion in 1,3-dioxolane. (a) TEM image
of selected graphene flakes; in the upper inset, the electron DP image of graphene flakes is depicted.
(b) Statistical analysis from TEM images of the flakes lateral size. (¢) AFM image of graphene flakes
cast; the upper inset shows a higher magnification image of a graphene flake (scale bar corresponds to
100 nm). (d) Statistical analysis of the flake thickness. A total of ~ 100 flakes per sample have been

evaluated to perform the statistical analyses. Adapted from [47].

Figure 3.2 shows the Raman spectroscopy results obtained investigating graphene dispersion in 1,3-
dioxolane, where a representative Raman spectrum is depicted in Figure 3.2a. The Raman fingerprints
of graphene are the G (~1580 cm™?) and 2D (~2700 cm™?) peaks [165-168]. If graphene flakes have
defects, a D peak (~1350 cm1) also appears.[165-168] The G peak corresponds to the Ezq phonon at
the Brillouin zone centre.[166] The D peak is due to the breathing modes of sp? rings and requires
defects for its activation, the 2D peak is the second order of the D peak and is always visible, even
without the presence of defects.[169,170] Statistical analysis shows 2D peak position (Pos(2D))
(Figure 3.2b) in the 2688 — 2700 cm™* range. The analysis of 2D peak in position, width (full width
at half maximum, FWHM, Figure 3.2c) and intensity (respect to the G peak, lop/lg, Figure 3.2d),
gives information about the numbers of layers of the graphene flakes [165-167]. The FWHM (2D) is
in average ~70 cm%, while the 1,0/l ratio is higher than 0.5, which represents the reference value of
graphite [165]. These results suggest that the dispersion is composed by a combination of both single
(SLG) and few-layer graphene (FLG) flakes [37,167], in agreement with the AFM data reported. The
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Io/lc ratio, which gives information about the presence of defects [37,165,166], is in the range 0.6 —
1.6 (Figure 3.2e), but the lack of correlation between Ip/lc and FWHM(G) (Figure 3.2f) proves that
these defects are related to the edges of sub-micrometre flakes, according to the TEM analysis, rather

than to the presence of structural defects [37,169].
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Figure 3.2. (a) Representative Raman spectrum of graphene flakes dispersed in 1-3 dioxolane. (b —f) Statistical
analysis on the acquired Raman spectra (<Nraman> = 15): (b) Pos(2D), (¢) FWHM(2D), (d) loo/lg, (€) Io/la,
and (f) Io/lc as a function of FWHM(G). A total of 15 spectra have been acquired to perform the statistical
analyses. Adapted from [47].

3.1.2 Characterization of h-BN flakes obtained by environmentally friendly sonication-assisted
LPE

As discussed in section 1.2.1, for many 2D crystals suitable solvents for exfoliation, such as N-
methyl-2-pyrrolidone (NMP) [1,35,39], dimethylformamide (DMF) [1,35,39], and ortho-
dichlorobenzene (0DCB) [1,35,39,171], have surface tension in the 35 — 40 mN m* range [1,35].
Unfortunately, the majority of these solvents have high boiling points, i.e. more than 150 °C [26],
experiencing also toxicological issues [1]. Pure water, due to its surface tension value (72 mN m™1)
[137], is generally not suitable for the dispersion of 2D-crystals [1]. In fact, although a few attempts
for its use in a LPE process have been undertaken [172,173], the achieved concentrations are very
low compared to the aforementioned organic solvents. In fact, ~ 0.1 mg mL™* has been reported for
the case of h-BN with 25h sonication time [172] and ~ 0.0065 mg mL™* and ~ 0.018 mg mL ™ in the
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case of graphene and h-BN, respectively, by using temperature control during the ultra-sonication
process [173]. As for example, it has been shown that the stability of exfoliated SLG/FLG flakes in
pure water depends on the balance of repulsive (electrostatic, due to ion absorption) and attractive
(van der Waals and hydrophobic interactions) forces [174]. Attractive forces intensify with the
increase of the layers number, thus FLG flakes are less stable in water with respect to SLG ones [174].
Exfoliation yield, defined as the ratio between the weight of dispersed flakes and that of the starting
bulk material [26], in water can be increased using additives, such as surfactants [51], which stabilizes
exfoliated flakes against re-aggregation [51,175-177]. Therefore, | carried out the exfoliation of bulk
h-BN powder in a water/surfactant solution, selecting Kolliphor® P188 as a surfactant. Kolliphor®
P188, also referred as Pluronic® F68 or Lutrol® F68, according to different suppliers, is a triblock
copolymer of the family of poloxamers [178,179] composed by a hydrophobic poly(propylene oxide)
(PPO) central chain, that is attracted to the h-BN basal plane through hydrophobic interactions [177],
surrounded by two hydrophilic poly(ethylene oxide) (PEO) chains, which stabilize the exfoliated
flakes by steric hindrance [177]. After the exfoliation process, a heterogeneous dispersion of h-BN
flakes is obtained. Then, the exfoliated h-BN flakes have been sorted by aspect ratio by means of SBS
[1,47,59,60] using a cascade centrifugation [61], obtaining two population of flakes with different

morphology, i.e. lateral size and thickness.
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Figure 3.3. Extinction spectra of h-BN flakes in water/surfactant solution, diluted 1:10, after the ultra-
centrifugations. Blue curve: supernatant after ultra-centrifugation at 1000 rpm (200 g); red curve: supernatant

after ultra-centrifugation at 2400 rpm (1000 g).

Firstly, to assess the effectiveness of exfoliation in a water/surfactant solution, the concentration of
the dispersed h-BN flakes was evaluated. The measured extinction, or absorbance, () is correlated
to the concentration of the 2D-crystal flakes by the Lambert-Beer law: X = €lc, where | [m] is the light

path length, ¢ [g L] is the concentration of dispersed flakes, and € [L g™t m™] is the extinction
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coefficient. The extinction coefficient for h-BN has been calculated by Coleman and co-workers to
be 2367 mL mg* m* at 300 nm wavelength [35]. Extinction spectra of the collected supernatants
after the ultra-centrifugation are shown in Figure 3.3. The calculated concentration of h-BN flakes is
therefore 0.62 g L™? after the first ultra-centrifugation step (red curve in Figure 3.3) and 0.19 g L
after the second one (blue curve in Figure 3.3).

In order to exploit the solution blending technique for the production of the composite, both polymer
matrix and inorganic fillers have to be dispersed in the same solvent and mixed together [47,151].
Therefore, h-BN-s and h-BN-p flakes have been re-dispersed in 1,3-dioxolane, the solvent used for
dissolving the PC matrix, and their aspect ratio is evaluated measuring lateral size and thickness of
the flakes using TEM and AFM (Figure 3.4). Figure 3.4a and 3.4c show the representative
transmission electron micrographs of h-BN-s and h-BN-p flakes, respectively, whereas the
corresponding statistical analyses on lateral size are shown in Figure 3.4b and 3.4d. The statistics are
fitted by a log-normal distribution [180] with a mode of lateral size peaked at 340 nm for h-BN-s
flakes and 410 nm for h-BN-p flakes.
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Figure 3.4. Morphological characterization of h-BN flakes. (a) Representative TEM micrograph of h-BN-s
flakes re-dispersed in 1, 3-dioxolane; (b) statistical analysis from TEM micrographs of the h-BN-s flakes lateral
size; (c) representative TEM micrograph of h-BN-p flakes re-dispersed in 1,3-dioxolane and (d) statistical
analysis from TEM micrographs of the h-BN-p flakes lateral size; (e) representative AFM image of h-BN-s
flakes re-dispersed in 1,3-dioxolane; (f) statistical analysis from AFM images of the h-BN-s flakes lateral size;
(9) representative AFM image of h-BN-p flakes re-dispersed in 1,3-dioxolane and (h) statistical analysis from
AFM images of the h-BN-p flakes lateral size. A total of ~ 100 flakes per sample have been evaluated to
perform the statistical analyses.
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In Figure 3.4e and 3.4g, the representative AFM images are shown for the h-BN-s and h-BN-p
samples, respectively, and relative statistical analyses of thickness are shown in Figure 3.4f and 3.4h.
The statistics are fitted by a log-normal distribution with a mode of thickness peaked at 1.6 nm for h-
BN-s flakes and 2.3 nm for h-BN-p flakes. Liquid phase exfoliated h-BN single layer has an apparent
height of ~ 1 nm on Si/SiO, wafer [35,172], whereas theoretical spacing between h-BN layers is 0.33
nm [14,172]. Based on the aforementioned considerations, we can estimate the average number of
the layer for each sample from their AFM thickness being ~ 3 for h-BN-s and ~ 5 for the h-BN-p
sample. Using the lateral size values obtained by TEM analysis, the calculated aspect ratios are,
consequently, ~ 350 for h-BN-s and ~ 250 for h-BN-p.
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Figure 3.5. Raman spectroscopy on h-BN flakes. (a) Raman spectra of bulk h-BN (black), h-BN-s sample
(red) and h-BN-p sample (blue); (b) statistical analysis on Pos(Ezg); c) statistical analysis on (c) FWHM(Ezg).

A total of 15 spectra per sample have been acquired to perform the statistical analyses.

In spite of the similar structure to graphene, h-BN flakes do not show a Raman 2D band due to the
lack of the Kohn anomaly, but Raman spectroscopy is still widely used to characterize h-BN flakes
[181-184]. In-plane atomic displacements give origin to two Raman active E>g modes in h-BN [184],
a low-frequency mode at 49 - 52.5 cm ™! [184,185], attributed to shear-type rigid layer mode of the
crystal [184,185], and a high-frequency mode at 1366 cm ™ [182,184]. For example, in the case of h-
BN monolayer produced by micromechanical cleavage (MC), a blue shift up to 4 cm™ has been
observed, due to the hardening of Ex>g phonons [182,184], with possible red shifts due to strain by the
MC preparation method, which eventually further red shifts for the bilayer h-BN (by ~ 1 — 2 cm™)
[182,184]. In Figure 3.5 is presented the Raman analysis carried out on the h-BN dispersions. Figure
3.5a shows representative spectra acquired on bulk h-BN (black trace), h-BN-s sample (red trace) and
h-BN-p sample (blue trace) in which the E»q peaks around 1366 cm ™. The statistical analysis on the
shift in the position of high-frequency Exg peak (Pos(Ezg)) is reported in Figure 3.5b. The redshifts of
exfoliated samples respect to the bulk h-BN reveals the formation of few-layer h-BN flakes [182,186],
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in which in particular Pos(Ezg) of h-BN-s sample centred at 1365 cm ! is attributed to the presence of
mostly bilayer and tri-layer flakes for liquid phase exfoliated h-BN [186], confirming the results of
AFM microscopy. The red-shift in few-layer h-BN is attributed to the elongation of B-N bonds due
to interlayer interactions that involve a softening of the phonons [182,184,186]. The FWHM of the
E2q peak (Figure 3.5¢) reduces with the decrease of the flake thickness, starting from 12.5 cm™ for
the h-BN bulk powder to 11 cm™ and 10 cm™? for the h-BN-p and h-BN-s samples, respectively. This
reduction in Exq peak line-shape is consistent with a decrease in the superposition of multiple peaks
due to a more homogeneity of the flakes size with respect the bulk powder, subsequent to the
exfoliation and purification process [186].

3.1.3 Characterization of 2D crystals size selected by SBS

As aforementioned, LPE of bulk layered-materials is a cost-effective method to produce high-
concentration of 2D crystals directly dispersed in a solvent [1,35]. However, the as-produced 2D
crystals have a broad distribution of both thicknesses (from monolayer flakes to un-exfoliated
material) and lateral size (from few nanometres to micrometres scale) [39] preventing to identify the
impact of their aspect ratio for mechanical reinforcement. To overcome these issues, we prepared
dispersions of 2D crystal, namely graphene, h-BN and WS, flakes, using LPE, tailoring their
morphological properties and increase the content of monolayers by exploiting iterative ultra-
centrifugation cascades [61] (see section 2.1.2 for details), a process still compatible with large-scale

applications.

Figure 3.6 shows the TEM and AFM images of graphene flakes, as well as their statistical analyses.
The five samples, prepared by using different g-forces, have five different surface area and thickness
values. In particular, the 170g (sample FLG-1), 1000g (sample FLG-2), 42509 (sample FLG-3),
95009 (sample FLG-4), 17000g (sample FLG-5) ultra-centrifugation processes give around 0.078,
0.059, 0.052, 0.013, and 0.008 pum? for area, and 4.2, 3.8, 2.2, 2.1, and 0.9 nm for thickness,
respectively. To further sort the samples (Figure 3.7) using cascade centrifugation steps by 170-4250-
170g, 170-4250-170-170g, and 170-4250-170-170-170g, producing samples in Figure 3.7a, 3.7b and
3.7c¢, respectively. Because of the heavier mass, FLG flakes are removed in each step of the cascade,
the resultant supernatants become eventually single-layer enriched, still having a similar surface area
[61]. The area and thickness sizes distributions of the h-BN, and WS; flakes is depicted in Figure 3.8,
and Figure 3.9, respectively. The 170g (sample h-BN-1), 1000g (sample h-BN-2), and 42509 (sample
h-BN-3) ultra-centrifugation processes give flakes of 0.062, 0.041, and 0.039 um? area, and 1.5, 1.4,
and 1.1 nm thickness, respectively, for h-BN flakes. For what concern WS, the 170g (sample WS;-
1), 1000g (sample WS2-2), and 42509 (sample WS2-3) ultra-centrifugation processes give flakes of
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0.009, 0.015, and 0.008 um? for the area, and 2.8, 2.2, and 1.9 nm for the thickness, respectively.
Table 3.1 summarises surface area (A), t, and A/t> morphological properties for all samples, whereas

a graphical summary of the morphological properties of the 2D crystals obtained by the size selection
is in Figure 3.10.
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Figure 3.6. Morphological characterization of the graphene flakes obtained by tuning ultra-centrifugation g-
forces. a-e) TEM images, and (f-j) AFM images of selected flakes (scale bars correspond to 500 nm). Statistical
analysis of surface area (k-0) and thickness (p-t) of different graphene flake dispersions. Blue box: FLG-1
sample (170g), red box: FLG-2 sample (1000g), green box: FLG-3 sample (4250g), magenta box: FLG-4
sample (9500g), cyan box: FLG-5 sample (17000g). A total of ~ 100 flakes per sample have been
evaluated to perform the statistical analyses.
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a-c) TEM images, and (d-f) AFM images of selected flakes (scale bars correspond to 500 nm). Statistical
analysis on (g-i) surface area and (j-1) thickness of different graphene flakes dispersions. Blue box: FLG-6
sample (170-4250-170g), red box: FLG-7 sample (170-4250-170-170g), green box: FLG-8 sample (170-
4250-170-170-170g). A total of ~ 100 flakes per sample have been evaluated to perform the statistical

analyses.
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Figure 3.8. Morphological characterization of the h-BN flakes. a-c) TEM images, and (d-f) AFM images of
selected h-BN flakes (scale bars correspond to 500 nm). Statistical analysis on (g-i) area and (j-1) the thickness
of the h-BN flakes dispersions. Blue box: h-BN-1 sample (170g), red box: h-BN-2 sample (1000g), green
box: h-BN-3 sample (42500). A total of ~ 100 flakes per sample have been evaluated to perform the

statistical analyses.
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Table 3.1. The A, t, and A/t? morphological properties for all LPE produced 2D crystal samples.

sample A t Alt?
(um?)  (nm)

FLG-1 0.078 4.2 4421.8
FLG-2 0.059 3.8 4085.9
FLG-3 0.052 2.2 10743.8
FLG-4 0.013 2.1 2947.8
FLG-5 0.008 0.9 9876.5
FLG-6 0.046 1.0 46000.0
FLG-7 0.051 1.2 35416.7
FLG-8 0.048 1.5 21333.3
h-BN-1 0.062 1.5 29086.1
h-BN-2 0.041 14 20918.4
h-BN-3 0.039 11 30542.7
WS:-1 0.009 2.8 1148.0
WS,-2 0.015 2.2 3099.2
WS:-3 0.008 1.9 2216.1

X-ray photoelectron spectroscopy survey spectra (a) and high-resolution XPS spectra of FLG (b), h-
BN (c, d), and WS; (e, f) samples are shown in Figure 3.11. While, pristine graphene basal-plane
lattice (C 1s peak at a binding energy of 284.0 eV) exhibits pure sp? hybridization, the defects, edges,
and functional groups alter the sp? hybridization [187,188] (Figure 3.11b). The high-resolution h-BN
sample XPS spectra are displayed in Figure 3.11c and 3.11d, showing individual elements of nitrogen
and boron, fitting the N 1s (at 398.0 eV) and B 1s (at 192.5 eV) peaks [189] by single Lorentzian
components. The high resolution XPS spectra of S 2p (at 162.5 and 163.8 eV), and W 5p (at 38.4 eV)
and 4f (at 35.0, and 32.8 eV) orbitals [190], originated by WS, sample, are depicted in Figure 3.11e
and 3.11f. The W 4f orbital splits to two sets of doublets corresponding to W®* and W** oxidation
states [190,191]. The presence of both tungsten oxidation states indicates a mild oxidation of the

tungsten ions and matches with previously reported work [191].
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Figure 3.11. XPS analysis of 2D crystals. a) XPS survey spectra of graphene, h-BN, and WS. High-
resolution XPS spectra of (b) graphene, (c-d) h-BN, (e-f) WS, samples. The sub-orbitals are labelled in all

cases.

3.2 2D crystals obtained by WJM-assisted LPE

Among the several liquid-phase approaches for exfoliation, micro-fluidization is the most similar to
WJIM, in that the whole fluid is forced through a spatial region where the flow becomes turbulent
[155,192,193]. In the micro-fluidization case, such region is a microchannel, while in the WIM it
corresponds to the channel junctions before and after the nozzle. In this region, turbulent flow results

in a high-shear rate [155,192,193], i.e. velocity gradient orthogonal to the flow direction.

The resulting shear stress applied to the dispersed flakes induces sliding of the 2D crystal planes,
initiating the exfoliation process. For graphene, it has been shown that shear rates in excess of 10* s~
1 are sufficient for the exfoliation process to occur [38]. These values can be achieved through the
laminar flow produced by shear-mixers [38], and, more efficiently, in the turbulent flow of micro-
fluidizers [155] and WJMs.

