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Chapter 1

Introduction - 2D Materials
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1.1. Discovery

Carbon is the basis of organic chemistry and therefore of life on earth: the reason of this
extraordinary role is carbon's chemical versatility resulting in a great variety of physical and
chemical properties. Atomic carbon exists in three bonding states with different geometry,
shape and dimension, corresponding to sp3, sp2 and sp hybridization of the atomic orbital.
These different bonds lead to diverse carbon allotrope structures, such are diamond, graphite,
carbyne, fullerenes, nanotubes, polyaromatic hydrocarbons, graphene, and amorphous carbon

to mention some of the most prominent forms of carbon.

Some of these different allotropes forms of carbon are the well-known materials of diamond,
graphite, carbine, fullerenes, carbon onions, carbon nanotubes (CNTSs), graphene and
amorphous carbon. It is believed that carbon science, especially related to graphene and
nanotechnologies has enormous scientific and technological potential and can provide
tremendous discoveries and ultimately fascinating applications in everyday life (Again you
can show data from the presentation of the new 2D journal e.g number of publications,

patents etc).

Diamond for instance exhibits a typical cubic crystal structure with a repeating pattern of 8
atoms; the strong bonding leads to the highest hardness and thermal conductivity of any bulk
material, determining the major industrial application of diamond in cutting and polishing
tools. Graphite, in contrary, is based on sp2 hybridized carbons and has a layered, planar
structure. In each layer, the carbon atoms are arranged in a honeycomb lattice with separation
of 0.142 nm, and the distance between planes is 0.335 nm[1]. The two known forms of
graphite, alpha (hexagonal) and beta (rhombohedral), have very similar physical properties,
except that the single carbon layers stack slightly differently[2]. The layered structure of
graphite and the weak forces between single carbon layers allow for application for

refractories, batteries, steelmaking, brake linings, foundry facings and lubricants.

The newest and most exiting carbon allotrope, graphene, can be considered as a border case

of an extended aromatic system, being a mono-atomic layer of sp? carbon reaching
macroscopic lateral extension. As demonstrated in 2004, layers of graphene can be extracted

from a graphite crystal by peeling of the sheets with simple adhesive tape.
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Fig. 1: lllustration of carbon allotropes derived from graphite; layered structure of graphite, single layer of
graphene, carbon nanotubes and fullerenes[3].

On the very extreme of sp2 hybridized carbon systems are polyaromatic hydrocarbons
(PAHS). These systems are based on a sp2 hybridized carbon backbone based on a defined
number of aromatic rings, organized in a - usually planar - honeycomb network. Synthetic
PAH:s find application as photo-sensitizer, fluorescence markers and dyestuff, but they also
appear naturally and are suspected to play a crucial role in the formation of life on our planet:
According to NASA experts, more than 20% of the carbon in the universe may be associated
with PAHSs being possible starting materials for the formation of life. PAHs seem to have
been formed shortly after the Big Bang, and are widespread throughout the universe[4].
Carbon science, especially related to nanotechnologies, has great potential and in the next
years can offer more interesting discoveries and new solution, from a fundamental

understanding of such new materials towards application in industry and everyday life.
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1.2. Graphene Properties

Graphene research has progressively expanded the last ten years due to the relatively fast and
cheap laboratory methods that enable the production of high-quality graphene. Many of the
characteristics of this exceptional material are: room-temperature electron-mobility of 2.5 x
10°cm?V*s™, a Young modulus of 1 TPa and intrinsic strength of 130GPa, very high thermal
conductivity >3000 W mK™, optical absorption of exactly ma~2.3% (in the infrared limit,
where a is the fine structure constant), complete impermeability to any gases, ability to
sustain extremely high densities of electric current (a million times higher than copper) and
can also be chemically functionalised.

However, most of the mentioned properties have been observed only for the highest-quality
graphene samples. Similar characteristics have not been achieved by using techniques apart
from mechanical exfoliation and graphene deposited on hexagonal boron nitride substrates,

even though these methods are constantly improving.

Therefore, the big challenge that the graphene research community is facing is how to
transfer the unique properties of the ‘wonder material’ in industrial- and mass-production

levels, while keeping the outstanding performance as in the samples obtained in laboratories.

1.3. Other 2D Materials

Graphene is not the only material of the large family of 2D materials. Although it is the most
famous there have been numerous others layered materials such as transition metal
dichalcogenides (TMDs), transition metal oxides (TMOSs) and others 2D crystals like boron
nitride (BN), Bi>Tes and Bi>Ses. TMDs are structured from hexagonal layers of metal atoms
(A), sandwiched between two layers of chalcogenide atoms (B), where B can be S, Se and
Te. The resulting stoichiometry is AB>.Some examples are: Hexagonal Boron Nitride,
Molybdenium Disulphide (MoSz), Molybdenum Diselenide (MoSe>), Tungsten Diselide
(WSez), Tungsten Disulfide (WS2),Bismuth Selenide (Bi2Ses), Tantalum Sulfide (TaS2), Tin
Sulfide (SnS2), Manganese Dioxide (MnOy). In general, van der Waals forces are keeping the

layered sheets together, although the bonding within these trilayer sheets is covalent.
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Fig. 2: A schematic representation of a 2D based heterostructure. Two graphene layers and a TMD-
Molybdenium Disulfide (M0S2) are separated by several layers of boron nitride (BN), which act as a
tunnelling barrier.

TMDs normally occur in forty different types depending on the combination of chalcogen
and transition metal. Moreover, TMDs can be metallic, semimetallic or semiconducting,
depending on the coordination and oxidation state of the metal atoms, resulting to interesting
and unique properties for each of them, such as superconductivity, thermoelectricity and
topological insulator effects. The common characteristic of those materials is that their

properties are strongly dependent on the number of layers in the final exfoliated material.

Therefore, it is very important to study in depth how we can control the physical parameters
of exfoliated 2D materials (size, shape, thickness, length, width) and hence, control the
properties of the final material or the composite material that they are planned to be

embedded into.
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Fig. 3: Three-dimensional representation of the structure of MoS,. Single layers, 6.5 Angtstrom thick
can be extracted using scotch tape-based micromechanical cleavage[5].

1.4. Main production techniques

New technologies always face significant barriers in terms of cost and reproducibility as
compared to the already established technologies. Therefore, low-cost production of large
amounts of graphene with controlled electrical, physicochemical and structural properties is
critical for graphene and 2D materials to have a technological impact on society. A big
advantage of graphene is that it can be already produced by many different techniques,
making it suitable for a variety of applications. Currently, there are probably a dozen methods

being used and developed to prepare graphene of various dimensions, shapes and quality.
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Fig. 4: Main graphene production techniques: (a) Micromechanical cleavage, (b) Anodic bonding, (c)
Photoexfoliation, (d) Liquid phase exfoliation, (e) Growth on SiC, (f) Segregation/ Precipitation from
carbon containing metal substrate, (g) Chemical vapour deposition, (h) Molecular beam epitaxy, (i)
Chemical synthesis[6].

1.4 Mechanical exfoliation: with this method an adhesive tape is used to divide the graphene
layers from the original graphite. The advantages of this technique are the high quality
graphene and no need of special or expensive instruments. The main disadvantages of this
method are the limitations for large-scale production, the difficulties in further processability,
low yield and difficulty to detect single graphene sheets.

1.2 Chemical method: With this technique, graphene layers are produced by reducing
graphene oxide (GO) usually by thermal, chemical or electrochemical methods. Graphene
oxide is normally synthesized by the Hummer’s method which involves the oxidation of
graphite and its dissolution in water. This is feasible due to the polar groups (-OH, -COOH, -
O) present on the graphene layers. The advantages of this method are that the GO is suitable
for large-scale and controllable up-scaled production. Its main disadvantages are the highly
defective, insulating nature of the sheets obtained, which require reduction techniques to

restore electrical conductivity.
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1.3 Liquid-based exfoliation: this technique involves the production of graphene layers form
ultrasound sonication of the original graphite in various organic solvents. This technique
normally involved three steps; 1) graphite dispersion in a solvent; the ideal solvents that can
disperse graphene are the ones than can minimize the interfacial tension between the liquid
and the graphene nanosheets, 2) exfoliation through ultra-sound sonication or ball milling, 3)
centrifugation, where the exfoliated graphite nanosheets are separated from the non-
exfoliated ones. The main advantages of this method are that is cheap and easily scalable and
does not require expensive growth substrates. The downside of this approach is that the
produced graphite flakes have limited size. This method is ideal for production of inks, thin

films and composite materials.

of

Solvent molecule
(e.g. N-Methyl-2-pyrrolidone (NMP) )

graphite

o
Surlactant assisted \
Liquid-phase exfoliation

Surt Jintercal /‘ﬁ ‘ v \:{\@
(so-called surface stabilizers) E

graphene

Fig. 5: Schematic representation of the liquid-phase exfoliation process of graphite in the absence
(top-right) and presence (bottom-right) of surfactant molecules[7].