A most noticeable difference between the exfoliation process in the WJM and other LPE methods
aforementioned is the large pressure drop in time experienced by the crystallites as the dispersion
flows through the nozzle, specifically through the disk B. In the following we attribute the high
production yield of the WJM to a geometry-induced enhancement of the shear exfoliation rate since
we must rule out that the large pressure drop favours an alternative exfoliation pathway.
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3.2.1 Characterization of graphene flakes exfoliated by WJM-assisted LPE

In the case of 100+ mesh graphite, the 0.3 mm nozzle diameter has been chosen to start the exfoliation
process. Though there is not a preferential ratio nozzle-crystal size, and in principle the exfoliation
could be performed with crystals larger than the nozzle diameter, however, it was experimentally
observed that starting the exfoliation of such large crystallites with smaller nozzles (<0.3 mm) may
cause system clogging. Moreover, it has been noticed that also the reduction of the piston-pressure
causes system clogging and increases considerably the processing time. According to this
consideration, several combinations with different nozzle diameters (0.30, 0.20, 0.15 and 0.10 mm)
are tested. Graphite exfoliation is achieved using the following nozzle diameters sequence: 0.30 mm,
0.15 mm, and twice 0.10 mm. Considering all the four passes, the effective time required to process
10 mL of graphite/NMP (concentration of 10 g L™Y), is 15.3 s.

For what concerns the exfoliation of graphite, TEM analysis indicates that the flake lateral size mode
decreases from 149 pm (starting graphite material) to 1 um (Ig-sd: 0.53), 0.850 um (lg-sd: 0.83), and
0.460 um (lg-sd: 1.18) for WIMO0.30, WIMO.15, and WJIMO.10, respectively (see Figure 3.12a-c).
The lateral-size distribution statistics are reported in the inset to Figure 3.12a-c, obeying a log-normal
distribution, which is the typical distribution for fragmented systems [180]. The number of layers in
the WIMO.10 sample can be directly visualized on HRTEM in a bent-flake edge [194]. Figure 3.12d
shows a representative bent flake with three layers, demonstrating that the WJMO0.10 is composed by
FLG flakes (other images of representative bent flakes are shown in ESI). At higher magnification
(Figure 3.12e) the honeycomb carbon lattice can be observed. The upper inset shows the lattice
parameter 0.247 nm of graphite (hexagonal, p6s/mmc, space group 194, with lattices parameters
a=b=2.4A, ¢c=6.70 A) [195] with the indexed fast Fourier transform given in the lower inset.
Figure 3.12f shows the AFM image of an exfoliated sample WJMO0.10, giving a thickness mode of
1.6 nm, demonstrating the production of mainly FLG, i.e. 15% of flakes thinner than 1.5 nm (single-
layer graphene flakes thicknesses have been reported ranging from 0.4 to 1.5 nm) [164] 54% in the
1.5to0 5.0 nm range, and 31% thicker than 5 nm (see inset to Figure 3.12f).
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Figure 3.12. TEM images of WJM0.10 (a), WIMO0.15 (b) and WJIMO0.30 samples (c), with the corresponding
lateral size distributions in the insets. (d) HRTEM image of a bended three-layer graphene, from sample
WJIMO.10. (¢) HRTEM image of a WIMO.10 flake showing the A-B stacking, depicted by orange and yellow
circles on the image. Inset in the upper right corner reports a zoomed area on the same flake where the red
diamond indicates the hexagonal unit cell of graphite. The bottom right inset shows the corresponding Fourier
transform with the indexed reflections from crystalline planes. (f) AFM image of graphene flakes with the
thickness distribution given in the inset. A total of ~ 100 flakes per sample have been evaluated to perform

the statistical analyses. Adapted from [154].

The quality of the exfoliated material, in terms of crystalline integrity, is analysed by Raman
spectroscopy. Figure 3.13a shows the Raman spectra of the samples WJMO0.30, WJMO0.15, WIJMO0.10,
and graphite for comparison. All spectra are normalised to the G peak intensity. The intensity
variations of the D and D’ bands are related to an increase of edge or in-plane defects [168,196]. The
statistical analysis shows that 1(D)/I(G) ranges from 0.03 to 0.6 for WJMO0.30, then the range varies
to 0.1 — 1 and 0.1 — 1.2, for WIMO0.15 and WJIMO0.10 samples, respectively (Figure 3.13b). On the
contrary, FWHM(G) (Figure 3.13c) are not significantly affected by the nozzle diameter, ranging in
all cases from ~14 to ~25 cm™, with a mode at ~19 cm™. The plot of I(D)/I(G) vs. FWHM(G) in
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Figure 3.13d shows that the linear correlation between these parameters becomes scattered (not
correlated) when the nozzle diameter is reduced. In fact, the linear correlation is also reduced from
0.748 to 0.289 for WIMO0.30 to WIMO.10. This result suggests that the WJM process homogenises
the sample by increasing the number of flakes smaller than the laser spot size (1pum). This is in
agreement with the TEM measurements.

The normalised intensity ratios 1(2D1)/1(G) vs. 1(2D2)/1(G) give an insight on the flake thickness
(Figure 3.13e). In general, for graphite, the intensity of 2D peak [1(2D>)] is roughly double compared
to the intensity of 2D peak [1(2D4)] [168]. Furthermore, the intensity ratio [1(2D2)/1(2D1)] decreases
as the flake thickness is reduced [165,166], until the 2D band can be fitted by a single Lorentzian,
highlighting that the flakes are electronically decoupled. The dashed line in Figure 5e represents the
multilayer condition (5 layers) [197] [I(2D1)/1(G) = 1(2D2)/1(G)] separating the data set, while the
points below the line [1(2D1)/1(G) < 1(2D)/1(G)] are considered graphitic flakes, and the points above
the line [1(2D1)/I(G) > 1(2D2)/I(G)] are considered FLG and SLG [165,166]. It is noteworthy that a
single Lorentzian component is achieved only for the sample WJMO0.10, indicating that the graphite
processing through the 0.10 mm nozzle allows getting graphene flakes with electronically decoupled
layers. Noteworthy, for graphene flakes obtained by LPE, it is uncommon to find such large
intensities for the 2D band, even for SLG [37,51,198,199]. Additionally, the evolution of the 2D band
when graphite is processed through the nozzles indicates an effective reduction of flake thickness
[165,166].

Figure 3.13f presents the high-resolution XPS C 1s spectrum of WJMO0.10. The C 1s spectrum is
characterized by the typical asymmetric profiles of graphitic carbon-based materials [187]. The
spectrum can be decomposed into different components typical of graphite: a main peak at 284.4 eV
for sp? carbon [200,201] with the corresponding feature due to n-n* interactions at 290.8 eV [202],
as well as a second peak at 284.8 eV for sp® carbon [200,201], probably due to flake edges and solvent

residual.

The TEM, AFM, and Raman results demonstrate the successful exfoliation of the layered crystals.
The as-produced exfoliated samples consist of a mixture of flakes of different thicknesses, as
discussed above. The thick flakes in the sample can be removed by SBS, thus promoting sample

enrichment with thin flakes.
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Figure 3.13. (a) Raman spectra of the samples WJMO0.10, WIMO.15, and WJMO0.30 in pink, orange, and wine,
respectively, and graphite spectrum (in black), for the sake of comparison. The black arrows indicate the
increase in the integral intensity of the D and D’ peaks and a shift for the 2D; and 2D, peaks when the samples
are processed from graphite to WIMO0.10. The statistical analyses of the I1(D)/I(G) and FWHM(G) of the
processed samples are shown in (b) and (c). (d) FWHM(G) vs. I(D)/I(G) and their linear correlation (dashed
line) and (e) the normalised integral intensities of the peaks 2D1 and 2D, showing the distribution of FLG and
graphite. The dashed line represents the condition where 1(2D1)/1(G) = 1(2D2)/1(G). (f) XPS C 1s spectrum of
WJIMO0.10. A total of 30 spectra per sample have been acquired to perform the statistical analyses.
Adapted from [154].

The initial C of the sample WJMO.10 is confirmed by OES to be ~ 10 g L™ (Figure 3.14a, orange
line). After centrifugation, the value of C of flakes in dispersion decreases to 1.13 gLt and 0.31 g L
! for 500 g (dark blue line) and 3000 g (light blue line), respectively (Figure 3.14a). The physical
changes of the WIMO0.10 samples after centrifugation are also evident in Raman spectroscopy (Figure
3.14b), from the changes of the normalised intensity ratios 1(2D1)/1(G) vs. 1(2D2)/1(G) band (Figure
3.14c). For the WIMO0.10 sample, the points satisfying the condition 1(2D1)/1(G) < I(2D2)/1(G) (flakes
with > 5 layers) decrease from 37% to 7%, for the centrifuged samples. Conversely, the points having
1(2D2)/1(G) = 0 increase from 10%, for the as-produced WJIMO.10 to 40% for the sample centrifuged
at 500 g, and to 57% for the sample centrifuged at 3000 g. These results indicate that the SBS is an

effective process to separate graphite-like flakes from FLG.
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Figure 3.14. (a) Optical absorption spectroscopy and (b) Raman spectra of the sample WJMO0.10 and purified
after centrifugation at 500 g and 3000 g. (c) The normalised integral intensities of the 2D; and 2D peaks show
the distribution of FLG and graphite in the purified sample at 3000 g and, as a comparison, the as-produced
WJIMO0.10 sample. (d) TEM image of the centrifuged sample at 3000 g, the inset shows the lateral size
distribution. (¢) HRTEM image of a flake reported in (d) and its corresponding Fast Fourier Transform of the
flake with the indexed reflections from crystalline planes in the inset. (f) AFM image of the sample WJMO0.10
and the thickness distribution in the inset. Adapted from [154].

Finally, in order to gain further insight into the quality of the purified samples, we additionally
analysed the sample centrifuged at 3000 g by TEM and HRTEM (Figure 6d-f). The statistical lateral
size distribution, shown in the inset to Figure 3.14d, peaks at 350 nm. It is worth noting that the In-
sd decreases from 1.18 for WIMO0.10 to 0.55, meaning that the centrifuged sample has a narrower
lateral size distribution than the WJMO0.10 [180]. The HRTEM, Figure 6e, of one flake shows the
characteristic honeycomb lattice of graphene. The corresponding Fast Fourier Transform (inset to
Figure 3.14e) suggests the absence of multi-layered structures or stacked flakes. An AFM image of
the sample centrifuged at 3000 g is shown in Figure 3.14f. The statistical thickness distribution has a

maximum population peaked at 1.6 nm.

In summary, these results indicate that the WJM is an ideal tool to produce gram-scale quantities of

FLG flakes, and also SLG, with the use of purification procedures.
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3.2.2 Characterization of other 2D crystals exfoliated by WJM-assisted LPE

For the exfoliation of MoS;,, WS, and h-BN, their crystallite sizes (particle size < 2 um) allow the

direct use of the 0.10 mm nozzle, giving a processing time of 4.5 s per 10 mL of sample.

The MoS;, WS;, and h-BN flake sizes are also determined by TEM, with the images of the exfoliated
flakes shown in Figure 3.15a-c. The lateral-size statistical distribution of the flakes, shown in the
insets, displays an average size of 380, 500, and 340 nm for MoS2, WS>, and h-BN, respectively. The
thickness of the processed flakes is analysed by AFM (Figure 3.15d-f). The insets to each AFM image
report the statistical distribution of the thicknesses, showing a thickness mode at 6.0, 4.5, and 2.4 nm
for MoSz, WS, and h-BN, respectively.

Thickness (nm)

Figure 3.15. TEM images of exfoliated MoS: (a), WS (b), and h-BN (c) flakes, respectively, and their
corresponding statistical lateral size distributions are shown in the insets. AFM images of exfoliated flakes of
MoS:; (d), WS- (e), and h-BN (f) flakes respectively. Their corresponding thickness distributions are shown in
the insets. A total of ~ 100 flakes per sample have been evaluated to perform the statistical analyses.
Adapted from [154].

Raman spectroscopy is also used to analyse the physical changes on the exfoliated MoS;, WS,, and
h-BN samples. The Raman spectra of bulk and exfoliated MoS2, WS, and h-BN are shown in Figures
3.16a-c, and their corresponding vibrational modes are illustrated in the insets to the corresponding
figures. The Raman spectrum of bulk MoS> consists of two active peaks, the first one (Ezg), at 379
cm, corresponds to the mode involving the in-plane vibration of Mo and S atoms [203,204]. The

second one (A1g), at 405 cm?, is due to out-of-plane vibrations [203,204]. The typical Raman spectra

48



of exfoliated MoS; show a shift of the Exgand Aig peaks, such that the distance between the peaks
goes from 26 cm™ for the bulk case to 19 cm™ in the monolayer limit [203,204]. The MoS, Raman
spectrum of the exfoliated samples is reported in Figure 3.16a, blue line. The spectrum shows a blue
shift for both bands, Ezq (3 cm™) and Aiq (4 cm™), with respect to the bulk case. Similar results have
been reported for exfoliated MoS:; flakes [205,206].

The Raman spectrum of WS; consists mainly of three peaks: the Ezg, which corresponds to the mode
involving the in-plane vibration of W and S atoms [207,208]; the A1g, which is related to out-of-plane
vibrations [207,208]; and the second-order longitudinal acoustic mode (2LA) at 350 cm* [207,208].
The integral intensity of the 2LA peak increases with the decreasing flake thickness [207,208]. The
spectrum of exfoliated WS, (Figure 3.16b, green line) shows a 7-fold decrease of the integral intensity
of the Aig mode and a two-fold increase in the intensity of the 2LA phonon mode, due to the
occurrence of a double resonance for exfoliated WS, flakes, in agreement with previous studies
related with the exfoliation of WS> [207,208].

Lastly, the red-shift and the broadening of the E»q peak of exfoliated h-BN (Figure 3.16c¢), compared

to bulk material, suggests an effective exfoliation down to few-layers [182,186].
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Figure 3.16. Raman spectra of the MoS; (a), WS (b) and h-BN (c), compared with their bulk counterparts.
The Raman active modes are illustrated as insets in each figure. A total of 15 spectra per sample have been

acquired to perform the statistical analyses. Adapted from [154].

3.2.3 Characterization of samples WG and WhBN obtained by WJM-assisted LPE

In order to exploit the potentialities of 2D crystals produced by WJM-assisted LPE as fillers in
polymer composites, the samples WG and WhBN have been produced, according to the protocol

described in section 2.2.1. The sample WG has been obtained in the same way of the sample
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WJIMO.10, characterized in section 3.2.1, in fact, the results obtained by TEM, AFM and Raman
spectroscopy are similar, evidencing the reproducibility of the WJM exfoliation technique. On the
other hand, the sample WhBN was obtained using the h-BN bulk powder with a crystallite size of ~
40 um. This because the aim was to obtain as much larger exfoliated h-BN flakes to be used as filler,
as evidenced by the importance of aspect ratio in the final properties of composites presented in
section 1.3.

1
WJIM-G lateral size (um)

10 15 20 25
S FM heigth (nm) 22000 onm FM heigth (nm)

Figure 3.17. Morphological and structural characterization of WG and WhBN flakes. TEM images and relative
lateral size distribution of samples WG (a-b) and WhBN (c-d); AFM images and relative thickness distribution
of samples WG (e-f) and WhBN (g-h). A total of ~ 100 flakes per sample have been evaluated to perform

the statistical analyses.

Representative TEM images of WG and WhBN are shown in Figure 3.17a and Figure 3.17c
respectively, with top-left insets showing the diffraction patterns that demonstrate the crystallinity
and structural integrity of both samples. The statistical analyses of the lateral size obey the log-normal
distribution [180], reported in Figure 3.17b and Figure 3.17d. The flakes lateral size decreases from
bulk values (~ 150 um for graphite and ~ 40 um for h-BN) to average values of 850 nm (In-sd: 0.69)
for WG and of 550 nm (In-sd: 0.74) for WhBN, evaluated as the mode (or maximum population) of
the log-normal distribution. Moreover, flakes with lateral sizes exceeding 1 um are ~ 70% in the case
of WG and ~ 50% in the case of WhBN, thus considerably larger than typical 2D crystal lateral size
obtainable by sonication-assisted LPE methods, usually lower than 1 um [46,47,57,79,209].

The flake thickness is investigated by AFM analysis (Figure 3.17e and Figure 3.17g, with statistical
distributions in Figure 3.17f and Figure 3.17h), revealing mode heights of 2.4 and 2.8 nm for WG
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and WhBN flakes, respectively, with ~ 50% of flakes below 5 nm in both cases. Thus, WG and WhBN
are mainly composed of single- and few-layer flakes.
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Figure 3.18. Raman spectroscopy analysis on WG and WhBN flakes. a) Representative Raman spectra of WG
flakes (wine) and graphite (black) as comparison; Raman statistical analysis: b) I(D)/1(G), c) I(D)/I(G) vs.
FWHM(G), d) Pos(G), e) Pos(2D3), f) Pos(2D>),and g) 1(2D1)/1(G) vs. 1(2D2)/1(G); h) representative Raman
spectra of WhBN flakes (cyan) and bulk h-BN (black) as comparison; Raman statistical analysis: i) Pos(Ezq),

I) FWHM(E2g) A total of 15 spectra per sample have been acquired to perform the statistical analyses.

The evolution of the electronic structure from graphite to few-layers graphene flakes is evidenced by
Raman spectroscopy (Figure 3.18). Analysing the intensity ratios (normalized to the G peak intensity)
of the 2Ds, i.e. 1(2D1)/1(G), and 2D, i.e. 1(2D2)/I(G), peaks it is possible to estimate the flake
thickness [166,197]. The evolution of the 2D peak of WG sample (Figure 3.18a), compared to the
case of graphite, evidences the successful exfoliation. The statistical analysis performed on WG
Raman spectra (Figure 3.18b-g) suggests that the sample WG it is composed mainly of FLG.
Moreover, the lack of correlation between the intensity of the D peak (I(D)) and the FWHM of the G
peak (Figure 3.18c) evidences that the I(D) is not due by the presence of basal plane defects but by
edge defects [210].

Regarding the WhBN samples, the Raman spectroscopy analysis (Figure 3.18h-1) reveals shifts

(Figure 3.18i) and broadening (Figure 3.18l)of the E2g peak, compared to bulk sample, suggesting an
effective exfoliation [182,186].
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CHAPTER 4

Graphene/Polycarbonate composites

4.1 Introduction

One of the main and most promising applications involving graphene is as filler in polymer-based
composites [1,75,138-140,142]. The physical properties of graphene [3,211,212] make it appealing
for the composite materials production [1,141]. In fact, graphene-based polymer composites show
enhanced mechanical [83,213], thermal [214], and electrical [215] properties compared to pristine

polymer matrices, as discussed in chapter 1.

However, large quantities of graphene are needed for exploiting its use in the composite field [1,139],
especially in view of industrial scalability. Although several techniques are available for the
production of high-quality graphene monolayers on a substrate [26], e.g., MC,[212] CVD [28], and
epitaxial growth on SiC substrate [216]. Those approaches are clearly not suitable for composite
applications. Nowadays, large-scale production of SLG and FLG flakes by liquid phase exfoliation
(LPE) [35,37,39] is among the preferred production routes for the exploitation of graphene as filler
in nanocomposites [26,39], as mentioned in section 1.2. In fact, the method allows to obtain SLG and
FLG flakes dispersed in a solvent or in powder form and it is offering also the possibility of scalability
[1,26,39].