1.4 Growth on SiC: this technique requires thermal treatment of silicon carbide (SiC) under
vacuum or in inert ambient conditions. Sublimation of silicon atoms is caused while carbon
re-organizes from graphenic domains to a continuous layer. The main advantage of this
technique is that it grows graphene directly on SiC, which is semi-conductive. Therefore no
further transfer is needed for applications in electronics. Also, the wafers are available on
different scales and the resulting graphene is of very good quality. However, the main
disadvantages are that it is a high temperature process and the morphology of the resulting
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layer is not controllable. Applications of this technique can be found mainly in high-

frequency transistors, sensors and various fields of electronics.

1.5 Chemical Vapor Deposition (CVD): With this technique, a graphene layer is grown on a
copper substrate through a carbon precursor source (e.g methane, ethylene), normally at high
temperatures and in inert ambient conditions. In the process the carbon precursor dissociates
at high temperature on the copper surface and the remaining carbon is dissolved in the copper
and then precipitates during the cooling process. A main disadvantage of this technique is
that the morphology of the resulting graphene layer is difficult to control and, for most
applications, a transfer process on an insulator substrate is required after the synthesis. Some
of the main applications of the method are for flexible displays, transparent conductors,

sensors, solar cells, FETs and OPVs.
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(research,
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Fig. 6: The most popular methods for graphene production in terms of quality and price, which relates
to their suitability for mass-production[8].
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1.5. Post processing

A further step to the above production methods is the post processing of the produced
graphene sheets. Until now, the most promising post processing method for graphene is the
introduction of a tunable band gap into pristine graphene layers. Cutting graphene sheets into
nanoribbons, and exposing or depositing graphene on various surfaces on structures could be
considered as physical post processing during which the bonds in the graphene structure
remain intact[9].However, a recent report on the reaction of graphene with hydrogen atoms
demonstrates the feasibility of chemically post-processing graphene sheets. Interestingly, this
process is reversible by annealing and suggests that graphene can serve as an atomic-scale

scaffold.

1.6. Current status and trends in graphene research

Public and private investment in graphene research and innovation has been continuously
growing in the last decade. The field of graphene and 2D materials is rapidly expanding,
where thousands of research articles, patents and new companies appear every year.
However, notwithstanding its rapid rise, graphene is facing numerous challenges and
questions whether it will achieve its promising potential in the real world. In general, new
technologies like graphene go through phases of great hype marked by sharp increases in
expectations, interest and investment, followed by a period of uncertainty and loss. This kind
of phases may eventually result in the realization of innovation advances and the scale-up of
production and use, including in directions not initially expected at the beginning of the

process.

In this section, a brief overview is given of the graphene trends in innovation and research.
Bibliometric data on scientific publications is important in order to investigate trends and
patterns in graphene publications, citations, research collaborations and focused sub-areas
and emerging research topics. As illustrated in the following graph (fig. 4) there is an overall
growth of graphene scientific publications, especially after the discovery of graphene.
Between 2001 and 2004 there were fewer than 40 scientific papers on graphene published
worldwide. In 2007, there were more than 420 papers, increasing to over 4000 in 2011-the
year following the Nobel Prize award. Publication growth has continued with nearly 9,700

graphene papers published worldwide in 2014.

22 |Page



Graphene scientific papers published annually
10000
World Total
2010 Nobel Prize in
8000 ——China Physics for Graphene
——USA !
1
6000 - South Korea i
1
Japan i
4000 +——— :
= Germany y
1
-UK )
2000 —— !
1
i /
0 +——o0 o —— - - —
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Fig. 4: Analysis of publication records, for the period 2001-2014. SCI articles and reviews with term
“graphene” in title (N=32,994), country assignment based on all reported author institutional
addresses[10].

Accordingly, the same trends are followed by companies that are researching on graphene
new applications and patent their novel techniques. The major contributor countries in
graphene patenting have been South Korea, USA and China. Fig. 5 indicates the global patent
activity by geographical region.

Others 11%

Asia 31%: Japan,
China, South Korea,

Composites 17%

Other 15%

Taiwan, Singapore
Synthesis 27%

Energy 10%

Y,

Europe 34%: Eu 27,
Norway and Switzerland

Health 3%

North America 24%:
USA and Canada Electronics 28%

Fig. 5: Geographical distribution of scientific papers on graphene as of December 2013[8].
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Fig. 6: a) Graph representing the countries with the most graphene inventions and b) the top ten
technology companies and/or institutions with the most patents on graphene (Source: Thomson
Reuters).

1.7. Applications and Current Challenges

The fast growing technological market is pushing towards transparent conductive materials
which would be further used in electronic products such as touch screen displays, e-paper or
organic light-emitting diodes (OLEDs). Flexible electronics is a technology where electronic
circuits are assembled on flexible substrates. The advantage of such flexible technology is the
ability to give new functionality to the existing electronics technology. Recently,
microprocessor giant Intel at the 2015 International solid-state circuits conference (ISSCC)
challenged the silicon industry which has been around our lives for nearly four decades.
Intel’s new 10nm manufacturing process for microchips expected in 2016-2017 will be the
end of the road for silicon, and devices based on 7nm and beyond, Intel says, will require
entirely new materials. One of these materials that could break the 7nm threshold could be

graphene[11].

In the field of organic electronics, OLEDs are devices already being used in the current
technology; Graphene is being widely studied in this emerging field for potential applications
in high frequency transistors and logic transistors. Energy technologies are another area
which is expected to grow from graphene’s potential. In particular, graphene can be used in

solar cells as an active layer or as a transparent material electrode. Energy storage
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applications are another area where graphene can be used as a cathode for next-generation
lithium ion batteries. An important and fast-growing area for graphene’s industrial potential

is the composite materials field.

The unique mechanical, thermal, chemical and gas barrier properties of it make it a strong
candidate for composite materials applications. Also, the use of graphene-based paints can be
used for conductive inks, antistatic, electromagnetic-interference shielding, gas barrier and
anti-corrosion applications. In figure 7, the potential applications of graphene are represented

in a schematic way.

High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

Flexible Display
Chemical sensors

Graphene

é LED lighting

Automobile
Air plane components

Solar cell, Battery
Supercapacitor

s\\ \_‘

Fig. 7: Overview of applications of Graphene in different sectors ranging from conductive ink to
chemical sensors, light emitting devices, composite materials, energy, touch panels and high
frequency electronics|[8].

How long will it take to see the first generation of graphene-based electronics in the market?
That is the most fundamental question, which one may ask after learning the promising
properties that graphene can offer. Even though scientific results show superb advantages of
graphene for applications in super-fast electronics, the technology in this field is still not
ready. One of the biggest technological challenges that graphene is facing is the hurdle of
controlled production of large sheets. Therefore, solving the dilemma of mass-producing high
quality graphene should be the main focus in the 2D research community. This would be the

first step towards commercially-available graphene-based electronics. There have been many
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different methods to produce graphene nanosheets, although the big question of

reproducibility still remains.

Moreover, any of the tested methods should be competitive and/or compatible with the
already successful, well-established industrial techniques (e.g. silicon in microelectronics)
that are widely used in the current electronics technology. Almost all of the candidate
materials to replace silicon have failed so far. While a highly convenient, widespread “killer
application” for graphene is still to be inventedn, the scientific community is still exploring
the unique properties of a material that continues to gives unique research opportunities and

exciting, groundbreaking potential applications.
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Chapter 2

Metrology of Graphene and 2D

Materials
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2.1. Why it is important

Fragmentation is the process of disintegrating an object by multiple fracturing events. The
physics of fragmentation is of interest in different fields of science and engineering: materials
science, failure analysis, military applications and even astronomy. Analysing the size
distribution of a fragmentation process allows understanding the underlying physics. This
approach was used, as example, by Brown et al.[I] during their studies of the galaxies
distribution, to demonstrate that the universe underwent a single fragmentation event (the Big

Bang), separating into protogalactic volumes at a relatively early stage.

In most cases, the study of size distribution in performed on three-dimensional (3D) objects,
as example powders or rocks from mining activities (or galaxies for astronomic studies). Size
distribution of one-dimensional (1D) objects, in particular polymers, is also routinely
measured in polymer science, as example by size exclusion chromatography (SEC). Since the
first half of the 20th century, chemists were challenged to find new techniques to characterize
polymers, whose exact 1D structure and macromolecular nature were then still under
debate[2]. The development of new techniques to produce, analyse and process polymers led
eventually to the plastic revolution. One century after, scientists are struggling to produce and
characterize a further class of materials formed by repeating units not in one but in two

dimensions.

Today, two-dimensional (2D) materials like graphene, boron nitride and transition metal
dichalcogenides having thickness < 1 nm and sizes >1000 nm can be routinely produced on
large scale with potential breakthrough applications in a wide range of sectors, from
electronics to biology.[3-5] Even if the first graphene-based products composites are already
commercial, we are still in a situation similar to that of polymer chemists in 1920.[6] There is
an ongoing debate on how to define and measure 2D materials,[7] and a classification based

on chemical composition, thickness and sheet lateral size has been proposed recently.

The size of these 2D materials is a fundamental parameter to be estimated, given that it has an
impact on their performance in basically all their potential fields of applications, influencing
mechanical and electrical properties in polymer composites,[9, 10] charge transport in thin
conductive films,[11] gas permeation in surface coatings[12] and even biological activity

such as internalization in living cells.[13]
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Unfortunately, exfoliation always yields a poly-dispersed range of nanosheets thicknesses
and lateral sizes because the exfoliation of 2D nanosheets starting from 3D bulk materials is a
complex process based on bubble cavitation, intercalation and disruptive fragmentation.[14]
When characterizing the suspensions of these 2D sheets, their size is commonly reported
using a well- known couple of statistical parameters such as the arithmetic mean and the
standard deviation (SD) of sheet length, in this way assuming implicitly that their length
follows a Gaussian (a.k.a. "normal”) distribution. However, all published experimental data
show that the size distribution is non-Gaussian and highly asymmetric. Similar asymmetric
distributions are commonly observed in almost all areas of science, e.g. in the length
distribution of polymers, in the content of chemical elements in rocks, in the abundance of

species in biology and in the distribution of galaxies in astronomy.[15]

New techniques and procedures for the metrology of 2D materials are thus needed, both for
fundamental understanding of their physics and for technological developments. Thus, we
developed an analysis technique to characterize large amounts of 2D monoatomic nanosheets.
We used the data collected in this way to unravel the different fragmentation processes that
lead to a given distribution, and propose a new parameter, in analogy with polymer

metrology, to characterize the area dispersion of such 2D materials.

To understand the physics of a truly 2-dimensional fragmentation process we need an "ideal"
2D material, where the only variable parameter should be lateral size. To this aim, we chose
to use water-soluble graphene oxide (GO) nanosheets obtained by oxidation and exfoliation
of graphite using the Hummers method.[16] The sheets used were all monoatomic layers,
completely exfoliated already at the start of our measurements, and the overall amount of
material undergoing fragmentation was constant, allowing in this way to have a purely 2D
fragmentation process. Thanks to their highly hydrophilic nature, these sheets were stable as
monolayers in water and cold be deposited on silicon substrates up to very high surface
coverage with negligible aggregation and overlap. Furthermore, the initial lateral size of these
sheets (up to 100 “m) was much larger than the one typical of 2D materials; by using
sonication the average sheet size could be reduced to less than 100 nm, allowing to study the

2D fragmentation process on a wide range of scale-lengths.
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2.2. Classification and Definitions

The graphene production and in general the 2D materials, requires high expectations as the
properties of the exfoliated material depend strongly on its physical dimensions. This means
that there is a strong need for a method or process able to control and quantify the resulted

material before it is used to composites, electronics and other technological applications.

2 A '
10
Graphite Oxide

Graphite nanoplates

Number of layers

Nano Graphene Oxide

Fig. 1: A graphical grid representing the categorization of different graphene types according to three
fundamental properties. Number of graphene layers, average lateral dimension, and atomic
carbon/oxygen atom. The different materials drawn at the six corners of the grid represent the ideal
cases according to the lateral dimensions and the number of layers reported in the literature. The

values of the three axes are related to the GBMs at the nanoscale, but is feasible to expand the values
to the microscale[17].

Usually the term graphene is used in a generic manner by scientist and not to describe the
single graphene layer sheet as discovered by its creators and not in consistency to describe
many graphene-based materials (GBMSs). Therefore, there is an inconsistency in names and
definition of the use of graphene but also by its reference to related 2D layers and flake
carbon forms. This tells that the scientific community needs a clear, consistent and widely
accepted system of describing and naming the various derivatives of the graphene-related

materials. By solving this issue, we can avoid misleading understanding of definitions
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amongst all the stakeholders (i.e., researchers, industry, government organisations and

regulatory authorities).

One way to arrive to this clear definition is by creating a definition on its morphological

descriptors such as typical dimensions like thickness (number of layers) and lateral size.

In a recent study, P. Wick et. Al., proposed a classification framework providing a starting
point for the categorization of different graphene types within a grid arrangement (as show on
Fig. 1) according to three characteristics which are easy to measure and to quantify. In the
table below are the basic analytical techniques to measure these three fundamental

characteristics for further GBM classification.

GBM-specific property and suitable analytical tools for the classification of
GBMs
Number of layers (thickness) TEM

AFM

Raman Spectroscopy

Optical absorbance measurements

Lateral size TEM
SEM
AFM
Atomic C/O ratio XPS

Elemental analysis

Table 1: Analytical techniques for the classification of GBMs

Summarizing, there is a need for clarity in the definition of GBMs classification. This could
help to avoid generalizations about the GBMs capabilities and limitations that can potentially
provide false expectations and unnecessary safety concerns. Other potential benefits that

could arise are;

e the improved vocabulary terminology for structural characterization

o the classification within the proposed grid prevents ad hoc naming
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e Dbetter comparisons between carbon allotropes

o fitting the “molecule of interest” into the classification grid and its position
determines which reference GB should be included in experiments

e Standard analytical methodology for benchmarking of materials

e Future comparative studies possible through minimal material characterization

e Aid in structure-activity analogies for predictive toxicology

e Support in peer-review process

e Clear-cut guidelines for regulatory purposes

2.3. Experimental Methods

To monitor the sheet population from the meso- to the nano-scopic scale we used a
combination of different techniques (fig. 2): optical fluorescence microscopy (FM),[1]
scanning electron microscopy (SEM) and atomic force microscopy (AFM). In this way we

could analyse more than 2,000 sheets for each sample. The total surface areas sampled using

the three techniques were: 60 mm? (FM), 0.1 mm?(SEM) and 0.01 mm? (AFM).
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2D FRAGMENTATION

Fig. 2: A) FM, SEM and AFM images of GO sheets deposited on silicon substrate. Total

surface areas sampled using the three techniques: 60 mm?, 0,1mm?,. B) a schematic
representation of the different scale-lengths explored with the different techniques.

FM

Fluorescence microscopy (FM) images were taken in reflection mode with a Nikon Eclipse
80i optical microscope. The images were recorded with a digital color camera Nikon Coolpix
5400. Samples were prepared by spin-coating the GO sheets on 300 nm thick silicon oxide
substrate that was covalently functionalised with triethoxysilane fluorescent thiophene-based
dye, N-(3- (triethoxysilyl)propyl 2,2".5',2":5",2"'-quaterthiophene-5-carboxamide, as
described in ref. (1).

SEM

Scanning electron microscopy (SEM) images were taken using a FEI Dual Beam system
(FIB-SEM) 235 with an electron beam (1nm).
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AFM

Atomic Force Microscopy (AFM) images were obtained in tapping mode by employing a
commercial microscope (MultiMode Nanoscope Illa, Bruker). The device was equipped with
a J scanner, which was calibrated using the manufacturer's grating. Ultrasharp tips (RTESPA
MPP- 11120, Silicon cantilevers, Bruker, typical force constant 40 N/m, resonant frequency
300 kHz) were used. Height images were flattened to remove background slopes. No other
filteringprocedures were performed on the images. AFM images were analysed using
SpipTM software. Detailed information about flattening procedures of the AFM images and the

guantitative analysis using the frequency spectra can be found in Ref. (2).