As discussed in sections 1.2.1 and 2.1, in a LPE process, graphene flakes are produced by exfoliation
of natural graphite [1,37] in a solvent medium by applying an external driving force, such as ultra-
sonication [26,54]. The choice of the solvent for the exfoliation process is crucial [36,37,39]. In this
context, suitable solvents have to minimize the interfacial tension between the liquid itself and the
graphene flakes, having a surface tension (y) similar to the surface energy of graphene and matching
its HSPs [26,37,44]. Summarizing, the growing demand of the polymer-based graphene composites
needs an efficient and scalable production route, which requirements are satisfied by using LPE.
However, the LPE produced dispersion has to be purified to obtain stable suspension highly enriched
in SLG and FLG flakes, which requires an ultra-centrifugal step. Considering these facts and the up-
scalability difficulties of ultra-centrifugation, the only pristine graphene flakes containing dispersions
availability on the commercial market is still limited, opening the avenues for novel developments in

the scalable production techniques of graphene.
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Another key requirement, apart from the graphene flakes morphology, as explained in section 1.3, to
obtain improvements with respect pristine polymer in the properties of the final composite material
is the optimal dispersion of the graphene flakes in the polymer matrices. The molecular interactions
between the graphene flakes and polymer chains are due to weak van der Waals forces [137], ==
stacking [137,138], and hydrophobic-hydrophobic interactions [137]. These interactions hinder
efficient connections between the graphene flakes and the polymer chains, so graphene flakes usually
do not form homogeneous composites [139-141]. In contrast, the epoxide, hydroxyl, carbonyl, and
carboxyl groups present on the basal plane of GO [63,70] and also partially in RGO [66,72] can
interact with the polymer chains. Therefore, their use as a filler in the polymer-based composites is
widely reported in literature [1,139,141,142]. Nevertheless, the presence of these groups acts as
defects, in addition to the structural defects due to the oxidation process in the structure of the flakes
[66,143]. The presence of such defects reduces the mechanical and electrical properties of GO and
RGO flakes compared to graphene flakes [66,143], e.g. GO is an insulator and has Young’s Modulus
ranging between 200 and 600 GPa [139,143,144].

Polycarbonate is a thermoplastic polymer with high mechanical stiffness (2.0-2.4 GPa) [217] and
optical transparency (over 80% in the visible spectrum, with a refractive index of 1.59) [217], and
can be used in a wide range of applications: ranging from automotive and aeronautic industries [217],
to data storage (DVDs and CDs) [218], replacing glass [218], and photonics [219,220]. Polycarbonate
could also be used as 3D printer filament [221], with higher mechanical and thermal properties with
respect to PLA [222] ABS [223], which are the reference materials used in these applications [221].
For instance, the heat deflection temperature, i.e. the temperature at which a polymer deforms under
a specified load, for PC is in the 135-145 °C range [218], whereas for PLA is ~60 °C [222], while
for ABS is ~100 °C [224], making PC suitable for high-temperature required applications. Moreover,
the exploitation of ABS or PLA filaments for 3D printing technology has also environmentally
implications [225,226], as ultrafine, <100 nm, particle emissions from melt during a 3D printing
process is reported [226]. 3D printable graphene-based composites have been firstly reported in the
case of PLA [227] and ABS [227]. In order to exploit the aforementioned properties of PC-based
graphene composites for their use in 3D printing, further studies are needed. Currently, to the best of
our knowledge, there is not reported any PC/graphene (PC/G) composite in which LPE of natural
graphite has been exploited, whereas primarily graphene derivatives such as GO or RGO have been
previously used [146,228-231]. In particular, for what concerns the solution blending approach, the
solvents used for the dissolution of PC are chloroform [229] and THF [228], both suspected of being

carcinogenic substances [232,233].
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In this chapter, I will present a simple solution blending process to produce PC/G composite pellets
using a 1,3-dioxolane-based dispersion, having a two-fold function: acting as a dispersant for the
graphene flakes and able to dissolve the PC for the realization of the final polymer composite.
Structural characterization is carried out on both graphene flakes dispersion and PC/G composite
samples using atomic force, transmission and scanning electron microscopies and Raman
spectroscopy. The LPE produced prevalently SLG and FLG flakes with lateral size in the range 200
— 600 nm, and thickness in the 0.7 — 1.4 nm range for 70% of the flakes, respectively. Mechanical
tests and electrical conductivity measurements are carried out to investigate the effect of different
loadings of SLG and FLG flakes for the reinforcement of the composite’s physical properties. If
compared to the bare polymer, the as-produced PC/G composite shows a 26 % increment in Young’s
Modulus at 1 wt % loading and an electrical conductivity of ~10° S m™ at 10 wt %, the latter

representing a seven order of magnitude increment with respect to the pristine polymer.

4.2 Production and characterization of PC/G composites

In order to achieve a homogeneous dispersion of exfoliated graphene flakes into the PC matrix, |
exploited solution-blending technique for the production of PC/G composite [150,151]. In a common
solution-blending process, both matrix and filler have to be dissolved in the same solvent and then
mixed. | selected 1,3-dioxolane as solvent for the solution blending, due to its low-boiling point, i.e.
78 °C [234], with a set of solubility parameters (i.e. HPS and surface tension) which makes it
promising for the dispersion of graphene flakes with respect to, for example, THF and chloroform
(see Table 4.1). However, this solvent is not suitable for the direct LPE of graphite because its surface
tension, 32.6 mN m* [235], does not match the surface energy of graphene, that has been estimated
to be close to 46.7 mN m™ [37,46]. Thus, LPE of graphite is carried out in NMP [37], by means of
low-power ultra-sonication. NMP is one of the best solvent used for the dispersion of graphitic flakes
because its surface tension is 41 mN m™ [236], close to the surface energy of graphene [37,46]. The
result of the exfoliation process is a heterogeneous dispersion of thin/thick and small/large graphitic
flakes [26]. This dispersion is ultra-centrifuged at 10000 rpm (~ 17000g), exploiting the SBS process
[60,237], and the obtained ink is exchanged from NMP to 1,3-dioxolane, according to sections 2.2.1
and 2.4.1.

The results of the characterization of graphene flakes by TEM, AFM and Raman, presented in section
3.1.1, indicate that the ink is composed by SLG/FLG flakes.
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Table 4.1. Summary of HSPs and surface tension at 25 °C for PC [40], 1,3-dioxolane [40][235], chloroform
[40][238], THF [40][239], and graphene [37]. For graphene is reported as surface tension the one of a solvent

that matches its surface energy.

material dp op OH Surface tension
(MPat?) (MPa'?) (MPaY?)  (mNm?)
PC 19.1 10.9 5.1 —
1,3-dioxolane  18.1 6.6 9.3 32.6 [235]
Chloroform 17.8 3.1 5.6 27.1 [238]
THF 16.8 5.7 8.0 26.4 [239]
Graphene 18 10 7 ~46.7 [37]

Figure 4.1. SEM images of cross section area of pristine PC, at (a) low and (b) high magnification, and PC/G
composite of 1 wt % graphene loading, at (c) low and (d) high magnification. Adapted from [47].

55



4.2.1 Morphological characterization of PC/G composite

Blend compatibility (i.e. expecting macroscopically uniform physical properties), filler dispersion,
and the interfacial bond between the polymer matrix and the SLG-FLG flakes are investigated
performing SEM measurements on both the pristine PC and PC/G composite. SEM images of the
cross-section of pristine PC are shown in Figure 4.1 at low (Figure 4.1a) and high (Figure 4.1b)
magnifications, and PC/G composite of 1 wt %, at low (Figure 4.1c) and high (Figure 4.1d)
magnifications, respectively. Graphene flakes (the brighter, angular shaped objects) can be clearly
seen as uniformly dispersed in the polymer matrix, which is also confirmed by Raman

characterization of the PC/G composite.
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Figure 4.2 (a) Raman spectra of SLG/FLG dispersion (trace black), pristine PC (trace red) and PC /graphene
dispersion at 3% of loading (trace blue), (b-d) statistical analysis on Raman spectra of graphene dispersion and
composite samples: (b) Pos(2D), (¢) FWHM(2D), (d) Io/ls respect to FWHM(G). Adapted from [47].

Figure 4.2a shows representative Raman spectra of graphene dispersion (trace black), PC (trace red)
and PC/G composite dispersion after blending (trace blue). The Raman spectrum of the PC/G 3 wt %
of graphene loading reveals a thorough mixing of the graphene flakes within the polymer matrix;
indeed, there is the presence of peaks related to both SLG/FLG and the PC. The dotted lines referred
as i), ii) and iii) correspond to C—-CHs (~889cm 1), C-O (~1235cm™?) and ring stretches (~1606cm™?)
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of PC [240], respectively. Statistical analysis on Pos(2D) (Figure 4.2b) shows a slight blue shift of
the composite compared to the one in pristine PC. In fact, Pos(2D) is in the range 2688—-2700 cm!
for the dispersion and 2692-2702 cm™* for the PC/G composite. The blue shift is attributed to m—n
interactions between the graphene flakes and the polymer [139,241]. However, the 2D peak in the
composite still shows a Lorentzian line-shape differently from graphite (see FWHM(2D) distribution
(Figure 4.2c) indicating that FLG flakes are electronically decoupled [60,237]. The lack of correlation
between Ip/lc and FWHM(G) (Figure 4.2d) in the PC/G composite, as for the case of the SLG/FLG
dispersion, suggests that no defects in the SLG/FLG flakes are introduced by the solution blending
process [242].

4.2.2 PC/G composite enhanced performances

The thermal behaviour of a composite material in view of applications, such as for example 3D
printing, has to be known [227]. Therefore, considering the application of the PC/G composite
material for 3D printing using Fused Deposition Modelling (FDM) technology, these thermal
behaviours are investigated. The FDM is an additive manufacturing technology commonly used for
modelling, prototyping, and production of polymer-based objects, and it is one of the most commonly
used techniques for 3D printing [243,244]. Using the FDM process, the thermoplastic polymer
filament is heated above its glass transition temperature (T4) and extruded through the nozzle of the
3D printer, then the printed material is cooled down to room temperature forming the product. The
TGA and differential TGA (DTGA) analyses on PC (black curve) and PC/G at 1 wt % (red curve)
are depicted in Figure 4.3a and Figure 4.3b, respectively. The first loss of weight, of ~5 wt %, occurs
at 100-150°C for both pristine PC and the composite and it is attributed to evaporation of residual
solvents and/or small organic groups [245]. The pyrolysis, corresponding to the main loss of weight,
starts for pristine PC at ~370 °C and is due to the cleavage of the carbonate groups [245], whereas it
is reduced in the composite because fillers reduce mobility of polymer chains, so the degradation
temperature of the composite loaded with 1 wt % of SLG-FLG flakes, evaluated as the peak in the
DTGA curve, increases of ~86 °C. The peak of DTGA, corresponding indeed to the maximum
reaction speed in which the sample is degraded, is at ~421 °C for the pristine polymer and at ~507 °C
for the PC/G composite 1 wt % loaded. These results show that the presence of graphene flakes
increases the thermal stability of the polymer. At 800 °C, residual chars of 20wt % of PC and 21wt

% of the composite are found, in agreement with the loading of filler.
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Figure 4.3. (a) TGA analysis of pristine PC (black curve) and PC/G 1 wt % (red curve). (b) DTGA analysis
of pristine PC (black curve) and PC/G 1 wt % (red curve). Adapted from [47].

Stress vs. strain curves of pristine PC (black curve) and PC/G composite at 1 wt % (red curve)
graphene loadings are shown in Figure 4.4a. The Young’s Modulus (E) (Figure 4.4b) reaches a
maximum value for the 1 wt % content of SLG/FLG flakes of 1455+28 MPa. The increment with
respect to pristine PC, having a measured E value of 1151+44 MPa, is ~26%. Increasing the content
of filler above 1 wt %, the E value decreases, reaching a minimum value of ~1353 MPa at 1.5 wt %,

which, however, still corresponds to ~17% improvement compared to pristine PC (115144 MPa).

The decreases of E with a loading of SLG and FLG flakes superior to 1 wt %, could be associated to
the occurrence of agglomeration of the flakes [84,148,246], although further studies to ascertain this
phenomenon are needed. The presence of SLG and FLG flakes also improves the ultimate tensile
strength (ou), defined as the higher stress value reached in the stress vs. strain curve, Figure 4.4c of
the polymer. Contrariwise to the results obtained for E, where exceeding the 1 wt % of loading, there
is a sudden decrease, oy remains almost constant (~ 60 MPa), as a ‘saturation/like’ behaviour. The

full mechanical characterization data are summarized in Table 4.2 at the end of the chapter.

It is possible to estimate the efficiency of mechanical reinforcement, in terms of E, by comparing the
experimental data obtained with the Eq. 1.7. For very low loadings, i.e., < 0.1 wt% (corresponding to
~ 0.055 vol%), data are well aligned with the model, graphically expressed by the grey dashed line
in Figure 4.4b, returning from the linear fit a EF value of 360 GPa for SLG/FLG. This value is

comparable with reported values of FLG in literature [83,247].

The increments reported here in mechanical properties are higher than other reported works involving
graphene/PC composites. For instance, Kim et al. [146] reported a ~6.7% and ~20.7% increments in
E at 1 wt % and 2.5 wt % of functionalized graphene sheets (thermally exfoliated GrO) loading,
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respectively; Shen et al. [248] reported a 6.8 % increment in E at 10 wt % of thermally RGO loading.
The increments in mechanical properties are higher compared to other reported works involving a PC
matrix loaded with 1 wt % RGO flakes [146,248], in which composites are produced by melt blending
obtaining an increment in E lower than 7%. Mittal et al. [249] reported enhancement of ~ 23% in E
but with 7 wt % of loading of RGO flakes.
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Figure 4.4. Mechanical properties of composites and pristine materials: (a) stress vs. strain curves, (b) Young’s
modulus (E), and (c) ultimate tensile strength (oy), with SLG/FLG content displayed in both wt% (bottom x
axis) and vol% (top x axis). Insets represents magnification at very low loadings, i.e. < 0.1wt%. Adapted from
[47].

The mechanical properties of the composite material could be additionally enhanced by optimizing
the aspect ratio of the graphene flakes (lateral size vs. thickness), as reported in the case of PVA [84],
where the reported aspect ratio of flakes is ~1900 and the enhancement in E with respect pristine
PVA is ~66% at 0.36 vol% of loading (as comparison, our aspect ratio is ~300). Considering this
work [84], it seems that the resulting mechanical enhancement of the polymer-based graphene
composites is rooted in the differences in the structural and morphological properties of the graphene

flakes. However, further systematic studies are needed to verify this hypothesis.

Finally, static electrical conductivity measurements (DC regime) on the composites as a function of
SLG/FLG content in the composite material (PC/G), are presented in Figure 4.5. The PC/G
composites with SLG and FLG concentrations up to 10 wt % are prepared for this characterization
The pristine polymer matrix exhibits DC conductivity of the order of 10! S m™, reaching ~107" S
m~! for 1.5 wt % and almost 10° S m™ at 10 wt % of loading. The improvement on DC electrical
conductivity of the composite follows a percolation behaviour [215,228,250], presented in section
1.3.3, with a percolation threshold (¢c) of ~1 wt % (~0.55 vol%), a value in line compared to other

works involving PC/G composites [146,228].
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According to Eq. 1.13, from the linear fit of Ig(c) vs. 1g[(¢p—¢@c)/(1-¢c)] shown as inset to Figure 4.5,
| found that, oo = 1021520823 g m1 = 141,91 + 6.65 S m* and s = 4.027 + 0.411. Such a high
percolation exponent can be related with the presence of a large number of junction resistances
between the flakes [251,252]. The percolation threshold could be further lowered increasing the
aspect ratio of the filler, facilitating the formation of a conductive path at a lower volume loading
[215,253,254].
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Figure 4.5. Electrical conductivity (opc) of composite vs. SLG/FLG flakes content showing percolation
behaviour. The plot of log(opc) vs. 1g[(p—ec)/(1-¢c)], where ¢ is the volume content and ¢. the percolation

threshold, with a linear fit of experimentally measured points is shown in the inset. Adapted from [47].

4.2.3 Conclusions

In this chapter, | proposed a scalable method for the production of a PC/G composite. Single and few-
layers graphene flakes, used as filler, are obtained by means of LPE of pristine graphite. Exfoliation
is carried out in NMP and then, by exploiting a solvent exchange process, the graphene flakes are
dispersed in 1,3-dioxolane, which is a low-boiling point solvent with a set of solubility parameters
which makes it promising for the dispersion of graphene flakes. The final composite is then obtained
by mixing the graphene-based dispersion and the polymer solution in 1,3-dioxolane, by means of
solution blending. Raman spectroscopy and SEM microscopy have shown the homogeneous
dispersion of the SLG and FLG flakes in the PC matrix.

The thermal stability of the PC/G containing 1 wt % of SLG and FLG flakes filler compared to the
pristine PC is assessed by TGA analysis demonstrating an upshift of the degradation temperature of
~86 °C. Furthermore, a 26% improvement of Young’s Modulus with respect to pristine PC is reached

for 1 wt % content of SLG and FLG flakes. The presence of the fillers also enhances the ultimate
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tensile strength. The PC/G composite electrical percolation threshold is found at ~1 wt % of graphene

loading, reaching electrical conductivity of ~10° S m* at 10 wt %.

The as-produced PC/G composite can be the ideal starting material for 3D printing applications in

constructing 3D electronics, due to its increased mechanical and electrical properties and thermal

stability.

Table 4.2. Summary of mechanical properties of PC/G composite, with standard deviations (s.d.) and relative

variation (A) in percentage with respect the neat polymer.