XPS

X-rays photoelectron spectroscopy (XPS) spectra were recorded with a Phoibos 100
hemispherical energy analyser (Specs) using Mg Ka radiation (fiu=1253.6 eV). The X-ray
power was 250 W. The spectra were recorded in the constant analyser energy (CAE) mode
with analyser pass energies of 40 eV for the survey spectra and 20 eV for the high resolution
ones. Charging effects was corrected by energy calibration on C 1s level relative to 284.5 eV.

The base pressure in the analysis chamber during analysis was 3-10-10 mbar.

DLS and Zeta-potential

Dynamic Light Scattering (DLS) and Zeta-potential experiments were carried out at 25°C on
a Malvern Zetasizer Nano-ZS, equipped with a helium-neon 633 nm laser and Non-invasive
Back Scatter (NIBS) optics/detector at 173°. The size distribution was calculated using a built-in
auto-correlation function, whereas Zeta-potential was estimated by means of the M3-PALS (Phase
Analysis Light Scattering) technique, measuring the particle electrophoretic mobility in a

thermostated cell.
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SLS

Static Light Scattering (SLS) spectra were recorded with a Horiba Jobin-Yvon Fluoromax 4
spectrofluorimeter equipped with a 150W Xenon arc lamp, by using a synchronous scan of
the emission and excitation monochromators (scan range 200-800 nm) and a right angle

geometry for excitation and photon detection.

2.3.1 Sonication process

In all the samples used the sonication conditions such as the ultrasound frequency and the

effective energy density transferred to the GO sheet (i.e. energy/mass) were constant.

For a typical ultrasonic power output of 120W and frequency 37 kHz, the corresponding
wavelength of sound (L) in water was ca. 4 cm. The peak pressure in the wave was of the
order AP = 1 atm corresponding to a net stress applied to GO sheet of the order AP(size/A) ~
mPa which induces the sheet breakdown.

2.4 Image Processing

2.4.1 Definition of image

Each FM, SEM and AFM image was treated as a matrix A(i,j), where (i,j) was the 2D-
position of each data-point. Each cell of the matrix for AFM images contained the height
value (z). SEM and FM matrix cells contained instead the intensity of electrons and photons

flux respectively.

2.4.2 Flattening procedure of an AFM image
Rough data AFM images are affected by artefacts due to piezo scanning. Piezo-electrics
motors are commonly used to move the samples in sub-nanometric steps in all the Cartesian

directions (X,Y,2). For the sake of simplicity, we use the laboratory reference system (i.e.
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X,Y plane defined by the surface sample and Z perpendicular). In general, the in-plane
movements are decoupled: x # (y,z), but Z-motion depends on the (X,y) position: z = z(X,y).
This means that the original data recorded into an AFM image of an flat surface are described

by a 2D-hypersurface z =f(x,y) instead of a plane z = z.

Thus, the original AFM data have to be processed and mathematical transformations applied
to the image in order to minimize the artefacts are called "flattening procedures”. The
histogram distribution is a graph plotting for each height z the (normalized) number of points
of the image having that height. It is one the most suitable parameters to monitor flattening
procedure. In particular, the histogram curve Fc allows to correct the image slope because the
histogram is the best indicator for the flatness of the surface. Plane surfaces are characterized
by high and narrow histogram peaks and the peak width corresponds to the surface roughness

in the case of Gaussian distribution.[3]

A simple scheme is shown in Fig. 3 where (a), (b) and (c) represent the raw image, an
intermediate and the correct image, respectively. Each step of the flattening procedure is
monitored by the histogram distribution displayed on the lower part of the figure. In
particular, figure 3 shows the AFM image of GO sheets on silicon substrate at 20 hours

sonication.

frequency
£ 8 8 5 38 2 38
frequency

100 300 200 900 0100 200 300 400 B 0 5 10 ] 0 5 25
height(nm) height (nm) height (nm)
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Fig. 3: Example of the flattening procedure. Corresponding height histograms are reported below
each image. Red arrows indicate the substrate Z level (zo) and the GO height (zc0).

The correct (a.k.a. flattened) AFM image presents a symmetric histogram distribution well
described by a Gaussian function. The peak width amounts to 3.80 + 0.02 nm as calculated

following the work of Olive et al.[4]

2.4.3 Automatic size analysis

Thanks to the flattening, bare substrate and GO sheet can be unambiguously distinguished by
using a threshold value (zt) defined as the mean value between the substrate Z level (zo) and
the GO height (zco): zn= (20 + zc0)/2. All the pixels (i,J) having the corresponding z value
higher than the threshold are assigned to the GO sheets.

Image analysis software recognised all the GO sheets, counted them and calculated several
parameters such as area, size, perimeter, Aspect Ratio and Form Factor. Figure 4 shows the
automatic analysis performed on the AFM image reported in fig 4. The different GO sheets

are marked with different colours.

Fig. 4: a) original AFM data and b) corresponding processed image where GO sheets have been
automatically identified by the software and marked with different colours.

2.4.4. Statistical parameters

Using the automatic image analysis, each image is decomposed into a set of elements. Each

of them corresponds to a GO sheet and is defined by an array of six parameters: four used to
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describe the lateral size and two to describe the shape of the sheet. Figure 5 summarises the

information related to a single GO sheet with the size parameters such as:

¢ Area defined as the number of pixels occupied by the sheet on the surface (green region in
Fig. 5B)

e Perimeter defined by the length of outer contour (green contour in Fig. 5 C)

e Length (L) defined as the distance between the two farthest pixels of each sheet (red line in
Fig. 5C)

e Size (s) defined as the side length of the square having the same area of the sheet (white

square in Fig. 5 B)

Fig. 5: Size parameters of GO sheet. a) AFM image, b) automatic recognition of GO area (green
region) and corresponding c) perimeter (green line) and length (L).

For the quantitative analysis of the shape of the 2D objects, we focussed our attention on two

dimensionless parameters:

i) the Aspect Ratio (Ar), namely the squared length divided by the area (Az = L%/A). The
parameter describes the anisotropy of the shape considered, Ar is always >4/ (=4/n for
circles and =2 for squares). ii) the Form Factor (FF), which combines area and perimeter (FF
= 4nd/pd), describing the shape irregularity: FF is always <1 (=1 for circles and =n/4 for

squares).

2.4.5. Pixel resolution — overlapping

Image resolution basically depends on two independent factors: the lateral resolution of the

experimental measurement and the pixel dimension (Dp) (a.k.a. pixel resolution). The first
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factor is related to the experimental parameters such as the physical properties of the probe-
sample system. Conversely, the pixel resolution, defined as the ratio between the lateral size
of the acquired image and the number of pixel: D, = sizeimagelNp, Can be easily tuned. The
chosen pixel dimension has to be much lower than the lateral size of GO sheet in order to
minimise the artefacts due to pixelization of the acquired image. All the topographic images
acquired using AFM, FM and OM are obtained by scanning areas within the range between 1
am and 500 ~m. In order to compare all the collected images, we choose different pixel

resolutions, as shown in fig.5, overlapping the values for the different techniques. The issue
related to the pixelization

was minimised by using an iterative procedure to find the suitable pixel dimension.

For each scanned area we

i) acquired images with different Dy values,

ii) obtained the corresponding area distributions and
iii) calculated the average characteristic size (s) = sj(4).

We choose the pixel resolution value so that it was about 10 times lower than the average

size of the measured GO sheets: Dp<<s>/10.

Pixel resolution (nm)

1000 500 100 50 10 5 1
| | | | | | |
| ! | r 1 1 1 >

AFM

Fig. 6: Pixel resolution of all the acquired image.
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2.5. Mathematical Methods

2.5.1 Discrete distributions, operative definitions

After collecting all the images, we calculated for any studied parameter (x) a discrete probability
distribution of the sheets f, defined as the sheet distribution normalized for the total number of
sheets. In general, a distribution is described using the mean value (<x>) and the corresponding
standard deviation (SD), calculated as:

W =Efewf;  SD= [TEe(n- () f with T g1

These definitions can be generalised for the continuous distributions /(x) where X is a continuous
random variable:

(x) = [ x; - f(x)dx ; SD = \/ Lo — )2 - fOdx with [T f(x)dx = 1.

Xmin Xmin

In the case of Gaussian distribution, <x> and SD correspond respectively to the position (a.k.a.
mode) and the width of the peak of the distribution. Conversely, in the case of skewed distributions
this simple relationship is not valid, being <x> and SD given by a combination of the mode and the
breadth of the distribution. In the case of highly skewed distributions, the standard deviation cannot
be a useful parameter because it is larger than the mean value. This is a common issue related to the
breadth and shape of the distributions that are usually determined most efficiently with parameters
derived from the higher moments of the distribution. A detailed description can be found in [5].
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<x>and SD are not sufficient to describe the given distribution. Fig 7, as example, shows two
different discrete distributions fx: (red) Gaussian and (blue) scattered bimodal, having the same

couple of statistic parameters <x> and SD. Both distributions are normalised.

T T
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<x> =-135
SD=656 |
0,006 -
p—
>
o
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o
[}
=
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Fig. 7: Different distributions give the same couple of statistical parameters.

For the sake of simplicity, in the main text we used indistinctly the words “distribution and

“function”.

2.5.2 Choice of the ""optimal’ number of sampling points to reconstruct the distribution

The number of bins Nb used to buld the size distribution histogram is calculated as the ratio between

the x-range and the bin width h:

Nb ::[Tmax—xnun]
I

where min (max) value corresponds to the smallest (largest) measured sheet, while the braces indicate

the ceiling function.

The parameter h is a smoothing or localizing parameter and controls the width of the histogram bins.
An h that is too large leads to very big blocks and thus to a very unstructured histogram. On the other

hand, an h that is too small gives a very variable estimate with many unimportant peaks. The choice
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of the "optimal” h value is not trivial and several methods are suggested.[6] We used the Scott's rule:
h = 3.49 + SD « " ¥* being simple and well-founded in statistical theory taking into account the SD of
the acquired dataset and the number of the measured sheets (n) [7].

2.5.3 List of used analytic continuous distributions

All the acquired area distributions were fitted with the probability distributions commonly used in

fragmentation models: [8] Inverse power, Log-normal, Gamma and Exponential functions.

. Inverse power law describes a scale invariant (a.k.a. fractal) fragmentation, depicting a series

of fragmentation processes that do not depend on the size of the fragment.

. Log-normal distribution describes random fragmentation processes with a random
distribution of the fragment shape, and has previously been used to describe many rock

crushing processes and fragmentation of 2D materials.[9]

. Gamma function describes the fragment distributions following a particular partition of
Euclidean surfaces called VVoronoi tessellation.[10] Because Gamma and Log-normal
functions have very similar shapes they are often used indiscriminately, despite describing

different mechanisms.

. Exponential functions (a.k.a. Mott functions) describe from a purely statistical point of view

fragmentation given by randomly oriented cracks.

The used mathematical functions mentioned in the main text are listed below:
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Gaussian function is a symmetric distribution where the mean value corresponds to the median and
the mode, i.e. the position of the peak. The statistical parameters are calculated within the domain x e
R. All the others functions are asymmetric and defined for positive variables. The statistical

parameters of Log-Normal and Gamma functions are calculated within the domain x e (0, +o).

2.5.4 Data fit

In general, discriminating between different asymmetric distributions is not simple (see ref. (11) as

example). In order to tackle this well-known problem, we studied the complementary cumulative

distributionfunctions: CCD(¢) =1 — foffx) dxtogetherwiththedistributionitselff(x). This function can

be defined both for discrete and continuous distributions.

As example, taking into account our experimental dataset, given a certain area value (A), the
CCD(A)) function indicates the population of GO sheets larger than A;. For this reason it is also

called survival or reliability function.

Figure 8 reports the study performed on (A) the area distribution and (B) the corresponding CCD of
GO sheets after 20 sonication hours, comparing the best-fit functions obtained by using the
Levenberg-Marquardt algorithm corresponding to (purple) Log-normal, (red) Gamma and (green)
Mott distributions. The corresponding »? coefficients are reported in table 2 (the lower is %, the better
is the fitting).
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Fig. 8: Fitting analysis. (A) Distribution of GO sheets after 20 sonication hours and (B) the
corresponding cumulative distribution function. The experimental distributions are fitted with

(purple) Log-normal, (red) Gamma and (green) Mott distributions.

Table 2. 5* coefficients of best-fit.

f(area) CCD( area)
Log-normal 39.6 13093
Gamma 9.15 126.6
Mott 16.6 1139.7

The ,* coefficient of the Gamma function is the lowest, clearly evincing that this function better

reproduces the measured dataset.

This procedure has been used for all the area distributions acquired at all the different sonication
times. Gamma distribution always shows the lowest x* coefficient in the range between 0.5 hours and

40 hours sonication time.
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2.6. Chemico-Physical Analysis

2.6.1 Monitoring of C/O ratio of the GO sheets

4000
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Fig. 9. High-resolution core level spectra Carbon 1s of GO sheets before (A) and after (B) 100 hours

of sonication. XPS spectra have been corrected by removing the background.

The high-resolution C1s XPS spectra exhibited contributions of different C-C bonds and the presence
of hydroxyl and carboxyl groups. In particular, we distinguished five components at 284.4 eV (C
sp2), 285.0 eV (C sp3), 286.8 eV (C-0-C) 288.5 eV (O-C=0) and 290.8 eV (shake-up).

All the XPS spectra were obtained by subtracting the Shirley background (as displayed in Fig. 9) and
then fitted with a VVoigt function for each component. The Full Width Half Maximum value of all the

five components is between 1.0 and 1.6 eV. We analysed three samples for each sonication time.

The oxidation degree of the GO sheets (C/O) (i.e. the ratio between the number of oxygen and
carbon atoms: C/O) was calculated as a combination of the measured contribution weight by the
area (Ax):

AspztAspat2-Ac-o-ctdo=c-o
c/o =22t

Ac_g-ct2-Ag=—c-o
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The areas of all the contributions obtained by the fit procedures are reported in the table 3.

The analysis of the relative contributions shows that the chemical functional groups and as well as the
amount of carbon chemical species (sp>- for graphitic clusters and sp® for the defects) did not change
significantly. The corresponding C/O ratio amounts to 2.4 strongly indicating that the chemical

properties of the GO sheets were not modified by the long sonication treatment.

Table 3. Relative composition of C1s spectra.

C sp2 Csp3 C-O-C 0=C-O C/O ratio
0 hours 29+2 13+1 52+1 6+1 2.38+0.08
100 hours 3242 12+1 50+1 6+1 2.42+0.08

2.6.2 Zeta-potential analysis

GO sheets are typically functionalized with hydroxyl groups and carboxyl groups, which bear a
different amount of negative charges depending on sheet composition and on pH.[12] All the samples
produced showed a z-potential of -50 mV+ 29 mV, independent of GO size confirming that:

i) the sheets are strongly solvated, do not interact with each other in the solution and

ii) the number of charged chemical groups present on their surface is constant.

The first point confirms the long stability of the solutions observed experimentally, while the

second one indicates that the chemical properties of the GO sheets do not vary with the lateral size.
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Fig. 10: Zeta potential spectra of GO in water solution acquired for different sonication times

2.7. Physical Modelling

2.7.1 Statistical analysis of the fragmentation regimes

As shown in the main text, all the area distributions calculated for the different sonication times
were fitted with the analytic continuous distributions reported in the mathematical methods chapter.
The study allowed to distinguish two populations of larger and smaller fragments after 40 hours of

sonication, which can be modelled by Gamma and Exponential functions respectively.

Figure 10 displays the average area calculated for the two populations using the area of the fitted
curves for different sonication times. The mean area value of GO sheets related to the Gamma
population (red squares) decreased with time reaching an asymptotic value after 40 hours and
disappearing at 100 hours. The sheet population following the exponential trend was observed from
t=40 hours, and the corresponding average area value (green squares) remained constant till 100

hours.
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Fig. 11: Time-evolution of the areas of different population fragments (red) Gamma and (green) Mott.
Dashed lines correspond to the asymptotic values

The two populations also differed in the shape of the GO sheets, as shown in Fig. 11 where the time

evolution of the two shape factors is reported: A) Aspect ratio and B) Form Factor.

In particular, the shape factors of both populations do not show an appreciable variation with
sonication time confirming that the changes observed are due only to the relative variation of the
populations of all the fragments during the sonication.
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Fig. 12. Time-evolution of the shape factors: (A) Aspect ratio and (B) Form Factor of different
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population fragments following (red) Gamma and (green) exponential size distribution. Coloured
areas display the corresponding average values (dashed lines). The width of the shadowed area

around each line corresponds to two times the standard deviation (= 2SD).