SIEOC';_]/,[ZI_I}[G E s.d. E AE ou s.d. ou Acu
wt % MPa MPa % MPa MPa %
0.00 1151 44 — 55.2 3.4 —
0.01 1273 62 10.6 55.9 2.5 1.3
0.05 1359 51 18.1 56.2 3.8 1.8
0.10 1371 48 19.1 55.6 6.0 0.7
0.50 1403 34 21.9 60.1 0.9 8.9
1.00 1455 28 26.4 60.0 1.1 8.8
1.50 1353 31 17.6 59.3 1.4 7.6
2.00 1226 54 6.5 57.3 2.4 4.0
2.50 1353 69 17.4 60.8 0.2 10.3
3.00 1345 46 16.8 58.5 1.1 6.1
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CHAPTER 5

h-BN/Polycarbonate composites: the effect of flakes
morphology

5.1 Introduction

In the last years, h-BN has attracted increasing attention due to its remarkable properties,
complementary to the graphene ones [1,39]. A single layer of h-BN has a honeycomb lattice
composed by alternating boron (B) and nitrogen (N) atoms, held together by polar covalent bonds
[14,184]. This structure makes single layer h-BN mechanically strong, i.e. its Young’s Modulus (E)
approaches 1 TPa [15], with a tensile strength of 150 GPa [15] and in-plane stiffness of 267 N m™
[14]. Contrary to graphene, h-BN has no optical absorption in the visible region [14] and it is an
electrical insulator with a band-gap of ~ 6 eV [14]. This set of properties makes h-BN appealing for
its use as filler in polymer composites [255]. Polymer reinforcement has already been achieved with
h-BN flakes, exfoliated by LPE, in cases of several matrices, such as polyvinyl alcohol (PVA) [85],
polymethyl methacrylate (PMMA) [133], polyethylene terephthalate (PET) [94], polyvinyl chloride
(PVC) [256], and PC [257], in which increments of E are in the range of 20 — 30 % with respect the
neat matrixes at filler loadings of 0.1 wt % (0.3 wt % for Ref. [255]). Usually, for loading of h-BN
flakes higher than 0.1 wt % the mechanical performances of composites saturate or even decrease,
probably due to agglomeration of the flakes dispersed in the polymeric matrixes [47,84,85,94]. On
the one hand, the occurrence of aggregates, indeed, has been reported in the 0.1 — 0.2 vol% (~ 0.2 —
0.4 wt %) loading range for PVA [85] and PVC [256] based composites, both produced by solvent
blending. On the other hand, for composites produced by melt blending, as in the case of Ref. [94],

agglomeration of fillers can be observed even at lower concentrations, i.e. 0.017 vol% (~ 0.03 wt %).

It is worth noting that in order to produce 2D crystal-based composites with the targeted mechanical
reinforcement, both the dispersion of the fillers in the polymer matrix [152,258] and their aspect ratio
[75,84,213], i.e. lateral size over thickness, are of paramount importance, as shown both by
mathematical models [88,259], presented in section 1.3, and experimental evidences obtained in the
case of graphene flakes [84,88,259-262]. A study on the reinforcement of a polymer matrix related
to the aspect ratio and dispersion of h-BN flakes is, however, still lacking. Therefore, | tackled this

issue by designing h-BN flakes with a different aspect ratio (250 and 350) exploiting LPE in a
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water/surfactant solution as the dispersing agent. The exfoliated h-BN flakes have been sorted by
aspect ratio by means of sedimentation-based separation (SBS) [1,47,59,60] using a cascade
centrifugation [61], obtaining two population of flakes with different morphology, according to the
procedure presented in section 2.1.3. The as-produced flakes are then integrated into PC-based
composites, with varying concentration from 0 to 5 wt %, by solution blending, a technique which
allows a better dispersion of the flakes in the polymer matrix with respect to melt blending [93,151],
by dispersing both PC and h-BN flakes in the same solvent, i.e., 1,3-dioxolane. The dispersions are
then coagulated in water forming composite pellets, which are finally hot-pressed to produce
composite thin films (thickness ~ 100 pum). Mechanical tests on composite films have shown
significant reinforcements with respect to the bare PC polymer, with an increment of ~ 22 % in E at
0.1 wt % of loading of h-BN flakes with the highest aspect ratio (i.e., 350), while at the same loading
the observed increment is of ~ 17 % for the h-BN flakes of lower aspect ratio (i.e., 250). A maximum
reinforcement of 27 % in E is further obtained by using high-aspect ratio flakes (i.e., 350) at 0.5 wt
% of loading, whereas the same increment has been reported by a two-fold loading increase in the

case of graphene flakes [47], as evidenced in chapter 4.

5.2 Morphology of h-BN/PC composites

In order to understand the impact of the h-BN flakes morphology on the mechanical properties of the
PC-based composite, we designed and produced h-BN-s/PC and h-BN-p/PC composites by solution
blending technique in 1,3-dioxolane, as detailed in the section 2.1.3. 1,3-dioxolane is a low boiling
point solvent (78 °C) [234] with a set of solubility parameters (i.e. HPS and surface tension) which
makes it promising for the dispersion of h-BN flakes with respect to, for example, THF and
chloroform (see Table 5.1), other solvents are able to dissolve PC and generally used for the
production of solution processed 2D crystals/PC composites [219,228,229,257]. 1,3-dioxolane has
HSPs that are in the range of the ones proposed by Coleman and co-worker for exfoliated h-BN [35]
and a surface tension that is close to the exfoliated h-BN surface energy(see Table 5.1). Considering
these values, by using 1,3-dioxolane as a solvent for the blending, we expected a thorough mixing of
the exfoliated h-BN flakes inside the PC matrix.

The results of the characterization of the sorted h-BN flakes by TEM and AFM, presented in section
3.1.2, indicate that the h-BN-s and h-BN-p flakes have an aspect ratio of 350 and 250, respectively.
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Table 5.1. Summary of HSPs and surface tension at 25 °C for PC [40], 1,3-dioxolane [40][235], chloroform
[40][238], THF [40][239], and h-BN flakes [35]. For h-BN is reported as surface tension the one of a solvent

that matches its surface energy.

material dp op OH Surface tension
(MPa'?) (MPa'?) (MPa¥?)  (mNm?)
PC 19.1 10.9 5.1 —
1,3-dioxolane  18.1 6.6 9.3 32.6 [235]
Chloroform 17.8 3.1 5.6 27.1 [238]
THF 16.8 5.7 8.0 26.4 [239]
h-BN 18 10 7 ~35 [35]
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Figure 5.1. Cross-section SEM micrographs of (a) h-BN-s/PC 0.5 wt % and (b) h-BN-p/PC 0.5 wt %. (c)
Raman spectra of pristine PC (black trace), h-BN-s/PC 0.5 wt % composite (red trace), h-BN-p/PC 0.5 wt %
composite (blue trace); in the green box is displayed the high frequency E,q peak of h-BN (~ 1366 cm™). (d)
Raman mapping on a cross section of h-BN-s/PC 0.5 wt % composite showing the acquired Raman signals of
PC (blue) and h-BN-s flakes (pink).
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The dispersion of h-BN flakes in PC matrix is evaluated by scanning electron microscopy (SEM) and
Raman spectroscopy (Figure 5.1). Comparison of scanning electron micrographs of the cross-section
area of composites with the 0.5 wt % of loading (h-BN-s/PC in Figure 5.1a and h-BN-p/PC in Figure
5.1b) reveal that fillers — the brighter objects in the images — are uniformly dispersed in the polymeric
matrix. Raman spectra on composite films (Figure 5.1c) show the presence of peaks belonging to
both h-BN (displayed in the green box) and PC, revealing a thorough mixing of the h-BN flakes
within the polymeric matrix, further confirmed by a Raman mapping made on the film cross-section
(Figure 5.1d).

5.3 Effect of the aspect ratio of h-BN flakes on mechanical properties of composites

The dispersed h-BN flakes improved the mechanical properties of the PC matrix. Results obtained
from uniaxial tensile tests on composites are presented in Figure 5.2. With the 0.1 wt % of loading
(corresponding to 0.06 vol%), E of PC increased from 1165 + 56 MPa of the neat polymer to 1370 +
23 MPa (+ 17 %) and 1426 + 76 MPa (+ 22 %) using as filler h-BN-p and h-BN-s flakes, respectively,
see Figure 5.2a. It is worth noting that a difference in an aspect ratio of 100 reflects a 5 % (56 MPa)
variation in the reinforcement of the composite. By using the rule of mixtures [263], Eq. 1.7, it is
possible to evaluate the effective Modulus of the filler (Er) in the composite. Herein, at this loading,
h-BN-s flakes and h-BN-p flakes show an Er of 436 GPa and 342 GPa, respectively, values that are
less than half of the theoretical value of h-BN [15], but, however, in line with the reported literature
results [85,94,133,256]. Further increasing the aspect ratio of the flakes, keeping optimized their
dispersion in the polymer matrix, can in principle approach Er to the theoretical value [84]. Moreover,
the increment obtained using the h-BN-s flakes is comparable to the one obtained by Sainsbury et al.,
where methoxyphenyl carbamate-functionalized h-BN flakes have been used as a reinforcing agent
for the PC matrix [257]. Functionalization of flakes is able to increase the interfacial stress transfer
between filler and polymer chains [257], and a proper entanglement, i.e. their interlocking, can be
achieved when the grafted molecules on the flakes are structurally and chemically similar to the
matrix [257,264], thus minimizing their enthalpy of mixing [264]. Nevertheless, flake
functionalization requires the addition of one or more experimental steps to the process. It is worth
noting that in the same work, the authors report that no effective reinforcement has been found using
untreated h-BN flakes [257]. The enhancements we obtained using un-functionalized h-BN flakes
can be attributed to the different solvent used for the solution blending process, i.e. 1,3-dioxolane
instead of THF used in Ref. [257], which does not match the solubility parameters of h-BN, as
previously explained (see Table 5.1).
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Furthermore, a 27 % of increment in E has been found at 0.5 wt % of loading of h-BN-s flakes,
whereas the same increment is obtained by a two-fold loading increase in the case of graphene [47],
reaching a + 35 % of reinforcing at a loading of 5 wt %. For both samples, however, exceeding the
0.5 wt % of h-BN flakes loading, the Er of the flakes suddenly decreases, e.qg., is lower than 100 GPa
at 1.0 wt % of loading. This behaviour, often observed in literature for low dimensional fillers
[47,84,85,94], is attributed to the occurrence of flakes agglomeration [84,265].

The ultimate tensile strength (ocu), Figure 5.2b, of the composite at 0.1 wt % of h-BN-s loading
increases of ~ 12 % with respect the neat polymer (60.1 + 2.1 MPa vs. 54.5 £ 1.9 MPa), whereas
composite at 0.1 wt % of h-BN-p loading has shown an increment of ~ 6 % (57.6 + 2.6 MPa).
Exceeding the loading of 0.5 wt %, for both fillers, there is no more evidence of strength
reinforcement in composites and even we report a slight decrease for loadings higher than 1.5 wt %.

This fact is consistent with the evoked agglomeration issues found at the same loadings for E.

The h-BN-s flakes, with higher aspect ratio with respect to the h-BN-p flakes, gave also the highest
reinforcements, both in terms of E and oy for all the investigated concentrations (0.01 — 5 wt % range).
The differences are highlighted in the insets to Figure 5.2a and b that focus the h-BN flakes loadings
up to 0.1 wt %.
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Figure 5.2. Mechanical performances of composites. (a) Young’s Modulus (E); (b) ultimate tensile strength
(ou). Insets to (a) and (b) the h-BNcontent in the 0 — 0.1 wt % range.

5.4. Conclusion

The dependence of the h-BN flakes morphology, i.e., lateral size and thickness, on the mechanical

properties of h-BN/PC composites have been demonstrated. Bulk h-BN powder has been exfoliated
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by an environmentally friendly approach exploiting LPE in a water/surfactant solution. h-BN flakes
have been sorted by the aspect ratio (i.e., lateral size vs thickness) using a cascade centrifugation and
exploiting the SBS process, obtaining two different specimens h-BN-s and h-BN-p with aspect ratios
of 350 and 250 and an average number of layers of 3 and 5, respectively, as measured by AFM. These
flakes have been used as filler for the production of composites with enhanced mechanical properties
using PC as a matrix. Composites have been produced by means of solution blending, dissolving PC
in 1,3-dioxolane, a solvent with a surface tension and HSPs that match the ones required for h-BN
exfoliation and stabilization, allowing a thorough dispersion of flakes inside the polymer matrix, as
confirmed by SEM and Raman spectroscopy. The differences in the aspect ratio of the fillers reflected
in differences in the obtained mechanical reinforcements. The composites produced by using the
fillers with higher aspect ratio have shown the highest mechanical performances, both in terms of
stiffness (evaluated measuring E, e.g. +22 % with respect to the pristine PC matrix obtained at 0.1 wt
% of loading of h-BN-s flakes vs. + 17 % obtained at the same loading of h-BN-p flakes) and strength
(evaluated measuring ou, e.g. +12 % respect the pristine PC matrix obtained at 0.1 wt % of loading
of h-BN-s flakes vs. + 6 % obtained at the same loading of h-BN-p flakes). Moreover, the combination
of high aspect ratio fillers and the use of 1,3-dioxolane as a solvent for the blending with the polymeric
matrix, allows us to obtain for PC-based composites increments in mechanical properties comparable
with the ones of functionalized h-BN flakes [257] and even higher if compared with composites
having liquid phase exfoliated-graphene flakes as filler [47]. The environmentally friendly, high-yield
water/surfactant exfoliation herein proposed, together with the size selection of h-BN flakes and their
subsequent use as a reinforcing agent in a polymer matrix, can boost the exploitation of 2D crystals

for large-scale commercial applications.
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CHAPTER 6

2D crystals/ABS composites: beyond theoretical

limit of mechanical reinforcement

6.1 Introduction

Although an industrial-scale production process of pure pristine one-atom thick 2D crystals is not yet
available, a few methods currently allow for a low-cost, large-scale production of few-layer flakes of
different morphologies [35,38,154], i.e. surface area (A) and thickness (t). In this chapter, by using
liquid phase exfoliated 2D crystals loaded in an acrylonitrile butadiene styrene matrix, | unravel the
dependence of stiffness enhancement as a function of the filler content and flakes morphology. I
demonstrate the nearly linear relation between the mechanical reinforcement and A/t? ratio for three
representative 2D fillers, i.e., graphene, h-BN, and WS,. Additionally, is revealed the existence of an
ultra-high efficiency regime emerging at a 2D crystals loading below 0.1 wt %, further expanding as
At? increases. In these conditions, the mechanical reinforcement of the composite unexpectedly
exceeds the ideal stiffness of the corresponding 2D monolayers, implying a synergic effect between
the flake and the surrounding polymer matrix. These results, coupled with the up-scalability of their
production by solution processing, define the route towards the practical use of 2D crystals as

mechanical reinforcement in the manufacturing industry.

For commercial applications, the mechanical reinforcement of polymers is currently realized by using
inorganic fillers [266], e.g. mineral fillers [23,267] and micro fibres such as glass fibres (GFs) [268].
However, the main issue of this technology relies on the high amount of fillers required (10-30 wt
%), which consequently determines difficulty in the processing [269]. Additionally, this technology
has reached a bottleneck and further improvements of the mechanical properties require different
approaches. Recent studies [1,78] have shown improved physical properties of polymer-based
composites, with respect to the pristine polymers, by using 2D fillers produced either by CVD [270],
or solution processing, i.e., nanoplatelets [213,271] as well as pristine FLG [47,76,84,85], and
chemically functionalised-2D materials [141,142,186,272], proposing that the mechanical
reinforcement is reached at very low volume fractions of the filler (<1 wt %). At the industrial level,
however, this new 2D-crystal-based technology is not yet able to compete with commercially-

available solutions. Crucial for further developments of these materials in the mechanical
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reinforcement of the polymers is the understanding of the effect of lateral size and/or thickness of the
exfoliated 2D crystals through scalable approaches. In fact, it has been demonstrated for other
systems, e.g., fibre-reinforced polymers [268,273,274], that the dependence of the polymer
mechanical properties on the fillers morphology is pivotal. Nevertheless, this is an almost unexplored
route for 2D fillers, in which only a few studies, mostly at the lab scale, are reported just for graphene
flakes [76,84,213,275].

Here, | provided a set of data that allows linking directly the mechanical reinforcements of a
representative common polymer, i.e. ABS, with the morphology of the 2D crystals used as fillers and
produced in scalable quantities by LPE. | determine a nearly linear relationship between the stiffness
of the composites and the A/t? aspect ratio of the 2D flakes. This behaviour seems to be universal,
being independent on the nature of 2D crystals, i.e., it is observed not only with graphene but also for
other inorganic 2D fillers, e.g., h-BN and WS,. With the aid of the classical rule of mixture model
(Eq. 1.13) [81,84,276], | identify a regime of high stiffness of the composite material occurring at
low 2D fillers loading (<0.1%) and large A/t? values (~46 x 10). In these conditions, the mechanical
reinforcement of the composite overcomes the sum of the ideal mechanical properties of its individual
components. In particular, the back-calculated stiffness of 2D flakes gives higher values (e.g. = 1.28
TPa for graphene) than the theoretical one (1 TPa [6,277]). Exploiting these results, we demonstrate
that it is possible to achieve mechanical reinforcement (~36%) comparable to those available with
conventional fillers (e.g., GFs), but at much lower filler content, i.e. up to 20 times less (i.e., 0.5 wt
% vs. 10 wt %).

The LPE of bulk layered-materials, is a cost-effective method to produce high-concentration of 2D
flakes directly dispersed in a solvent [1,35], as previously explained. However, the as-produced 2D
flakes have a broad distribution of both thicknesses (from monolayer flakes to unexfoliated material)
and lateral size (from few nanometres to micrometres scale) [39] preventing to identify the impact of
their aspect ratio for mechanical reinforcement. To overcome these issues, | prepared dispersions of
2D crystal flakes using LPE, tailoring their morphological properties and increase the content of
monolayers by exploiting iterative ultra-centrifugation cascades [61], a process still compatible with
large-scale applications. The as-prepared 2D flakes are selected as a function of their structural
properties, resulting in small/thin and large/thick flakes. The morphological characterization of the

as-prepared 2D crystals flakes used in this work, as well as their labels, can be found in section 3.1.3.

To produce the composites, | have exploited the solution blending process (Figure 6.1), according to
section 2.3.4. The size-selected 2D filler is added at different weight fractions in the 0.0 — 1.0 wt %

range compared to the ABS weight (Figure 6.1a, reported for graphene as a representative sample).
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Subsequently, the as-obtained composite dispersion is coagulated in water, dried, pelletized (Figure
6.1b) and further processed by compression moulding and extrusion obtaining films (Figure 6.1c) and

filaments (Figure 6.1d), respectively.
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Figure 6.1. Solution blending preparation of FLG/ABS composites. a) dispersions of ABS and FLG/ABS

c)

composites in Acetone at different FLG loadings; b) example of pelletized FLG/ABS composite after
coagulation; ¢) composite films obtained by film casting of dispersions; d) composite filaments obtained by

extrusion of composite pellets.

Morphology of pristine ABS and FLG/ABS, h-BN/ABS, WS,/ABS composites is investigated by
HR-SEM (Figure 6.2, details in the caption), depicting a homogeneous dispersion of 2D crystals
thorough the ABS matrix. Further insight into the FLG/ABS interface is obtained by HRTEM
analysis. A representative image is shown in Figure 2b for an ABS/Graphene composite at low filling
(0.1%). Atomic layers or graphene flakes with a large aspect ratio (A/t? ~ 40 see below) are clearly
visible and they are all well aligned (see white triangles in Fig.2b). The region is also characterized
by bright regions, which surround the 2D layers. These bright regions suggest that the polymer
becomes softer in the proximity of the 2D fillers enabling an ideal conformation with them. More
work and dedicated computational studies are needed to develop further understanding of the

observed changes in the polymer matrix close to the interface with the fillers.
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Figure 6.2. Morphological characterization of 2D/ABS composites. HR-SEM analysis of ABS (a), FLG/ABS
(b-f), h-BN/ABS (g) and WS,/ABS (h) composites.

Figure 6.2. Morphological characterization of 2D/ABS composites.HR-SEM images of ABS (a), FLG/ABS
(b-f), h-BN/ABS (g) and WS»/ABS (h) composites; i) HRTEM image of FLG/ABS composite.

6.2 Beyond the theoretical limit of mechanical reinforcement

Mechanical tests on both bare ABS and 2D/ABS composites film are performed. Stress vs. strain
curves are used to determine E, oy, and ou of the polymers and composites, according to the procedure

explained in section 2.5.4.

In particular, E of composites increases with the fillers loading (Figure 6.3), evidencing the beneficial
effect of the presence of high-stiffness fillers on the overall stiffness of composites (see Tables 6.1—
3 at the end of the chapter for an extensive report of the mechanical properties of composites). Figure
6.3a presents the effects of FLG fillers obtained by using different ultra-centrifugations speeds
(samples FLG-1 to FLG-5), whereas Figure 6.3b evidences the difference in FLG fillers obtained by
cascade centrifugation starting by the sample FLG-5 (samples FLG-6, FLG-7 and FLG-8). Further
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details on the parameters used for the production of the samples and their morphological
characterisation can be found in sections 2.1.2 and 3.1.3, respectively. Note that with the last samples,
composite with only loadings up to 0.1 wt % have been produced, because the cascade centrifugation
process lowers the overall yield of 2D crystals that can be obtained. Figure 6.3c and 6.3d are instead

related to the composites obtained by using h-BN and WS fillers.
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Figure 6.3. Young’s Modulus of ABS/2D composites as a function of the filler loading. a and b) Young’s
Modulus of ABS/FLG composites, ¢) Young’s Modulus of ABS/h-BN composites and d) Young’s Modulus
of ABS/WS; composites.

To identify the key-factor of the relationship between the enhancement of the polymer properties
induced by 2D fillers and the morphology of the 2D crystals themselves, we investigated E of the
composites as a function of different representations of aspect ratio: I/t (Figure 6.4 first column), 4/t
(Figure 6.4 second column), A/t (expressed in um, Figure 6.4 third column) and A/t? (Figure 6.4 fourth
column). All the values of E are reported in graphs for composites produced by using FLG (black

points), h-BN (cyan points) and WS, (green points) with loadings of 0.01 wt % (Figure 6.4 first raw),
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0.05 wt % (Figure 6.4 second raw), and 0.1wt % (Figure 6.4 third raw). Exceeding the loading of 0.1
wt %, as extensively reported in the literature, are often present cases of agglomerations of the fillers
[47,84,85,94,265] that may cause unexpected results and thus hinder the possibility to identify
relationships between the fillers and their morphology.
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Figure 6.4. Study of Young’s Modulus of composites as function of morphological properties, i.e.: I/t (first
column), YA/t (second column), A/t (expressed in um, third column) and A/t? (fourth column), and loading,
i.e.: 0.01 wt % (first raw), 0.05 wt % (second raw), and 0.1wt % (third raw), of the fillers (FLG, black points,
h-BN, cyan points, WS, green points).

Examining the graphs in Figure 6.4, a clear trend between E and 2D crystals I/t, N4/, and Alt is
lacking, whereas it is possible to linearly relate E with the quantity A/t?. Being quantitative, the linear
correlation between the data have been evaluated by considering the Pearson’s coefficient, P [278],
obtained by linearly fitting the values of E and the morphological parameters investigated. For a
perfect linear correlation between two variables, Pr = 1, whereas P, = 0 implies that there is no linear
correlation between the variables [278]. Thus, as much Py tends towards 1, the variables are linearly
related [278].

73



In our case, Pr values obtained considering the parameter A/t? are the highest. In particular, for the
loadings of 0.05wt % and 0.1wt % P, is equal to 0.969 and 0.952, respectively, whereas for the
parameter I/t, commonly used for linking mechanical properties of composites with the morphology
of the fillers, is only 0.799 for the composite at 0.05 wt % loading and 0.769 for the composite at 0.1
wt % loading. This linear relationship can be related to the one predicted by the Cox model [279],
which for negligible matrix/filler Young’s modulus ratio predicts indeed a linear dependence. It is
worth to note that the obtained behaviour is independent of the 2D fillers nature. Therefore, this model
can be adapted to describe the relationship between 2D fillers structural properties and the mechanical
properties of the polymer matrix and evidence the need to produce 2D fillers development of as much
large A/t? in order to obtain composites with a high level of reinforcement.

A similar approach can be found in the work of Young et al. [280], in which the authors, starting from

the rule of mixture and the shear-lag model [279], propose:

770Em 2 2
Ec~ ——7— E,(1- N

Where v is the Poisson’s ratio of the matrix (for ABS ~ 0.35) and 7o is the Krenchel orientation factor
already defined for Eq. 1.8. It is worth noting that, in this mode, Ec is independent upon Er whereas
it depends upon ¢? and o? = 12/t? oc A/t? (equal to A/t? for square shaped flakes), the dependence herein

proposed.

To underline the importance of using high A/t? flakes as fillers, by using 0.5 wt % our size selected
FLG (FLG-6, sample with A/t> = 46 x 10%) as filler in a ABS matrix, it is possible to obtain the same
increment in E obtained by using 10 wt % of glass fibres [268,273]. In fact, the normalised modulus
(E/Eo) values are 1.36 and 1.34 for FLG herein used and glass fibres fillers reported in literature,
respectively, but with a FLG loading that is 20 times lower with respect the glass fibres one [268,273].

A back-calculation of the effective Young’s Modulus of fillers (Eeff), exploiting the rule of mixtures
(Eq. 1.7), has been performed in order to evaluate the effective individual reinforcements given by
the 2D crystals (see Table6.4). In particular, the values of Ees of the flakes in the polymer matrix at
0.01 wt % are ~1.28 TPa, ~1.08 TPa, and ~0.80 TPa for the samples FLG-6 (A/t> = 46 x 10°), h-BN-
3 (A/t? = 31 x 10%), and WS,-3 (A/t?> = 3 x 10°%), respectively. It is worth to note that these values are
beyond the theoretical ones of the pristine one-atom-thick 2D flake (i.e., =1 TPa, 0.86 TPa, and 0.273
TPa for graphene [84], h-BN [85], and WS, [281], respectively). Thus, the mechanical properties of
the as-prepared composite are better than the sum of the ideal properties of its phases (polymer matrix
and 2D fillers), i.e. the 2D flakes also can improve E of the surrounding matrix and are able to activate
a synergic effect [282]. The full back-calculated data are summarized in Table 6.2. Recently, a few
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works have reported the mechanical properties of different polymers reinforced with graphene-based
materials where the effective Young moduli of the graphene-like fillers are higher than the theoretical

one [78].

To identify the key-factor of the relationship between the enhancement of polymer composites
mechanical properties induced by few-layer 2D flakes and their own structural morphology, the A/t?
is plotted as a function of the 2D filler loading. The symbols are empty and filled for those samples
where the back-calculated effective modulus of the 2D flake is lower and beyond than the theoretical
values, respectively (Fig. 3). In particular, it is important to note that for high A/t? values (e.g. > 50 x
10 in the case of FLG), it could be possible to extend the “ultra-reinforcement” region to larger
volume fractions, where the predicted level of reinforcements can possibly reach the theoretical
values of improvement in stiffness, e.g. 200% for 0.5 wt % loaded FLG/ABS composite.
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Figure 6.5. The back-calculated Young’s moduli (Eer) of 2D fillers as a function of loading and A/t? ratio of
2D fillers. a) FLG, b) h-BN, c) WS,. Filled symbols indicate flakes with a Ee over the theoretical limit of

flakes stiffness, whereas empty symbols indicate flakes with a Ec« over the theoretical limit of flakes stiffness.

6.3 Conclusions

In summary, 2D crystals, namely FLG, h-BN, and WS, flakes filled ABS-based composites
mechanical reinforcements as the function of flakes morphologies and loadings are studied. In
agreement with both experimental and back-calculated results, the highest mechanical reinforcement

of composites (referred to pristine ABS) is reached with the largest A/t? ratio. Thus, in this chapter is
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studied the relationship between physical properties of polymer composites and morphologies of 2D
fillers, namely evaluated the functional parameters, i.e. A and t of the 2D crystal flakes to control the
mechanical reinforcement of thermoplastics-based composites. As a proof-of-principle
demonstration of the universality of the 2D fillers in their polymer-based nanocomposites, tailoring
the FLG flakes structural dimensions achieving a 24-36% improvement of tensile modulus at 0.1-0.5
wt % filler loading with highest A/t? ratio (46 x 10%) without the need of chemical functionalization
of the 2D fillers.

Additionally, this work leads to new prospects for nanoscale-related frontiers of materials science,
for example, study the shape effect of 2D materials for improved physical properties in their
composites, or probing the physical properties by the aspect ratio or vice versa. In the long-term,
extending the research of this field the investigation of size selection effect of 2D crystals opens new
avenues in the exploration of their polymer-based nanocomposites’ further physical-chemical
properties, e.g. gas permeability, electrical-, and thermal conductivities. In a practical viewing, using
cheap and large quantity existing few-layer 2D crystals and developing further extrusion-based
technologies (e.g. plastic film production by blowing), functional materials will be available in

packaging, agriculture, and healthcare-related applications selecting the proper 2D filler.

Table 6.2. Comparison of E, ov and oy of different FLG flakes filled ABS samples (FLG-1, FLG-2, FLG-3,
FLG-4, and FLG-5). The E, oy, and oy are 1078.8+57.8 MPa, 18.91+5.48 MPa, and 24.20+4.49 MPa,

respectively in the case of pristine ABS. Errors are given as standard deviations (s.d.). All values are in MPa.

loading FLG-1 FLG-2 FLG-3 FLG-4 FLG-5

(wt %) E s.d. E E s.d. E E s.d. E E s.d. E E s.d. E
0.01 1116.2 19.5 1119.8 53.2 1124.2 46.4 1108.6 93.9 1112.0 98.4
0.05 1126.3 86.1 1131 52.4 1159 14.7 1112.8 50.7 1117.8 78.2

0.1 1139.3 40.8 1138.4 31.1 1178.9 31.6 11225 9.61 1153.4 21.1
0.5 1152.8 66.4 1159.9 10.4 1201.4 57.2 1129.3 8.17 1157.8 37.7
1 1164.2 36.6 1159.2 62.5 1266.8 78.9 11415 22.2 11755 37.9
oY s.d. oy % s.d. ov oY s.d. ov oY s.d. ov oY s.d. oy
0.01 20.4 1.0 18.9 5.7 26.3 15 24.81 2.0 23.7 2.1
0.05 21.9 2.4 19.1 4.4 25.0 1.6 21.45 5.0 25.29 1.3
0.1 22.2 0.9 20.5 45 25.8 2.2 20.99 2.8 24.51 1.5
0.5 25.6 1.2 19.8 7.6 26.4 1.2 22.82 4.6 23.65 0.4
1 24.6 5.1 21.1 4.6 28.4 2.2 25.64 1.4 25.38 0.5
6u s.d. 6u ou s.d. 6u ou s.d. eu ou s.d. ou ou s.d. ou
0.01 21.1 0.9 25.8 15 25.9 0.9 23.7 2.1 255 1.3
0.05 22.4 2.8 245 0.7 26.0 13 25.3 1.3 25.8 1.2
0.1 225 0.8 25.2 1.8 27.3 2.3 26.9 0.6 26.1 0.8
0.5 26.4 0.8 27.1 13 255 0.9 26.5 0.8 26.5 0.1
1 26.8 1.4 27.2 0.6 29.7 21 26.9 1.1 26.0 1.1
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Table 6.3. Comparison of E, ov, and oy of hBN (hBN-1, hBN-2, hBN-3) and WS2 (WS2-1, WS2-2, WS2-3)
flakes filled ABS samples. The E, oy, and oy of pristine ABS are 1078.8+57.8 MPa, 18.91+5.48 MPa, and
24.20+4.49 MPa, respectively. Errors are given as standard deviations (s.d.). All values are given in MPa.

loading h-BN-1 h-BN-2 h-BN-3 WS2-1 WS2-2 WS2-3

(wt %) E s.dE E s.d. E E s.d. E E s.d. E E s.d. E E s.d. E
0.01 1126.9  69.7 1116.3 451 11277 289 1087.3 529 1089.9 70.8 1089.2 264
0.05 1189.6  30.1 1149.3 684  1184.1 9.8 1096.3 126.8 1106.8 184 11125 80.1
0.1 1199.2 586 11837 511  1196.1 31 1113.8 1047 11254  85.7 1121.3  53.7
05 1237.2 915 12182 576 12406 784 11214 644 11387 40.0 11406 95.7

1 1276.1 79.0 1251.8 714 12752 787 11412 956 11471 77.6 11478 87.2
oY s.d oy oY s.d oy (2% s.d oy (2% s.d oy (2% s.d oy (2% s.d oy

0.01 24.0 4.6 29.5 11 26.1 1.9 28.7 0.8 26.4 2.5 28.8 0.8

0.05 27.6 4.2 30.0 4.1 26.4 0.3 27.7 1.3 28.8 1.0 27.7 1.3

0.1 28.0 5.2 30.2 13 26.7 25 28.8 2.9 28.9 1.9 28.7 2.2

0.5 29.8 1.0 30.6 0.6 27.0 0.3 29.8 1.5 27.7 0.7 29.2 0.9

1 29.9 1.7 30.8 11 25.7 0.6 29.4 1.6 30.1 15 29.4 1.6
ou s.d ou ou s.d ou ou s.d ou ou s.d ou Gu s.d ou Gu s.d ou

0.01 27.5 3.5 30.6 0.9 28.4 0.6 29.2 0.8 29.8 1.6 29.2 0.8

0.05 29.5 14 30.0 3.5 27.1 0.9 29.1 0.7 28.9 0.9 28.4 1.0

0.1 30.9 0.6 30.6 11 28.2 1.0 29.7 1.8 29.1 1.9 28.7 2.2

0.5 31.2 15 31.0 0.7 27.5 0.5 29.5 0.8 28.4 0.6 30.0 14

1 30.0 1.7 31.1 0.8 25.9 0.8 30.3 1.6 30.4 1.3 28.9 1.8

Tables 6.4 The computational back calculated Ee of the 2D flakes from that of the polymer matrix, using the

rule of mixture. All values are given in GPa.

loading (wt %) FLG-1 FLG-2 FLG-3 FLG-4 FLG-5 FLG-6 FLG-7 FLG-8

0.01 7886 867.6 960.7 6317 7041 1286 1119.4 1111.7
0.05 2020 2219 3404 1451 1660 7952 5472 428.1
0.1 129.1 1271  213.0 93.5 158.1 550.6 3186 2344
0.5 32.4 35.4 52.9 22.4 34.5 168.2 — —
1 19.1 18.1 40.8 14.3 21.5 — — —

loading (Wt %) h-BN-1 h-BN-2 h-BN-3 WSz-1 WS:-2 WS2-3

0.01 1060.4 827.1 10783 612.1 800.1 754.1

0.05 488.9 3115 464.8 254  405.4  487.3

0.1 266.1 232.2 259.3 253.6 337.4 307.9

0.5 70.9 62.5 72.3 62.6 87.4 90.2

1 445 39.2 44.3 46.1 50.3 50.9
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CHAPTER 7

WJIM-exfoliated 2D crystals/PLA composites

7.1 Introduction

The breaking-through exploitation of 2D crystals as fillers in polymer-based composites relies on the
availability of a scalable and industrially relevant synthesis method able to produce defect-free
nanosheets [1,38,39,154]. Amongst the several 2D crystal synthesis methods, the LPE of layered
crystals has been extensively proposed as an alternative method for the exploitation of 2D crystals,
in particular, ideal for the composite field [39,47,89,139,219], as discussed in previous chapters.

Seeking for industrially relevant approaches, i.e. the time, weight-yield and a cost-effective
production of the 2D crystals without compromising the crystalline-integrity, the WJM, developed in
our laboratories, has emerged as a promising method for obtaining 2D crystals [153,154]. Particularly,
the WJIM allows to obtain 2D crystals with concentrations of 10 g L™ [153,154], and a yield of 100%,
(the weight ratio between the final processed material and the starting graphite flakes). Additionally,
the WJM guarantees a production capability of 2.35 L h™* [153,154], i.e. the time required to produce
one gram of exfoliated graphite is only 2.55 min, thus outperforming other proposed synthesis

approaches i.e. shear exfoliation [38] and micro-fluidization [155,192,193].

In this chapter, the changes in the mechanical, electrical and thermal properties of graphene and h-
BN exfoliated by WJM as fillers in a PLA matrix will be presented. Interestingly, and with the aim
to obtain further knowledge regarding the interaction between the fillers and the polymer matrix, I
have developed three-phase hybrid composites using graphene and h-BN together as fillers, revealing

a synergistic effect that exists for the composite’s stiffness.

Graphene and h-BN have been extensively used in the composite field as fillers, with the aim to
improve the thermal, mechanical or electric properties of the final composite [47,78,85,186].
Recently, PLA is receiving a growing interest in the scientific and industrial community because it is
considered as a “green” alternative to other commercial polymers [38]. Additionally, PLA is a
compostable, biodegradable thermoplastic made from renewable sources (i.e., corn) [38]. These
characteristics make PLA a promising material for packaging [38]. Moreover, the introduction of

carbonaceous fillers such as GNPs and GO into PLA matrix revealed no increment of cytotoxicity
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compared to the pure polymer [283], paving the use of such composites for biomedical applications
[283].

Details on the production parameter used for the samples development, i.e., WG and WhBN, have
been presented in section 2.2 whereas their morphological and structural characterization has been
presented in section 3.2.3.

7.2 Composites morphological characterization

The morphology of the composites, which have been produced according to the procedure reported
in section 2.4.4, has been evaluated by SEM analysis (Figure 7.1). The fillers in WG/PLA (Figure
7.1a) and WhBN/PLA (Figure 7.1b) composites at 0.5% loading appear homogeneously distributed
and aligned inside the PLA matrix. The alignment is promoted by the shape of the platelet-like fillers
and further endorsed by the hot-pressing process [86,284]. The same is valid for the W(G+hBN)/PLA
composite (Figure 7.1c) at 0.5% total loading (0.25% WG + 0.25% WhBN). For composites with
higher fillers concentrations, i.e., the 10% loaded W(G + hBN)/PLA composite, agglomeration
effects occur, as evidenced in Figure 7.1d. Note that, because of the fillers high specific surface area
(~ 2630 m? g* for graphene and h-BN single layers, considering their lattice parameters and atoms
weight), the fracture surface is covered by the fillers.