2.7.2 Bulk fragmentation - Modelling of the cavitation shear stress

XPS and Zeta-potential measurements confirm that the sonication did not affect the chemical
properties of the GO sheets in solution. For this reason, any change in fragmentation mechanism was

only due to the lower size of the GO sheets involved.

During sonication, the implosion of the cavitation bubbles created in the liquid imposes an inward
radial fluid flow, which induces viscous forces on the graphene sheets that can thus fracture.

After multiple fractures, fragments are generated with an asymptotic area (Aasy,co) corresponding to
the smallest surface on which the viscous stress cannot generate a lateral force high enough to
further break of the fragment. We here extend to GO sheets the approach proposed for nanotubes by
Anhir et al.[13]. If a bubble of radius R implodes at a velocity R, the mass conservation law 4zR*dR =
4nx°dx, where x is the radial coordinate, implies a fluid velocity in the form v(x) = R?R/x?. The GO
sheet is described by a characteristic lateral size s and a thickness h, as summarised in the figure 13.

COLLAPSING BUBBLE

\ .\-\V\, /
P\ vaoor/ oas g

WATER

Fig. 13. Scheme of the collapsing bubble.
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The dynamics of the collapsing bubble (radius and velocity) have been calculated by solving the
Rayleigh-Plesset equation using the adiabatic approximation (k = 1.4), considering the gas as non-
condensable and as well as neglecting the thermal and the surface tension effects. A detailed

description can be found in the book of Brennen (chapter 3) and reference therein[15].

2.7.3 Edge fragmentation mechanism

The mechanical stress of cavitation acts directly and indirectly on the rupture mechanisms of the
GO sheets in solution. A simplified scheme is reported in figure 13.

Large fragments are directly generated by the mechanical stress of cavitation, as modelled in
previous section. Stress creates large cracks on pristine sheets (fig. 14A) leading to the formation of
"bulk fragments” (i.e. first generation of fragments, following Gamma size distribution) (fig. 14C).

A further mechanism has to be taken into account because unstable cracks can branch off from the
main crack that generates the bulk fragments (fig. 14B).[16] This mechanism is responsible of
additional edge erosion of the first generation fragments. After 100 hours sonication, bulk fragments
are completely eroded leading to a new population of small GO sheets (<s> << 45 nm) whose area
distribution follows an exponential curve (second generation of fragments, fig. 14D).
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Chapter 3

Application of Graphene Oxide In

Bio-compatible Composites
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3.1. Introduction

Nanofiller/polymer composites find a wide range of applications, thanks to the ability of the
nanofiller to improve the mechanical, chemical, thermal and optical properties of the matrix
[1,2]. Among nano-fillers, the newest and most studied class of materials is that of so-called 2-
dimensional materials, such as graphene and its derivatives. While graphene can improve the
mechanical, electrical and thermal properties of composites, its efficient processing and
interaction with the polymer matrix is still problematic. The role of graphene as mechanical
reinforcement can become all the more useful in biomaterials that have usually very poor

mechanical properties or stability.

A widely used biomaterial is gelatin. Gelatin has attracted great interest due to its peculiar
properties. This biopolymer is obtained by chemical-thermal degradation of collagen, which
causes the rupture of the collagen triple helix into the random-coil structure characteristic of
gelatin. The sol-gel transformation that takes place on cooling gelatin aqueous solutions is a
conformational disorder-order transition of the gelatin chains that results in a partial regeneration
of the triple helix structure [4-6]. The stiffness of gelatin gels and the mechanical properties of
drawn gelatin films have been related to the renaturation level, that is the triple helix content of
the protein [5-8]. Gelatin is cheaper than collagen and it does not express antigenicity in
physiological conditions [9,10]. In addition, gelatin is biodegradable and biocompatible, which
justifies its numerous uses in the pharmaceutical and medical fields for a variety of applications,
including tissue engineering, wound dressing, drug delivery and gene therapy [11]. Moreover,
gelatin-based films are thin, flexible and transparent materials widely employed in engineering
food, packaging and drug recover [12,13]. However, the main drawback in the use of gelatin is
related to its poor mechanical properties, which limit its range of application. The mechanical
performance of the biopolymer can be improved through reinforcement with fillers. A variety of
materials, including carbon fibers, clay, hydroxyapatite, have been proposed to this aim
[2,14,15]. Recently, it was reported that reinforcement with graphene oxide nanoplatelets

induced remarkable improvement of gelatin films mechanical properties [16].
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Graphene oxide (GO) can be obtained in large quantities by chemical oxidation of graphite and
processed efficiently in different solvents as single sheets with lateral size tunable from 100 um
to 100 nm, and with a nearly 100% yield of monolayers [17,18]; Furthermore, GO can be
functionalized in different ways to enhance its interaction with other molecules and with the
surrounding environment [19,20], displaying high Young’s modulus, hardness and flexibility
[21]. Whilst the positive effect of GO nano-fillers has been proved for different composite
systems [22-24.] there is less evidence on what the exact failure mechanism is in these composite
materials at the nanoscale [ 25]. Herein, we studied the mechanical properties and failure
mechanism of nano-composites made of graphene oxide sheets and gelatin. We do not limit the
study to bulk composite layers, but also prepare and characterize more challenging systems in
which the composite is electrospun in nano-fibers. This work was made in collaboration with the
groups of Nicola M. Pugno from the University of Torino and the group of Adriana Bigi from

the University of Bologna.

In these systems, contrary to conventional bulk composites, the size of the nano-reinforcement
(GO sheets) is comparable to the size of the nanofibers to be reinforced (=200 nm). The

electrospinning production method itself is challenging, because the fibers undergo significant
mechanical and electrical stress during spinning; only highly stable and defect-free composites

can be processed in this way.

Continuous electrospun nanofibers are becoming increasingly of interest in the field of
functional and structural materials [26] as well as in the biomedical sector [27] due to high open
porosity of the nanofibers assemblies, associated to their remarkable specific surface area and
extreme flexibility. The first attempt to produce polymeric electrospun nanofibres filled with GO
dates back to 2010 [28]. Very recently polymers with polar groups, thus capable of interacting
with oxygen-containing hydrophilic groups located at the surface of GO - such as poly(vinyl
alcohol) [29], poly(acrylonitrile) [30-32] and poly(amides) [33] - have been electrospun with GO
obtaining mats with remarkably improved mechanical properties. No attempt to prepare

electrospun gelatin nanofibers enriched with GO has been reported up to now.
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The behaviour of these composites based on 2-dimensional nanofillers is even more
complex when used in fibers and textiles, because the fiber diameter can be comparable to
the size of the nanosheet. For this, we use for the first time a combination of macroscopic
mechanical tests, microscopic characterization and numerical modelling to understand how
the mesoscopic nanosheets are positioned into (or onto) the fibers, and how this influences
the failure mechanism of the material at the nanoscale.

In these systems, the sheets can act as mechanical reinforcement of the fiber, but also as defects
oriented perpendicular to the fiber axis, or can be segregated outside the fiber, thus having little
effect on fiber properties. Including graphene in polymer sheets and in thin polymeric fibers is a

major challenge for applications in e-textiles and bio-compatible electronics [34].

3.2. Experimental

3.2.1 Preparation of GO

Graphene oxide was prepared from graphite flakes by a modified Hummers method [17] and
characterized before use by spin coating part of the solution on flat silicon wafers, and observing
sheet size by Atomic Force Microscopy (AFM). As expected, the material was composed mainly

by monoatomic sheets, with minimal amounts of thicker aggregates [17,18,35].

A 7.5 mg/mL GO solution in water was diluted 45 times before the characterization process. A
Chemat technology spin-coater KW-4A was used for 60 s at 2000 rpm to spin-coat the GO
solutions on SiO; films. The samples were spun in open air using 100uL of the diluted GO

solutions. Spin-coating was used to make a uniform distribution of GO sheets on the substrates.
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3.2.2 Preparation of gelatin-GO films

Type A gelatin (280 Bloom, Italgelatine S.p.A.) from pig skin was used. Different amounts
of a 7.5 mg/mL GO solution were added, under continuous stirring, to a 10% aqueous
gelatin solution at 40°C, in order to obtain films containing 5 wt% gelatin and different GO
amounts (0.5, 1, 1.5, 2 wt%) in the final composition. Films were obtained on the bottom
of Petri dishes (diameter=6 cm) after water evaporation at room temperature (RT) from 10

ml of solution.