/ W(G+h )f)}?% / . W .Sgﬂ:aN) 10% A il

Figure 7.1. Morphological characterization of composites by SEM analysis: a) WG/PLA at 0.5%
loading, b) WhBN/PLA at 0.5% loading, c) W(G + hBN)/PLA at 0.5% loading, d) W(G + hBN)/PLA

at 10% loading.
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7.3 Composites mechanical characterization

Mechanical properties of composite films are measured using an Instron dual column tabletop
universal testing System 3365, with 5 mm min™! cross-head speed. The tensile measurements are
carried out on five different specimens for each film according to ASTM D 882 Standard Test
Methods for Tensile Properties of Thin Plastic Sheeting. Results obtained from uniaxial tensile testing
on composites are presented in Figure 7.2, where the Young’s Modulus (E), Figure 7.2a, and the
ultimate tensile strength (ou), Figure 7.2b, are plotted. The former is defined as the slope of the stress
vs. strain curve in the elastic region, while the latter is defined as the higher stress value reached in
the stress vs. strain curve. Detailed mechanical characterization of composites, with reported standard
errors on measurements, can be found in Figure 7.2c-h. The Young’s Modulus of composites (Figure
7.2a) increases with the filler concentration, from 1.95 + 0.06 GPa of neat PLA to 2.30 + 0.08 GPa (a
18 % increase), 2.35+ 0.10 GPa (+ 20 %), and 2.48 £ 0.12 GPa (+ 27 %) at 0.5% loadings of WG,
WhBN and W(G + hBN), respectively. Noteworthy, the values obtained by the composites with
double fillers (W(G + hBN)/PLA)) are higher than the only-one-filler composites. This synergistic
effect can be ascribed to the improved dispersion of the two fillers inside the matrix [78,285], in
particular, by the interspace filling of the two fillers that changes the stress distribution and prevents,
at low loadings, crack propagations at the interfaces with the polymer matrix [285]. Moreover, as
reported in the case of graphene/CNTs [286], the introduction of an extra filler also prevents the
aggregation or re-staking of same-type filler, thus further promoting the polymer penetration between
filler agglomerates [286]. For a 10% filler loading of (G + hBN), E increases to 3.83 + 0.34,
representing a ~ 100 % improvement, whereas for the single filled-composites of increment is of ~
75 %.

However, 10% loadings are detrimental for cu. In fact, oy is increased at low concentrations, i.e., at
0.1% mass loading of WhBN a 30 % increase oy is obtained (63.2 £ 3.1 MPa vs. 48.7 + 5.8 MPa of
pristine PLA). Whereas, the enhancement is reduced at 2% loading, obtaining similar oy to pristine
PLA. As the filler concentration increases the oy continuously decreases, with values lower than the
pristine values. Independently from the type of filler, for concentration higher than 2% the composites
obtained are stiff but brittle, i.e., their oy, elongation-at-break and, therefore, toughness are lower that

pristine PLA. This phenomenon is ascribed to fillers aggregation [47,84,85,94].

As previously seen, a useful parameter for the evaluation for the effective stiffness reinforcement
made by a filler in a composite is by back-calculating its effective Young’s Modulus (Eef) Starting
from the rule of mixtures, according Eq. 1.7. For 0.1% loading, Ees for WG, WhBN and W(G+hBN)
are 240 GPa, 190 GPa and 250 GPa, respectively.
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Figure 7.2. Mechanical characterization of composites: a) Young’s Modulus and b) ultimate tensile
strength of the WG/PLA (red), WhBN/PLA (cyan) and W(G+hBN)/PLA (green) composites Vvs.

fillers loading. c-¢) details of Young’s Moduli and (f-h) ultimate tensile strength of composites.

7.4 Electrical and thermal conductivity

The exploitation of polymers into the field of electronics is limited to specific tasks due to their low
electrical (<1078 Scm™ [109]) and thermal (<0.5 W m~* K1 [115,287]) conductivities, specifically the
polymers are used mainly as thermal and electric insulators. In particular, in view of applications as
heat sinks for electronic packaging, the development of high thermal conductive polymers is of
paramount importance [288-290]. The use of electrical or thermally conductive fillers, such as
graphene, CNTs or h-BN, allows the development of electrical and/or thermal conductive composites,
useful for those applications in which polymers are discriminated [1,109,115]. In fact, graphene has
both exceptionally high electrical (up to 10° S cm™ [291]) and thermal (in-plane ~ 5000 W m™* K
[291]) conductivities, while h-BN has high thermal conductivity (in-plane ~ 2000 W m™* K [14])
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but it is an electrical insulator (bandgap ~ 6 eV [14]). The incorporation of graphene into polymer
matrices leads to electrically and thermally conductive composites that can be exploited as
electromechanical sensors [101], e-textiles [292], and electromagnetic/radio frequency interference
shields [293]. Whereas both graphene- and h-BN-based polymer composites have been widely used
as thermal interface materials [89,109,123,294], the use of h-BN instead of graphene is suitable for

those applications that require electrical insulation, e.g. electronic packaging [295,296].

a) 1 .’.*_____-4 b)
~ 001 ¢’
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WG loading (%)

Figure 7.3. Electrical characterization of composites: a) electrical conductivity vs. WG loading, and
b-c) use of WG/PLA 10% composite as electrode.

The addition of 10% of WG flakes into PLA allows obtaining an electrical conductive composite (o
=2.9 S cm?, about 10 order of magnitude higher than pristine PLA, Figure 7.3a) capable to lit-on a
LED (Figure 6b-c). At WG flakes loading below 1% the electrical conductivity of composites is
similar to pristine PLA (~ 5 x 1071 S cm™), since the percolation pathway between WG flakes is not
achieved, as is evidenced by SEM analysis revelling isolated flakes dispersed into matrix for
composite at 0.5% loadings (Figure 7.3a), and charge transfer is ruled by tunnelling effects [105,109].
Contrarily, above 1% loading, the percolation threshold, ¢c in volume fraction, is reached and a
conductive path for charge carriers is generated [105], inducing an increase in electrical conductivity.
The variation of electrical conductivity of composites vs. WG loading follows the classical

percolation power-law relation (Eg. 1.13) [105].

Fitting the experimentally derived values of electrically conductivity (dotted grey lines in Figure 6a
and inset), are derived gc = 0.019 (1.9 %), go = 115 S cm™?, and t = 1.4, the last indicating a two-
dimensional conductive pathway mainly. Finally, to understand the influence of an insulating filler
into an electrically conductive composite, we monitored the changes on the electrically conductive
composite by adding h-BN, thus having the sample W(G + hBN) 10% (green dot in Figure 7.3a,
plotted in correspondence of WG relative loading, 5%). Comparing the conductivity of W(G + hBN)
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with the composite with the same amount of WG loading (5 %, ¢ = 0.7 S cm™?), there is one order of

magnitude reduction (¢ = 0.05 S cm™t), owing to the interruption of conductive pathways.

Anisotropic thermal conductivity of composites at 10% loaded composites (WG/PLA 10%, WhBN
10% and W(G + hBN)/PLA 10%) are shown in Figure 7.4a (in-plane conductivity in blue columns,
through-plane conductivity in red columns), and compared with the thermal conductivity of PLA
(black column of Figure 7.4a, 0.13 W m™t K1), As expected, considering the orientation of fillers in
the composite films, there is a large difference between the obtained in-plane and through-plane

thermal conductivity values (c.a. 1 order of magnitude). A summary of thermal performances is
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Figure 7.4. Thermal characterization of composites. a) in plane and through-plane thermal
conductivities of PLA, WG/PLA 10%, WhBN/PLA 10% and W(G+hBN)/PLA 10%; b) comparison
of obtained results with the state-of-the-art reports: red GNP/PC [297], dark yellow h-BN/PV A [298],
royal h-BN/PVA [299], violet h-BN/PVA [300], magenta h-BN/polyurethane (PU) [301] grey h-
BN/silicone rubber (SiR) [302], black h-BN+silver nanoparticles (Ag NPs)/liquid crystalline epoxy
resin (LCER) [303]. The points inside the red square are this-work results.

The obtained values place the composites as the state-of-the-art of graphene-based or h-BN-based
polymer composites in terms of thermal conductivity [287,299,304], evidencing the quality of the
flakes obtained by the exfoliation with the WJM approach. The Figure 7.4b shows a plot obtained
comparing in-plane thermal conductivity of herein produced composites together with relevant 2D
crystals-based polymer composites reported in literature. The state-of-the-art for thermal
conductivities of different composites reported is inferior to those achieved by our composites at
comparable filler loadings. Noteworthy, a recent work describes the production of h-BN (95 wt

%)/thermoplastic polyurethane (5%) composite with an in-plane thermal conductivity of
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50.3 Wm ™ K [301], but considering loadings equal to this work (~ 10%) the thermal conductivity
drops below 10 W m™* K1[301]. The thermal synergistic effect is not observed in our composite. The
synergistic effect, for non PLA matrixes, is usually attributed to the use of two different fillers
[285,293,305-309]. Interestingly, the synergistic effect for thermal conductivity due to the use of bi-
fillers and PLA has not been verified, as reported in the work of Mosanenzadeh et al. [310]. In fact,
the composite prepared by using a 1:1 mixture of GNPs and h-BN (total loading 33.3%) has shown a
thermal conductivity equal to that obtained with only the h-BN as filler (2.77 W m™* K™?) [310].
Moreover, when decreased the relative amount of GNPs compared to h-BN, the thermal conductivity
of the overall composites is lower compared to the case of single-filler [310].

This could be addressed by the spatial arrangement of the two fillers inside the matrix or effects given
by filler/filler or filler/matrix interfacial thermal resistances, due to phonon mismatch at the interfaces,
lowering the efficiency of heat transfer [109,115,311].

Table 7.1. In-plane and through-plane thermal conductivity of composites with 10% total loading.

Filler(s) Thermal Conductivity (W m™ K™)
in-plane through-plane
WG 10% 146+1.3 1.1+£01
WhBN 10% 108+1.7 06+0.1
W(G+hBN) 10% 95+15 09+0.1
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7.4. Conclusions

2D crystal-based composites have been produced by solution blending using PLA as matrix, an
environmentally friendly, cheap and biodegradable polymer, and fillers obtained by a production
method developed in our lab, the wet-jet mill -assisted liquid phase exfoliation, which allows the
production of large-scale, defect-free 2D crystals.

It is essential to highlight the importance of selecting the loadings and type of the fillers; it is possible
to obtain composites with tuned on-demand mechanical, electric and/or thermal transport properties.
Specifically, are found oy increasing of 20% and 30% (compared with neat PLA) with a loading of
0.1% of graphene and h-BN fillers, respectively. Moreover, at 10% of graphene loading, the
composite shows an electrical conductivity (o) of 2.9 S cm™, representing 10 orders of magnitude
increment compared with the neat PLA (¢ = 10" Scm™). Furthermore, in-plane thermal conductivity
of 14.6 W m! K1, that corresponds to a more than 100-fold increment with respect to neat PLA (A =
0.13WmtKY).

As matter of fact, | have demonstrated the composition of a broad portfolio of composites with

specific properties:

(1) metal-grade electrical conductivity (¢ = 2.9 S cm™) and composites with high thermal
conductivity (i.e. in-plane ~ 10 W m™! K1) by using 10% of WG/PLA,

(2) semiconductor-grade electrical conductivity (¢ = 0.05 S cm™?), selecting 10% of W-
(G+hBN)/PLA, or

Insulating-grade conductivity (¢ = 10~ cm™), selecting 00 .
(3) insulati d ductivity (c =100 S 1), selecting 10% of WhBN/PLA

These findings reveal that WJM is a promising method for the exfoliation of layered materials and

their use as fillers in polymer-based composites.
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Conclusions and perspectives

Up to date, the search for novel fillers is still one of the crucial quests for the development of high-
performance polymer-based composites. In this context, 2D crystals have been recognized as
promising, cost-effective, candidates to improve the mechanical, electrical, and thermal properties of
polymers and have wide potential applications in many fields. However, as seen for CNT/polymer
composites, the improvements are far from what is needed for many applications: many technical
barriers involving structure control, dispersion of graphene in the matrix, interfacial interaction
between graphene and matrix, and contact between individual graphene must be taken into account

to realize the wide applications of these advanced composites.

The intrinsic properties of 2D crystals, in particular their stiffness and thermal and electrical
conductivities, are one of the most important factors that determine the ultimate mechanical and other
functional properties of 2D crystals/polymer composites. To meet the practical application for
polymer composites, mass fabrication of 2D crystals is urgently required. Large quantities of 2D
crystals are usually prepared by the LPE of their bulk layered counterparts. In this thesis it has been
shown that LPE is a versatile synthesis technique that can be exploited for the production of several
2D crystals, in particular graphene, h-BN and WS,. Moreover, the introduction of the WJM approach,
presented in sections 2.2 and 3.2 allow an industrial scale production of 2D crystals with rates of 23.5
g h™t, and a yield by weight of 100%.

Having a uniform dispersion of 2D crystals in polymer matrices for targeted applications is also a
fundamental challenge because the properties of polymer-based composites strongly depend on the
spatial distribution of fillers, as well as having strong interfacial interactions between fillers and host
polymers. Superior mechanical properties, for example, can be achieved only when the filler is
strongly bonded to the polymer matrix. Robust interfacial interactions can also contribute to the
decrease of interfacial thermal resistance and Ty, thus leading to an increase of the thermal
conductivity and thermal stability of the final composites. In this view, the presence of functional
groups in functionalized 2D crystals, or oxidized and partially oxidized graphene (in form of GO or
RGO), that can interact with polymer chains, facilitate uniform dispersion and restacking of the
flakes. On the other hand, functionalizations usually hinder the pristine properties of 2D crystals, e.g.,
stiffness of GO is 200 to 500 GPa lower than pristine graphene and it is both thermal and electrical
insulator. For this reason, this thesis faces only with pristine 2D crystals, and a uniform dispersion is

tried to be achieved acting on composite’s production techniques, i.e. by exploiting solution blending.
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Finally, as presented in the theoretical background in section 1.3, it is of extremely importance the
morphology of the fillers for the determination of the final properties of composites, in particular their
aspect ratio. The understanding of correlations between 2D crystals morphology and composite
properties has been the main focus of the research presented in this thesis.

In the following, a brief summary of the most relevant results achieved.
Graphene/PC composites

The production of graphene/PC composites with improved mechanical and electrical properties has
been achieved by using a simple and scalable solution blending method to disperse SLG/FLG flakes
prepared by LPE in the polymer matrix. A solvent-exchange process is carried out to re-disperse the
exfoliated SLG/FLG flakes from NMP, high boiling point and toxic solvent, in an environmentally
friendly, low boiling point, solvent, i.e. 1,3-dioxolane, which is also used to dissolve the PC pellets,
thus facilitating the mixing of the polymer dispersion with the SLG/FLG flakes. The loading of
SLG/FLG flakes improves the mechanical, thermal properties, and electrical conductivity of the
polymer, reaching a +26% improvement of E at 1 wt % loading, and an electrical conductivity 1073
S m?tat 10 wt % with a percolation threshold achieved at 0.55 vol%. The as-prepared PC/G
composite with the aforementioned reinforced properties can be a promising material for 3D printing-

based applications.
h-BN /PC composites: looking for an environmentally friendly approach

The LPE of bulk h-BN powder has been achieved following an environmentally friendly approach,
avoiding the use of toxic solvent for the dispersion and exfoliation of flakes and instead using a
water/surfactant solution. Moreover, by exploiting cascade ultra-centrifugation, two populations of
flakes with aspect ratio, i.e., lateral size over thickness, equal to 250 and 350, respectively, have been
obtained. The h-BN flakes with tuned aspect ratio are subsequently used as filler in a PC matrix by
exploiting solution blending. The composite mechanical properties have been tested, finding that
flakes with higher aspect ratio show superior reinforcements in terms of both E and oy, compared
with their lower aspect ratio counterparts. As an example, at 0.1 wt % of loading, the increment of E,
with respect to pristine PC, is of ~ 22 % for composites produced with higher aspect ratio fillers,

whereas it is instead of ~ 17 % for lower aspect ratio fillers.
2D crystal/ABS composites: the role of surface area

A fine tuning of morphological properties of several 2D crystals, i.e., graphene, h-BN and WS;,

previously obtained by LPE of their bulk counterparts, has been achieved by exploiting SBS and
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cascade ultra-centrifugations. TEM and AFM analyses revealed that the as-produced 2D crystals have
surface area in the range 0.01 — 0.8 um?, and thicknesses in the range 0.9 — 4.2 nm. The 2D crystals
have been used as filler in ABS matrix, obtaining composites in form of pellets, filaments and films.
Mechanical properties of composites have been evaluated and linked with the morphological
properties of fillers, in order to identify the key factor for mechanical reinforcement. The results
obtained evidenced a linear correlation between the enhancements in Young’s Modulus of composites
and the parameter A/t?, a novel and herein proposed representations of aspect ratio of 2D-shaped
fillers.

As an example, by using graphene flakes of highest A/t? value (46 x 10°) it is possible to enhance the
Young’s Modulus of the composite of 24% and 36%, compared to bare ABS, at filler loadings of 0.1
and 0.5 wt %, respectively.

Moreover, it has been shown the existence of an ultra-high efficiency regime emerging at 2D crystals
loading below 0.1 wt % further expanding as A/t? increases. In these conditions, the mechanical
reinforcement of the composite surprisingly exceeds that expected assuming the ideal stiffness of the
corresponding 2D monolayers implying a synergic effect between the flake and the surrounding

polymer matrix.
WJM-produced 2D crystals as fillers in PLA-based composites

The 2D crystals used as fillers in polymer composites is an attractive and interesting from the
industrial point of view only if exists a scalable production method. The high-pressure WJM approach
guarantees a production capability of 2.35 L h* of dispersions of 2D crystals, which can be
subsequently dried, obtaining a powder. It has been shown that, large area, single- and few-layers
graphene and h-BN flakes in powder form can been obtained by means of WJM and used as fillers in
PLA matrix, exploiting solution blending. By tuning the concentration and type of the filler, we tune
on-demand the mechanical, electric and thermic properties of the composites. Is has been therefore
demonstrated the composition of a broad portfolio of composites with specific properties, e.g.
composites with a thermal conductivity higher than 10 W m™ K™, that can be either electrically

conducting or electrically insulating by selecting graphene or h-BN as filler, respectively.
Future perspectives

The results presented in this thesis provide convincing evidence of the effective composite reinforcing
capabilities of 2D crystals. While low quantities of fillers result in large increases in mechanical,

thermal and electrical properties compared to neat matrix materials, there are still many challenges
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that need to be overcome in order to translate the lab-scale findings and evidences in industrially

relevant products of everyday lives.

From this thesis, it has been noted that production of high-quality, large-area 2D crystals in a robust
technique and mass scale remains the bottleneck that need to be overcome at the first instance to
enable 2D crystals-based polymer composites practical applications. This has been tackled by the
introduction of the WJM approach as 2D crystals production technique able to guarantee these

characteristics.

Further improvements have to be done in a more precise structure control of 2D crystals, trying to
obtain 2D crystals of known and monodisperse morphological properties, i.e., surface area, lateral
size and thickness. Moreover, the use of environmentally friendly, low-cost solvents for the
exfoliation and stabilization of bulk layered materials is still one of the main challenges for researches

exploiting LPE techniques.
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Appendix - Liquid-Phase Exfoliated Indium-
Selenide Flakes and Their Application in Hydrogen

Evolution Reaction

Alongside the activity devoted to the polymer composite field, during my research I have contributed
to one of the first reports on production of few-layer indium selenide (InSe) by means of LPE [1] and
its application in the field of electrocatalysis for water-splitting.

Considered out of topic for the scope of this Thesis, I will discuss the results that | have obtained in
this appendix.

A.1 Introduction

As a result of the energy crisis and environmental pollution, one of the main challenges for today’s
society is to produce highly efficient and low-cost renewable energy sources [2]. Hydrogen is one of
the most promising clean energy carriers, and it has consequently attracted an increasing amount of
interest concerning both energy production and storage [3-5]. Specifically, electrochemical water
splitting is viewed as an efficient and scalable method for viable H> production [6,7]. To date, Pt-
based systems are the most efficient electrocatalysts for a hydrogen evolution reaction (HER) since
they have an overpotential at a cathodic current density of 10 mA cm™2 (n10) at nearly 50 mV [8-10].
Nevertheless, the high cost (> 30 USD g ) [11] and the limited availability (< 0.005 ppm) [12] of Pt

make the quest to find alternative cheaper materials inevitable [9,10,13-15].

In this regard, layered materials such as transition-metal dichalcogenides (TMDs) [16-20], transition-
metal carbides [21] and oxides [22-25] are promising Earth-abundant candidates as HER-
electrocatalysts. Furthermore, the exfoliation of bulk layered materials in atomically thick flakes is
effective for improving the HER efficiency compared to the bulk counterpart due to the increase in
the number of exposed active sites, i.e., the defects or vacancies that are mainly located at the edges
of the 2D flakes [9,10,26-28]. According to theoretical predictions [29-32], the family of III-VI
layered compounds, MX (M = Ga, In; X = S, Se, Te), are good candidates for hydrogen production
[33]. MX compounds are wide bandgap semiconductors, with band gaps ranging from 1.2 to ~ 3.0
eV at room temperature (RT) [33-36], made of stacked quaternary layers of X—-M-M-X atoms that
are held together by van der Waals interactions [33,37]. Similarly to exfoliated TMDs, such as the
most studied MoS> [16-20] and MoSe> [16—20], the unsaturated chalcogen-edges in the natural phase
of MX compounds can be HER electrocatalytically active, with Gibbs free energy (AG) of adsorbed
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protons (Hags) close to zero [16-20]. Notably, density functional theory (DFT) calculation evidenced
that MX monolayers exhibit band edges located at energetically favourable positions for solar water
splitting [29], i.e., conduction band minimum energy higher than the standard reduction potential of
H*/H;, which is —4.44 eV vs. vacuum energy level at pH = 0, and a valence band maximum energy
lower than the standard oxidation potential of O2/H.O, which is —5.67 eV vs. vacuum energy level at
pH = 0 [29]. Among these monolayers, indium selenide (InSe) has a conduction band edge energy of
—4.14 eV vs. vacuum energy level,[29] which is closer to the HER standard reduction potential than
that of other members of the I11-VI family [29]. Based on this consideration, the investigation of the
HER—electrocatalytic activity of InSe, as well as that on the other exfoliated MX compounds is of
utmost interest. Early experiments carried out in acid electrolyte have been reported for gallium
sulfide (GaS) flakes obtaining nio ~ 570 mV [38].

Indium selenide, according to the stacking arrangements of quaternary layers, has four possible
layered polytypes, B, €, v, and 8, where the B and y-phases are two most viable forms [33,39]. For -
InSe, each primitive unit cell contains two quaternary layers, i.e., eight atoms, while in the unit cell
of y-phase, there are three Se—In—-In-Se monatomic layers, i.e., twelve atoms [33,39,40]. Due to the
quantum confinement effect [36,41], both B and y-phases of InSe undergo a direct-to-indirect bandgap
crossover with decreasing thickness [36,40-43], varying the bandgap value at room temperature from
1.3 eV in bulk [36,44] to ~ 2.1 eV in the single-layer limit [42].

Although mechanically-exfoliated InSe flakes, as well as their graphene heterostructures [45] have
been used for devising optoelectronic devices (mostly photodetectors) [46-48], they have not been
exploited yet in electrocatalytic applications [29]. Moreover, current InSe-based optoelectronic
devices have been produced with mechanically exfoliated crystals [45-48]. However,
micromechanical cleavage is not an industrially-relevant approach, especially for wide-scale
technology transfer, since it suffers from a low-throughput [49,50]. Conversely, LPE is a scalable and
cheap technique compared to other 2D crystal synthesis approaches [49,50] enabling the exfoliation
of layered bulk materials in a liquid medium, e.g., solvents[49,51-53] and surfactant or polymer
solutions [49,51-53], by applying an external driving force such as ultra-sonication [49,51-53], as
already discussed in section 1.2.1. Thus, LPE avoids the need for growing substrates or for a long
processing time, which are typical constraints of the chemical vapour deposition (CVD) process, for
example [49,54].

The most common solvent used to exfoliate layered crystals is NMP [52,55] because of its suitable

surface energy and Hansen’s solubility parameters (HSPs). Nevertheless, NMP is a teratogenic

solvent (Health code > 2, NFPA704) [56] with a high boiling point (202 °C) [57]. These two
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characteristics raise concerns for its applicability for the large-scale production of 2D crystals for
technological applications. In particular, the boiling point of the solvent has to be taken into account
with regard to the realization of high-performance devices [58-60]. The removal of the solvent is
crucial, and this is achieved by heating up the sample or the entire device above its boiling point, but
this process could either degrade the sample or damage the device [58-60]. Notably, when heated,
NMP leaves contaminants as it degrades [61,62], which subsequently reduces the device performance
[60,63]. For these reasons, non-toxic solvents that are easily handled (i.e. solvents that have a low
boiling point) and that have a low environmental impact [58,59] are particularly attractive. This issue,
however, has not been addressed yet with regard to InSe. In fact, a recent study reports the LPE of 3-
InSe from bulk powder into few-layered flakes [55], which have been used to develop a

photodetector, by using NMP as a solvent.

In the next sections I will present the LPE of B-InSe in 2-propanol (IPA), a non-toxic solvent (Health
code 1; NFPA704) [56] with a low boiling point (82.6 °C) [57], as an effective route for the exfoliation
of B-InSe crystals in atomically thick flakes, without the formation of other chemical species, i.e.
In.Sez or In20s. Therefore, is proposed the use of LPE InSe flakes as electrocatalysts for HER
displaying pH-universal HER activity, which is dependent on the flakes morphology, i.e., surface

area and thickness.
A.2. Few-layer InSe flakes production and characterization

A.2.1 LPE of InSe and optical characterization

B-InSe single-crystals, produced by the modified Bridgman-Stockbarger method [44] (Figure A.1a),
are exfoliated by means of LPE in IPA. The use of this solvent has significant advantages in material
processing and analysis due to its nontoxicity and low boiling point [57]. Moreover, IPA has been
successfully used to exfoliate layered compounds such as GaS [38,64], GaSe [64], and TMDs [52].
Sonication (Figure A.lc) and ultra-centrifugation (Figure A.1d) of B-InSe single-crystals are
performed to obtain a stable pale orange dispersion of exfoliated B-InSe flakes (Figure A.le and
bottom inset of Figure A.1f). In order to investigate the HER activity dependence on the B-InSe
flakes” morphology, | prepared three different samples, which were selected by varying the ultra-
centrifugation speeds, i.e. 200g (ex-InSe 200g), 1000g (ex-InSe 1000g) and 4000g (ex-InSe 4000g).
In the following text, structural and morphological analyses refer mostly to the ex-InSe 1000g sample,
simply named ‘ex-InSe’, which was expected to be a trade-off in the physicochemical properties

between the slower and the higher ultra-centrifugation speeds.
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In order to evaluate the concentration of the dispersed ex-InSe flakes, optical extinction
measurements were performed. Figure A.1f shows a typical ex-InSe extinction spectrum which is
characterized by two features at ~ 275 nm and at ~ 360 nm that are related to the maxima in the
imaginary part of the dielectric function that is connected to the direct transitions from the valence
band to the conduction band [65]. The corresponding wavelength of both peaks is shifted toward
lower values by decreasing the average flake thickness (Figure A.2a) according to the planar quantum

confinement of photo-excited carriers [36].

The concentration of the dispersion is estimated by the Beer-Lambert law: [66]:
E = ecl (A.1)
in which E is the extinction, ¢ is the optical extinction coefficient, c is the concentration and I is the
path length. Optical extinction measurements, at known concentrations of ex-InSe dispersed flakes
in IPA, allow the optical extinction coefficient to be estimated. The slope of this curve provides ¢ =
580 L g m™t at 600 nm (top inset to Figure A.1f). At this wavelength, the extinction coefficient is
found to be size-independent, as optical extinction spectra of samples sorted by different ultra-
centrifugation speeds overlap above 550 nm (Figure A.2b). By using the experimentally derived ¢

value, the concentration of ex-InSe is 0.11 g L™,
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Figure A.1. Production of B-InSe ultrathin flakes by LPE. a) B-InSe single crystal, grown by the modified
Bridgman-Stockbarger method; b) atomic structure of B-InSe; c), d) and e) schematics of the LPE process:
sonication; ultra-centrifugation; and stable dispersion of exfoliated B-InSe flakes, respectively. f extinction
spectrum of the ex-InSe sample. Top inset: optical extinction at 600 nm vs. concentration for ex-InSe. Bottom

inset: photograph of ex-InSe dispersion in IPA. Adapted from [1].
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Figure A2. a) Extinction spectra of c-InSe (cyan curve), ex-InSe 200g (green curve), ex-InSe 1000g (orange
curve) and ex-InSe 4000g (red curve). The dashed lines highlight the blue shift in position of direct transition
peaks from bulk to the exfoliated InSe samples. b) Extinction spectra of ex-InSe samples at different
centrifugation speeds (200g, dotted curves, 1000g, dashed curves, and 4000g, continue curves) and different
concentrations (5pg mL™, black curves, 10ug mL %, red curves, 20ug mL ™, blue curves). It is worth noting

that the curves of the samples with the same concentration overlap below 550 nm. Adapted from [1].

A.2.2 Morphological and structural characterization of few-layer InSe

The effective exfoliation of B-InSe in IPA is evaluated by means of morphological, chemical and
structural analyses (Figure A.3) in order to confirm the production of few-layers B-InSe flakes
together with the preserved elemental composition and lattice structure. Representative TEM and
AFM images for ex-InSe are reported in Figure A.3a and b, respectively. Statistical analysis, fitted
by a log-normal distribution [67] (Figure A.3c), indicates that ex-InSe have a typical lateral size of ~
113 nm (with a log-normal standard deviation of 0.84), a corresponding average surface area of ~
6.1-1073 um? (see the surface area statistical analysis in the inset to Figure A.3c), and a most probable
thickness of 4 nm (with a log-normal standard deviation of 0.54). Thus, according to a B-InSe
monolayer thickness of about 0.9 nm [42,68], single/few-layer B-InSe flakes are effectively produced,
resulting in a distribution peak at ~ 4 quaternary Se—In-In-Se layers. For what concerns the
morphological characterization of ex-InSe 200g and ex-InSe 4000g, as expected, the slower (higher)
ultra-centrifugation speed has a larger (smaller) overall flake size than the ex-InSe 1000g sample, and
has an average lateral size of ~ 160 nm (75 nm), surface area of ~ 11.2-103 ym? (2.6-102 pm?) and
thickness of ~ 6.85 nm (2.61 nm). Figure A.3d shows XPS spectra of crystalline 3-InSe dispersed in
IPA (c-InSe) and ex-InSe for both the In and Se 3d core levels. Both the c-InSe and ex-InSe spectra

show two peaks in the In 3d spectral range, which relate to the spin-orbit splitting of the d orbitals
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(3ds2 at 444.2 eV and 3dsz at 451.8 eV) [69], and four peaks in the Se 3d spectral range, which are
associated to the spin-orbit splitting of Se’~ and Se® (3ds, at 53.7/54.5 eV and 3da, at 54.6/55.3 eV)
[69]. The high binding energy components of Se are ascribed to surface modifications due to exposure
to ambient conditions [42,70]. Nevertheless, the exfoliation process in IPA causes a slight oxidation
of selenium (9.3 %), as is indicated by the features located at 58.6 and 59.5 eV, which are ascribed to
the 3ds/2and 3dsy2 core levels, respectively, in the spin-orbit splitting of Se** [69].

The acquired X-ray diffraction (XRD) patterns (Figure A.3e) demonstrate, for both the bulk (cyan
trace) and the exfoliated samples (orange trace), the presence of a B-InSe hexagonal structure (D%n
symmetry, P63/mmc space group) with calculated lattice parameters of a = b = 4.005 + 0.004 A and
¢ = 16.660 + 0.004 A. These findings are in agreement with the International Centre of Diffraction
Data [ICDD 98-018-5172]. In particular, in the case of c-InSe, only peaks belonging to the (00l) plane
family were observed, indicating that there are highly oriented crystalline flakes along the c-axis. On
the other hand, for the XRD pattern of the ex-InSe sample, planes with different orientations are
visible (e.g. 010, 011 and 110).

Raman spectroscopy measurements were also carried out with the aim of unambiguously demonstrating
the absence of other chemical species, e.g. In.Sesor In203 [71,72], during the exfoliation process or during
exposure to ambient gases. Accordingly to the aforementioned B-InSe unit cell structure, counting three
degrees of freedom for each atom, B-InSe has 24 vibrational modes at the centre I" of the Brillouin
zone [73]. Of these 24 modes, six are Raman active (2Aig, 2Eig, E'zg, Azy) [72,73] and their
corresponding atomic vibrations are shown as an inset to Figure A.3f. As evidenced by measuring
the Raman spectra at RT (Figure 3.Af), the six first-order modes are visible in both the c-InSe and
ex-InSe samples. They are classified as E'1q at 40 cm™, Alyg at 117 cm™, E2g at 178 cm?, Elyg at
200 cmt, Ay at 210 cmt, A%y at 227 cmt, which is in agreement with previous theoretical [74] and
experimental works [72]. Second-order modes are also visible at RT and result from overtones of Elyq
(402 cm™) and Az, (423 cm™) [75]. It is worth noting that the peak positions of all modes have no
significant energy shift in the ex-InSe sample as is the case for c-InSe (Figure A.4), which is in
agreement with previous experimental studies [72,76]. Interestingly, no modes relating to other InSe-based
compounds are observed, confirming that the stoichiometry is preserved without the formation of other
chemical species during the exfoliation process [71,72]. These conclusions are further supported by

XRD patterns, displayed in Figure A.3e.
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Figure A.3. Morphological, chemical and structural characterization of ex-InSe flakes. a) Representative TEM
image of an isolated ex-InSe flake; b) Representative AFM image of an isolated ex-InSe flake. Height profile
(solid white lines) of the indicated section (white dashed lines) is also shown; ¢) Lateral size and thickness
statistical analyses for ex-InSe flake dispersion. Inset: statistical analysis for ex-InSe surface area; d) In-3d and
Se-3d core-level spectra for c-InSe (cyan trace) and ex-InSe (orange trace) samples; ) XRD spectra for c-InSe
(cyan trace) and ex-InSe (orange trace) samples; f) Raman spectra for c-InSe (cyan trace) and ex-InSe (orange

trace) samples. Inset: schematic of atomic vibrations for B-InSe Raman active modes. Adapted from [1].
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Figure A.4 Raman statistical analysis of c-InSe (green bars) and ex-InSe (orange bars) samples. a) Pos(Ez);
b) Pos(A'1g); ) Pos(E'1g); d) Pos(E?1); €) Pos(Aa); T) Pos(A%1g). No energy shifts between the bulk (c-InSe)
and exfoliated (ex-InSe) samples are observed. Detail of Raman active atomic vibrations of InSe in insets of
each graph. Adapted from [1].
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A.3. Use of InSe flakes as electrocatalysts for water splitting

A.3.1 InSe/SWCNTs electrocatalysts fabrication and characterization

To evaluate the HER activity of B-InSe, both bulk and flake dispersions, purified at different ultra-
centrifugation speeds (i.e. 200g, 1000g and 4000g), were tested. The B-InSe samples were deposited
on single wall carbon nanotube (SWCNTSs)-based films, which are used as flexible current collectors.
As demonstrated by recent studies on carbon-based hybrid heterostructures [77-82], SWCNTs-based
films can increase the electron accessibility to the HER-active sites, speeding up the HER-Kinetics
[83-85] compared to glassy carbon (GC) rigid electrodes. In our studies, we observed that the low
adhesion of deposited B-InSe atop GC electrodes does not allow for a proper evaluation of the
electrocatalytic properties of the material, i.e. the deposited B-InSe becomes detached from the
substrate during the measurements, especially in the exfoliated samples. Additionally, the use of
SWCNT-based buckypaper provides stability for the electrocatalysts in aqueous electrolytes. This
permits to avoid the use of ion conducting catalyst binders (typically Nafion® [86] in acid solution
and Tokuyama AS-4® [87] in the alkaline one), which can be expensive [88,89] or detrimental to the
electrocatalytic activity of the catalyst [90,91]. The hybrid heterostructures formed by commercial
SWCNTs (mass loading 1.2 mg cm?) and p-InSe samples (mass loading 1.2 mg cm= for each
sample) were produced through a sequential vacuum filtration deposition on nylon membranes with
flexible binder-free active electrodes, which are compatible with high-throughput scalable industrial
manufacturing. Figure A.5a-b displays HR-SEM cross-sectional images of the as-produced c-InSe
and ex-InSe based heterostructures (SWCNT/c-InSe and SWCNT/ex-InSe), respectively. Both the
SWCNT/c-InSe and the SWCNT/ex-InSe electrocatalysts show a bilayered-like architecture with a
distinct separation between the SWCNT-based collector and the B-InSe-based active film (~ 3 um
film thickness for ex-InSe sample). Thus, as is also evidenced by top-view images (insets to Figure
A.5a-b), no penetration of B-InSe within the SWCNT-based buckypaper was observed, suggesting
that the role of SWCNT film is that of a bare current collector. The HER-activities of the as-produced
InSe-based electrocatalysts were evaluated in both acid (0.5 M H2SO4, pH = 1) and alkaline (1 M
KOH, pH = 14) electrolytes (Figure A.5c-f). The HER under acidic conditions consists of two steps:
Hags at the catalytic sites of the electrode (\Volmer reaction, H3O" + e” 2 Hags + H20), and either an
electrochemical desorption step (Heyrovsky reaction, Hass + H3O" + e 2 H> + H20) or a
recombination step (Tafel reaction, 2Hag4s 2 H2) [92,93]. The occurrence of the two reactions depends
on the Gibbs free energy of the process; the one which has the energy value closer to 0 eV is promoted
[92,93]. In alkaline media, the Hags is formed by the discharge of H2O (Volmer reaction, H.O + e 2
Hags + OH") [92,93]. Then, either the Heyrovsky step (H20 + Hags + € 2 H2 + OH") or the chemical
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Tafel step (2Hags 2 H2) occurs, depending on the Gibbs free energy value of the two steps [92,93].
The overpotential at a 10 mA c¢cm™2 cathodic current density (n10), the Tafel slope and the exchange
current density (jo) are typical figures of merit (FoM) to evaluate the HER performance of
electrocatalysts.[92,93] In detail, the Tafel slope and jo are estimated from the linear portion of the
Tafel plots (overpotential vs. current density curves) according to the Tafel equation (see the
Experimental Section for further details) [92,93]. In particular, the Tafel slope is used to evaluate the
HER mechanism at the electrode/electrolyte interface, while jo relates to the amount of the available
active sites for HER [92,93]. In fact, for insufficient Hags Surface coverage, the VVolmer reaction is the
rate-limiting step of HER, and a theoretical Tafel slope of 120 mV dec? is expected [92,93].
Conversely, in the limit of high Hags surface coverage, the HER-kinetics is dominated by Heyrovsky
or Tafel reactions, and has Tafel slopes of 40 or 30 mV dec?, respectively [92,93].