The samples were labelled as F-0.5, F-1, F-1.5, F-2. Pure gelatin films were used as
reference, and named F-0. Composite films containing a higher fraction of GO, 0.5 wt%
gelatin and 0.5 wt % GO (Gel:GO =1:1) were also produced, and labelled as G-05 GO-05.

3.2.3 Preparation of gelatin-GO electrospun mats

Gelatin was dissolved in acetic acid/double distilled water 60/40 (v/v), at a concentration
of 25% (w/v). The solution was stirred at 50°C for 60 minutes, maintained under stirring
overnight and then electrospun to obtain the control mat free of GO. Different amounts of
a 7.5 mg/mL GO solution were added, under continuous stirring, to aqueous gelatin
solution in acetic acid/ double distilled water 60/40 (v/v) at 50°C, in order to obtain
suspensions containing a gelatin concentration of 25% and a GO content of 0.5, 1 and

1.5% (wt%) in the final electrospun mat composition.

The electrospinning apparatus, made in house, was composed of a high voltage power
supply (Spellman, SL 50 P 10/CE/230), a syringe pump (KD Scientific 200 series), a glass
syringe, a stainless-steel blunt-ended needle (inner diameter: 0.84 mm) connected with a
grounded rotating collector (length = 12 cm, diameter = 5 cm) positioned 15 cm away from
the tip of the needle. The polymer solution was dispensed, through a Teflon tube, to the
needle that was horizontally placed in front of the collecting mandrel. All the above

described solutions were electrospun into non-woven mats by using the following conditions:
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applied voltage = 20 kV, needle to collector distance = 10 cm, solution flow rate = 0.005
ml/min, at RT and relative humidity, RH = 40 + 50 %. Fibers were collected with a random
arrangement on the cylinder rotating at a speed of about 2 m/s. Electrospun mats were kept
under vacuum over P>Osat RT overnight in order to remove residual solvents. Gelatin
electrospun mats were labelled as M-0 whereas gelatin-GO electrospun mats were labelled
as M-0.5, M-1, M-1.5 according to GO content.

3.2.4 Morphological investigation

AFM measurements were carried out using an NT-MDT AFM in air operating in semi-
contact (tapping) mode, using commercial Bruker n-doped Silicon (Si) AFM tips in a semi-
contact (tapping) mode. In order to obtain quantitative results from the topographic AFM
images of GO we used statistical image analysis software (Scanning Probe Image
Processor, SPIP from Image Metrology and OriginPro 8.1 SR3). Morphological
investigation of the composite samples was performed using a Philips XL-20 Scanning
Electron Microscope (SEM). The samples were sputter-coated with gold prior to
examination. The distribution of electrospun fiber diameters was determined through the
measurement of about 150 fibers by means of an acquisition and image analysis software
(EDAX Genesis) and the results were given as the average diameter + standard deviation.
Electrospun fibres supported on conventional copper microgrids were observed by using a
Philips CM 100 Transmission Electron Microscope (TEM) operating at 80 kV.

3.2.5 Mechanical tests

Mechanical characterization was carried out on strip shaped (3x30mm, thickness around
0.12 mm, determined by micrometer) samples obtained after film immersion in
H>O/Ethanol (2/3) solution for 10 minutes and on strip-shaped electrospun mats (5 mmx20

mm, thickness ranging from 0.012 to 0.017 mm, determined by micrometer). Stress-strain
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curves were recorded on dried samples using an INSTRON Testing Machine 4465, and the
Series 1X software package. Crosshead speed was set at 5 mm/min in the case of films and
at 0.5 mm/min for the electrospun mats. The Young’s modulus E, the stress at break opand

the strain at break ey of the strips were measured in a static mode.

At least ten specimens were measured for each sample type and results were provided as

the average value * standard deviation.

3.2.6 Differential scanning calorimetry (DSC)

Calorimetric measurements were performed using a Perkin—Elmer Pyris Diamond DSC
equipped with a model ULSP intracooler. Temperature and enthalpy calibration were
performed using high-purity standards (n-decane and indium). The sample weights were in
the range of 3—4 mg. Samples were examined in air-dried conditions. Heating was carried
out at 5°C/min from 40°C to 150°C. Denaturation temperature (Tp) was determined as the
peak value of the corresponding endothermic event. The value of denaturation enthalpy

was calculated with respect to the weight of air-dried gelatin.

3.2.7 Swelling

Square-shaped films (1cm?) were immersed in Phosphate buffered solution (0.1 M, pH 7.4)
for different periods of time. Wet samples were wiped with filter paper to remove excess
liquid and weighted. The amount of adsorbed water was calculated as

(VVW _Wd )
W,

w

W (%) =100

Where Wy and Wy are the weights of the wet and the air dried samples, respectively.
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3.2.8 X-ray diffraction (XRD) analysis

X-ray diffraction analysis was carried out by means of a Panalytical X’Celerator Powder
diffractometer. CuKa. radiation was used (40 mA, 40 kV). The 26 range was from 3 to 50°
with a step size of 0.033° and time/step of 20s.

3.3. Results and discussion

In many cases, the main challenge in creating a composite material is to maximize the interaction
between the two (or more) components of the material, to obtain a new product that merges
together the beneficial properties of all the constituents. A major issue in composites based on
graphene and graphene oxide is the re-stacking of the sheets due to poor interaction with the
polymeric matrix, which creates large defects in the composite, reduces the processability and
requires higher loading of graphene to obtain a significant improvement of the properties of the

material.

Interestingly, the composite materials described in this work display an excellent
interaction between the two different components both in the shape of films and as co-

electrospun nanofibers (Fig. 1).
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Fig. 1. Scheme of gelatin-GO composites preparation process, and numerical modelling of the

gelatin-GO nanofibres at the lowest hierarchical level.

3.3.1 GO nanosheets

Fig. 2 reports the AFM image, thickness profile and statistical analysis of the GO
nanosheets utilized for the preparation of the nanocomposites. Using image analysis, 2197
sheets in 4 different samples were measured. For each sheet, the length L and width W

were calculated, as well as the aspect ratio L/W (Fig. 2c).
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Fig. 2: a,b) AFM image of GO sheets spin coated on silicon. c) Statistical analysis of the
length/width ratio of the GO sheets, in log-log scale. The different colors of the points in the plot
correspond to four different samples that were analyzed. d) Height profile taken along the dashed
line in b).

Given the irregular shape of the sheets, the definition of L and W is not unique. To avoid

any ambiguity, we use as relevant parameter the square root of the area measured exactly

S = Ameasul’&d , Which has the

same units of length and width. This value would correspond roughly, in the case of

for each sheet (pixel by pixel) by image analysis software:

rectangular shapes, to the geometrical mean of the length and width. Instead, the irregular
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shape of the sheets gives in all cases S = /LW . Thus, while L and W are arbitrary axes

chosen for each flake by the image analysis software, S is an objective value directly

obtained for the flake area.

Statistical analysis for this solution yields S=84+66 nm, L=113+98 and W=56+44 nm.
This average must only be considered as indicative, because the size distribution does not
follow a Gaussian (a.k.a. “normal”) distribution, but it is strongly asymmetric and
positively skewed, as typical in many poly-dispersed materials, like powders or polymer
blends, giving a very high variance of the average. From the slope of the fitted line we
calculated the aspect ratio of length/width that is 3£0.05. The average thickness of the
sheets as measured by AFM on silicon was 1.1+0.3 nm.

3.3.2 Gelatin—GO Films

Well dispersed gelatin-GO composite films were obtained using a simple assembling procedure
as described in the experimental section. The good dispersion of GO inside the biopolymer is
confirmed by the photographs of the films reported in Fig. 3, which show a homogeneous
coloration. The intensity of the yellow/brown colour increases on increasing GO content of the

composites.

F-0.5 F-1 F-1.5 F-2

Fig. 3: Photographs of the gelatin-GO composite films at different GO content: the intensity of the
yellow/brown color increases on increasing GO content.
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Moreover, Scanning Electron Microscopy (SEM) images of the fractured film surfaces
display a layered morphology, with the presence of GO sheets between the layers, as
shown in Fig. 4 for F-0.5. The GO sheets (indicated by white arrows) appear embedded in
between layers of biopolymer; although SEM does not allow the measurement of the
thickness of the GO flakes, many of them appear very thin, with just occasionally some
thicker platelets (an example is shown Fig. 4b). Overall, SEM data indicate a good

dispersion of GO in the matrix, in agreement with XRD data (see below).