To relate the morphology of B-InSe flakes to HER performance, both c-InSe and samples ultra-
centrifuged at different speeds, i.e., ex-InSe 200g, ex-InSe 1000g and ex-InSe 4000g, were tested.
The current density vs. potential relative to reversible hydrogen electrode (RHE) curves of B-InSe
based electrocatalysts under both acidic and alkaline conditions are reported in Figures A.5¢ and
A.5d, respectively. As it has been previously observed on layered crystals [94,95], including GaS
[38], the HER-activity of B-InSe flakes increases when the flakes’ size (lateral size and thickness)
decreases. Indeed, the nio value scales from 581 mV (540 mV) for c-InSe, to 561 mV (483 mV) for
ex-InSe 200g, to 556 mV (471 mV) for ex-InSe 1000g, to 549 mV (451 mV) for ex-InSe 4000g in an
acid (alkaline) solution. As it has been theoretically [96,97] and experimentally[38,94,95,98]
demonstrated, this effect is mostly due to the increased number of HER-active sites. In fact, the
reduction in the lateral size and thickness of the flake, which occurs when the ultra-centrifugation
speed is enhanced, exposes the liquid electrolyte to a larger amount of active edge defects and
vacancies than those of the bulk counterpart [96-98]. A rigorous kinetic analysis of the HER, i.e. the
establishment of the Tafel slope and jo, is not conducted here because of the unambiguous results that
were obtained in the presence of high-surface area SWCNT buckypaper, which gives a capacitive
current density even for a low voltage scan rate (< 5 mV s™) [99]. Nevertheless, it is worth noting
that the calculated jo value for the exfoliated p-InSe samples increased from 0.18 pA cm™ (0.45 pA
cm?) for ex-InSe 200g to 0.42 pA cm (5.8 pA cm?) for ex-InSe 4000g in an acid (alkaline) solution,
suggesting that the catalytic activity is dominated by the edge sites. Experimental Tafel slopes,
reported together with their corresponding Tafel plots for which pH = 1 (Figure A.5e) and pH = 14
(Figure A.5f), have values higher than 120 mV dec! for all the B-InSe samples in both an acid and

alkaline solution, indicating that the VVolmer reaction step determines the rate of the HER.
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Figure A.5. Morphological and electrochemical characterization of SWCNT/B-InSe hybrid electrocatalysts.
a) Cross-sectional HR-SEM image of SWCNT/c-InSe heterostructure (top view in inset, scale bar is 1 um); b)
Cross-sectional HR-SEM image of SWCNT/ex-InSe 1000g heterostructure (top view in inset, scale bar is 1
pm); ¢ Current density vs. potential relative to RHE curves for SWCNT/c-InSe, SWCNT/ex-InSe 200g and
SWCNT/ex-InSe 1000g samples at pH = 1; d) Current density vs. potential relative to RHE curves for
SWCNT/c-InSe, SWCNT/ex-InSe 200g and SWCNT/ex-InSe 1000g samples at pH = 14; e) Tafel plots of the
same B-InSe based electrocatalysts shown in panel c. Linear fits (dashed lines) and corresponding Tafel slope
values are reported; f) Tafel plots of the same B-InSe based electrocatalysts shown in panel d. Linear fits
(dashed lines) and corresponding Tafel slope values are reported. Adapted from [1].
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Moreover, Tafel slope values exceeding the Volmer slope of 120 mV dec™ have been previously
described in theoretical studies as not having ideal behaviour due to the anion adsorption or non-
uniform distribution of the surface electric field on rugged electrodes [100-102]. Previous
electrochemical characterizations of MX compounds have been performed on GaS [38] and GaSe
[103]. The latter, tested in its bulk form, has a poor electrocatalytic activity; nio > 1V on GC in an
acid solution [103]. Conversely, exfoliated GaS deposited on pyrolytic carbon reaches a Tafel slope
value of 85 mV dec™ and an overpotential 10 ~ 570 mV under acidic conditions [38]. Thus, LPE-
produced atomically thick layers of InSe exhibit the lowest nio value among the MX family.

A.3.2 Insights on catalytic activity of InSe

In order to unveil the origin of the catalytic activity of InSe, DFT calculations were carried out based
on a theoretical model using a 64-atom supercell (In32Ses2). The energy of the reactions that rule the
adsorption of water fragments (i.e. H* and OH"), as well as the energy barriers of the H,O dissociation
(i.e. H2O + e~ — Hadgs + OH") on InSe monolayer were calculated (Table AT.1). Notably, the latter
reaction coincides with the Volmer step in alkaline environment. This step could also be concomitant
with the adsorption of OH", whose desorption is effective in promoting HER [104]. To estimate the
differential enthalpy (AH) that is associated to the VVolmer step, the total energy of the InSe monolayer
with two physisorbed water molecules (Figure A.6a) is compared to the total energy of the same
system with chemisorbed H, e.g. Hags (Figure A.6b). The presence of a second water molecule
represents a minimalistic model of the water environment. Moreover, in order to have a complete
representation of the HER process in an alkaline environment, the differential enthalpy associated to
the adsorption of OH™ (OHags) is evaluated (Figure A.6¢). The differential Gibbs free energy is
evaluated using the formula:

AG = AH —TAS + ZPE — eU (A.2)
in which T is the RT and AS is the changes of entropy of the system, ZPE is the zero point energy
and U is the overpotential (0.83 V for reaction under alkaline conditions and 1.23 V for reaction under
acidic conditions) [105-107].

The results of the DFT calculations (Table AT.1) for pristine InSe monolayers indicate that the energy
required for an H* adsorption is unfavourable (AG > 2 ¢V) in both acidic and alkaline environments.
Nevertheless, the presence of thermodynamically unavoidable lattice defects, such as Stone-Wales
defects or Se vacancies, makes the adsorption of water fragments exothermic. In particular, the HER
activity can be mainly addressed to the Se vacancies, which are naturally present in 3-InSe single
crystals [37,44,108]. In fact, taking into account the Se vacancies, the AG for Hags in both acidic and

alkaline environments is closer than those of the un-defected and Stone-Wales defected InSe
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monolayer; they have the ideal value of AG =0 eV, which is an energetically feasible HER condition
[109,110]. A differential Gibbs free energy close to 0 eV indicates that the Hags free energy is close
to that of the reactant or product. Low AG suggests that there is a strong bonding of Hags, While a high
AG implies that Hags are weakly bonded to the catalyst surface. Both conditions negatively affect the
HER Kkinetics [110]. In addition, the AG for OH™ adsorption is reduced in presence of Se vacancies
(-0.84 eV) with respect to the pristine case (+2.47 eV). Thus, the beneficial OH™ desorption in an
alkaline environment is favoured by the defected InSe monolayer. The reduction of AG for Hags in
presence of Se vacancies is compatible with the 10 downward trend that was observed in both the
acid and alkaline environments when the flakes’ lateral size is reduced. As a result, the edge-related
HER activity is therefore linked to an increase in the number of exposed Se vacancies, which are

mostly placed at the edge of the exfoliated flakes.

Figure A.6. Scheme of the DFT models used for investigating InSe catalytic activity. a) InSe supercell with a
physisorbed pair of water molecules; b) and ¢) chemisorption on InSe monolayer of Hags and OHags,

respectively. Adapted from [1].

Table AT.1. Calculated values of the differential enthalpy (AH) and Gibbs free energy (AG) for Hags and OHags

in both acidic and alkaline environments.

AH (eV) AG (eV)
Condition Hads OHoags Hags acid Hags alkali  OHags alkali
InSe-monolayer +3.34 +2.95 +2.23 +2.63 +2.47
Stone-Wales defect -1.05 -0.41 -2.16 -1.76 -0.89
Se-vacancy +0.65 -0.36 -0.46 -0.06 -0.84
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A.4. Conclusions

In conclusion, effective exfoliation of InSe single crystals by means of LPE in a non-toxic solvent
has been demonstrated, obtaining a stable dispersion of atomically thick InSe flakes with an IPA
concentration up to 0.11 g L™%. Transmission electron and atomic force microscopy analyses allowed
the exfoliated flakes> morphology to be evaluated; they had an average thickness of ~ 5 nm,
corresponding to ~ 4 InSe layers, and a maximum lateral size of ~ 113 nm. Moreover, Raman, XPS
and XRD analyses confirm the preservation of the crystal structural and chemical properties in the
exfoliated flakes, revealing that there was not any formation of spurious compounds (i.e. In>Ses or
In203z). Thus, LPE in IPA has been demonstrated to produce InSe flakes with thickness at the atomic
scale, confirming its crucial role in the application and technological fields as a competitive and
environmentally friendly production technique. In particular, electrochemical H2 production was
evaluated here as a possible application for InSe flakes. Hybrid and flexible heterostructures
composed by SWCNTSs and InSe flakes with different morphologies (i.e., different lateral size and
thickness) were tested under both acidic and alkaline conditions, and the smallest InSe flakes obtained
a promising overpotential nio of 549 mV and 471 mV, respectively. In particular it corresponds to the
lowest reported values of 10 among the MX compounds [38,103]. These results pave the way for the
use of InSe flakes in water splitting and for further optimization as flexible and cost-effective
(photo)electrocatalysts. Moreover, a clear size effect is observed in the InSe HER-performance,
suggesting that the active sites are located at the edges of the InSe flakes. This observation is related
to the presence of Se vacancies at the edges of the flakes and is demonstrated by means of DFT
calculations. In fact, theoretical results show a reduction in the exothermic AG in the defected InSe
monolayer in comparison with its pristine counterpart. These results prove that InSe flakes are

feasible materials for different types of catalytic reactions such as oxidation and reduction.

A.5. Experimental Section

Exfoliation of bulk s-InSe

B-InSe single crystals were grown by the modified Bridgman-Stockbarger method (details on the
growth in Supporting Information) [44]. Exfoliated p-InSe flakes were produced through LPE [52],
followed by SBS [49], in IPA (ACS Reagent, > 99.8%, Sigma Aldrich). In short, 40 mg of B-InSe
single crystals are pulverized in a mortar and, once added to 20 mL of IPA, ultra-sonicated in a
sonicator bath (Branson® 5800 cleaner, Branson Ultrasonics) for 6 h, keeping the bath temperature
in the range of 25 °C — 35 °C. The resulting dispersion was ultra-centrifuged at 200g, 1000g or 4000g
(in a Beckman Coulter Optima™ XE-90 with a SW32Ti rotor) for 30 min at 15 °C in order to separate
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un-exfoliated and thick B-InSe flakes (collected as sediment) from the as-prepared dispersion. Then,

80% of the supernatant, containing small and thin B-InSe flakes, was collected by pipetting.
Material characterization

Optical extinction spectroscopy was carried out by a Cary Varian 5000UV-Vis. In order to measure
the extinction spectra, exfoliated B-InSe flake dispersions in IPA were diluted 1:10 with the pure
solvent. For each sample, the extinction spectra (absorbed plus scattered light) of the pure IPA were
subtracted from the sample spectrum. The optical extinction coefficient was determined by using the
Beer-Lambert law (E = ecl, in which E is the optical extinction at 600 nm, € is the extinction
coefficient, c is the concentration of the exfoliated B-InSe flakes and I is the path length of the quartz
cuvette, 0.01 m).

TEM imaging was carried out on a JEOL JEM 1400PIlus microscope, operating at 120 kV, equipped
with a LaBs thermionic source, a Gatan CCD camera Orius 830 and a JEOL Dry SD30GV silicon-
drift detector (SDD). Samples for the TEM measurements were prepared by drop-casting the
exfoliated B-InSe flake dispersions onto carbon-coated Cu grids with successive drying under vacuum

overnight.

Atomic force microscopy images were acquired using a Nanowizard 111 (JPK Instruments, Germany)
mounted on an Axio Observer D1 (Carl Zeiss, Germany) inverted optical microscope. The AFM
measurements were carried out using PPP-NCHR cantilevers (Nanosensors, USA) with a nominal tip
diameter of 10 nm. A drive frequency of ~ 295 kHz is used. Intermittent contact mode AFM images
(512x512 data points) of 5x5 pm?, 2.5x2.5 um?, and 500x500 nm? are collected by keeping the
working set point above 65% of the free oscillation amplitude. The scan rate for the acquisition of
images was 0.6 Hz. Height profiles of ~ 100 flakes were processed by using JPK Data Processing
software (JPK Instruments, Germany). The samples were prepared by drop-casting the exfoliated -
InSe flake dispersions onto mica sheets (G250-1, Agar Scientific Ltd., Essex, U.K.) and subsequently

drying them under vacuum overnight.

Raman spectroscopy measurements were carried out using a Renishaw micro-Raman InVia with a
100x objective, an excitation wavelength of 514.5 nm and an incident power of 1 mW. For each
sample, 20 spectra are collected. The samples were prepared by drop casting exfoliated p-InSe flake
dispersions on Si/SiO, substrates and drying them under vacuum. The spectra were fitted with

Lorentzian functions.
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The crystal structure was characterized by XRD using a PANalytical Empyrean with Cu K, radiation.
The samples for XRD were prepared by drop-casting exfoliated B-InSe flake dispersions onto Si

substrates and drying them under vacuum.

X-ray photoelectron spectroscopy characterization was carried out on a Kratos Axis UltraDLD
spectrometer, using a monochromatic Al Ka source (15 kV, 20 mA). The spectra were acquired over
an area of 300 um x 700 um. Wide scans were collected with a constant pass energy of 160 eV and
an energy step of 1 eV. High-resolution spectra were acquired at a constant pass energy of 10 eV and
an energy step of 0.1 eV. The binding energy scale was calibrated to the C 1s peak at 284.8 eV. The
spectra were analysed using CasaXPS software (version 2.3.17). The fitting of the spectra was
performed by using a Shirley background and Voigt profiles. The samples were prepared by drop-

casting exfoliated B-InSe flake dispersions onto Si substrates and drying them under vacuum.
Electrode fabrication

Hybrid heterostructures were fabricated by the vacuum filtration of SWCNT (> 90% purity, Cheap
Tubes) dispersions in 1-Methyl-2-pyrrolidinone (Reagent Grade, 99%, Sigma Aldrich) and exfoliated
B-InSe flake dispersions on nylon membranes (Whatman® membrane filters nylon, pore size 0.2 um).
The mass fraction for both materials was kept constant at 1.2 mg cm=. The SWCNT dispersion was
prepared by dispersing SWCNTs in NMP at a concentration of 0.4 g L™* using ultra-sonication based
de-bundling [111]. The dispersion was sonicated using a horn probe sonic tip (Vibra-cell 75185,
Sonics) with a vibration amplitude set to 45% and a sonication time of 30 min. The sonic tip was
pulsed at a rate of 5 s on and 2 s off to avoid damage to the processor and to reduce any solvent

heating. An ice bath was used during sonication in order to minimize heating effects.
Electrode characterization

High resolution scanning electron microscopy analysis was performed with a field-emission scanning
electron microscope FE-SEM (Jeol JISM-7500 FA) in a high vacuum, with an acceleration voltage of
15 kV. Images were collected acquiring the backscattered electrons. A carbon coating of 10 nm on

the sample is required to prevent charging effects.

Electrochemical measurements on the as-prepared hybrid heterostructures were carried out at RT in
a flat-bottomed fused silica cell under a three-electrode configuration using a CompactStat
potentiostat/galvanostat station (Ivium), controlled via IviumSoft. A Pt-wire was used as the counter
electrode and saturated KCI Ag/AgCl was used as the reference electrode. Measurements were carried
out in 0.5 M H2S04 (99.999% purity, Sigma Aldrich) or 1 M KOH (> 85% purity, ACS reagent,
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pellets, Sigma Aldrich) aqueous electrolytes (pH = 1 and pH = 14, respectively). The potential
difference between the working electrode and the Ag/AgCl reference electrode was converted to the
reversible hydrogen electrode (RHE) scale via the Nernst equation: Epur = Esg/age + 0.059pH +

E}

o agcy INWhICh Eg,,; is the converted potential versus RHE, E, 44, IS the measured potential versus

the Ag/AgCI reference electrode, and ES is the standard potential of Ag/AgCl at 25 °C (0.1976

g/AgcCl
V). Linear sweep voltammetry curves were acquired at a scan rate of 5 mV/s and iR-corrected, in
which i is the current and the R is the series resistance that arises from the substrate and electrolyte
resistance. R is measured by electrochemical impedance spectroscopy (EIS) at an open circuit

potential and frequency of 10* Hz.

The linear portions of the Tafel plots fit the Tafel equation n = mlog(j) + A, in which # is the
overpotential with respect to RHE, j is the current density, m is the Tafel slope and A is the intercept
of the linear regression. The jo was calculated from the Tafel equation by setting # = 0.

Theoretical methods

The atomic structure and energetics of water splitting on InSe monolayers were studied by DFT using
the QUANTUM-ESPRESSO code[112] and the GGA-PBE + van der Waals approximation, which
are feasible for the description of the adsorption of molecules on surfaces [113,114]. Energy cut-offs
of 25 Ry and 400 Ry were used for the plane-wave expansion of the wave functions and the charge
density, respectively, and the 4x4x1 Monkhorst-Pack k-point grid for the Brillouin sampling [115].

Optimizations of both atomic positions and lattice vectors were performed for all calculations.
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