Fig. 4: a,b) Scanning electron microscopy of F-0.5 fractured surface: the arrows indicate the GO
platelets which appear embedded in between the layers of gelatin. Scale bar: 5 um.

The DSC plots of dry composites exhibit an endothermic peak due to collagen
denaturation, as a consequence of the helix-coil transition. The values of denaturation
temperature, Tp, and enthalpy, AHp, of the films at different GO content are reported in
Table 1. Contrary to Tp values, which do not show significant variations as a function of
composition, the values of AHp decrease on increasing GO content. Since AHp is related to
the relative amount of triple helical structure in the samples, these data suggest that the
presence of GO during gelling interferes with the renaturation process of gelatin and
reduces the triple helix content of the composite films. This finding is supported by the
results of X-ray diffraction analysis (Fig. 5). The XRD pattern of gelatin shows a reflection
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at about 8° of 20, corresponding to a periodicity of about 1.1 nm, which is associated to the

diameter of the collagen triple helix, and a broad peak in the range 12°-30° of 20 related to

peptide bonds. The integrated intensity of the first reflection can be used as a measure of

the degree of renaturation, or triple-helix content, of gelatin films [7]. In particular, herein

the relative amount of triple helices (X) within the samples has been determined by

dividing the integrated intensity of this reflection by that of the broad peak associated to

peptide bonds [36].

Table 1: Denaturation temperature (Tp) and denaturation enthalpy (AHp) of the endotermic peak

event for gelatin-GO films.

sample T(°C) AH(J/g)
F-0 94 +1 32+1
F-0.5 91+1 291
F-1 91+1 29+ 1
F-1.5 91+1 28+1
F-2 91+1 26+1
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Fig. 5: XRD diffraction patterns of gelatin-GO films: the amount of GO increases from the top
spectrum to the bottom one.

The comparison of the XRD patterns reported in Fig. 5 shows a decrease of the relative intensity
of the 1.1 nm reflection on increasing GO content of the films. In agreement with this qualitative
observation, the values of X decrease as well from 21% for F-0 to 18% for F-0.5, to 12% for the
samples at greater GO content. The reduction of the triple helix content revealed by DSC and
XRD results is similar to that observed on crosslinked gelatin, where the degree of renaturation
of the protein decreases on increasing the degree of crosslinking [6,10]. It can be suggested that
the interaction of the oxygen-rich groups on the GO surface with gelatin chains during gelling
interferes with gelatin renaturation and reduces the extent of triple helix content, in agreement

with previous studies [16].
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The XRD pattern of GO displays a broad peak at about 10.8° of 26, corresponding to an
interplanar distance of about 0.76 nm (Fig. 6). In contrast, the XRD patterns of gelatin/GO
composite films do not exhibit any reflection due to GO, (Fig. 5), most likely because of the low
GO content and/or due to the good exfoliation of GO sheets in the gelatin matrix [16,37]. In
order to test this hypothesis, a few films at low gelatin concentration and at very high GO
contents, up to 50 wt% have been prepared and characterized. The XRD patterns of these films
display neither reflections due to gelatin nor to GO (Fig. 6), and their DSC plots do not show the
presence of any endothermic peak (data not shown), confirming that GO and gelatin are
interacting effectively in the composite, and that GO hinders the gelatin renaturation process. On
the other hand, the absence in the XRD patterns of the GO peak at about 10.8° of 26 and the
presence of a shoulder at about 5.4° of 26 confirms the tendency of GO to assume an intercalated

structure within gelatin composites.

G0.5G0O0.5

0 5 10 15 20 25 30 35 40
29/°

Fig. 6: XRD diffraction patterns obtained from GO powder, 0.5 wt% gelatin film (Gel), and G-
05G0O-05 film.
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The mechanical properties of the composites improve on increasing GO content, in

agreement with its reinforcement action on gelatin. Stress—strain curves recorded from air-

dried samples were used to evaluate the Young’s modulus, E, the stress at break, op, and

the deformation at break, &b, of the films. The results reported in Table 2 show that even a

relatively low GO concentration (1 wt%) yields a remarkable increase of both E and oy,

whereas a greater GO addition up to 2% does not cause further improvement of the

mechanical parameters. The reinforcement action of the filler also reduces the degree of

swelling of the composite films, as seen from the data reported in Table 3. Gelatin is highly

soluble and immersion in phosphate buffer induces considerable swelling, which reaches

about 900% in three hours. Gelatin films completely dissolve after 2 days. In agreement

with the reinforcement action of GO, composite films display reduced swelling, F-0.5

resists up to 7 days and the dimensions of the samples richer in GO can still be measured

after 2 weeks in phosphate buffer.

Table 2: Strain at break (ep), stress at break (op), and Young’s modulus (E) of gelatin-GO films.

Each value is the mean of at least 10 determinations reported with the standard deviation.

sample 0 (MPa) E (GPa) & (%)
F-0 799 21+03 14+4
F-0.5 86+9 26+0.2 18+3
F-1 100 £ 4 31+05 20+3
F-1.5 107+ 5 29+0.2 24+ 4
F-2 97+ 5 29+0.3 17+ 3
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Table 3: Swelling (% wt) of gelatin-GO films as a function of storage time in physiological
solution. Each value was determined in triplicate.

Sample 1 min 5 min 30 min 60 min 180 min 1d 2d 7d 14d

F-0 124+4 253+3 562+4 714+3 882+4 99810 1470+ - -
8

F-0.5 136+8 264+4 510+3 611+3 7404 960+6 1200+ 1416+8 -
6

F-1 127+5 240+5 481+5 607+5 752+5 971+5 1040+ 1280+8 1692+8
8

F-1.5 121+3 236+4 491+4 6005 733+x6 880+5 940+ 1140%+5 1450%8
5

F-2 11746 229+5 491+6 600+4 7445 890+6 920+ 1040+6 120010
5

The stabilizing action can be explained with both a mechanical reinforcement induced by
GO and with a protective effect of the large, highly anisotropic 2-dimensional GO sheets

that act as a barrier to water intake into the more open, 3D porous gelatin matrix.

3.3.3 Electrospun gelatin-GO fibers

In view of the similar properties exhibited by F-1.5 and F-2, the preparation and
characterization of nanofibrous gelatin-GO mats were limited to graphene oxide contents
up to 1.5 wt%. The mats of pure gelatin (M-0) display bead-free and randomly arranged
fibers with interconnected porosity, as shown in Fig. 7a. The nanofibers are uniform in
diameter and smooth in surface, with a mean diameter of about 270 nm. The preparation of

the composite scaffolds is a very delicate assembly process since the dimensions of GO
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sheets are comparable to fibre diameters. Nonetheless, the presence of GO in the composite
scaffolds do not seem to affect the smoothness and uniformity of the nanofibers (Fig. 7b-

d), indicating a good performance of the optimized electrospinning conditions.

Fig. 7: Scanning electron microscopy of electrospun gelatin-GO mats a) M-0, b) M-0.5, ¢) M-1. d)
M-1.5. Scale bar: 5 um.

The main variation provoked by GO on fiber morphology is the reduction of the fiber mean
diameter observed in the sample M-1.5, which displays a mean diameter of 150 + 40 nm,
in contrast to those of the other samples (270 + 40 nm). Reduction of the diameter of
electrospun fibers with GO content has been previously observed in different polymers and
ascribed to the increase of conductivity of the electrospinning solution due to GO addition,
which yields thinner fibers [30,38]. The increased conductivity has been explained in

previous works as the GO reduction promoted by gelatin amino groups, which could be
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oxidated to nitrite [39]. The real process is likely due to a more complex combination of
causes; GO is indeed known as an insulator [40], but the presence of GO sheets having size
comparable to the fiber diameter will strongly influence the viscosity and dielectric
constant of the solution, changing the response to the strong electric fields (20 KV) and to

the mechanical stress applied during electro spinning (typical spinning speed is 2 m/s).

Fig. 8: Trasmission electron microscopy of electrospun M-1 mat showing GO flakes deposited b)
on the surface or a,c) partially embedded into gelatin fibers. Scale bar: 200 nm a,c); 500 nm b).

TEM images show the presence of GO flakes comparable in size to the fiber diameter, onto
the gelatin nanofibers (Fig. 8a), whereas further images show GO nanosheets partially
embedded in the nanofibers (Fig. 8b,c). While these large flakes are clearly visible by TEM
and can act as defects in the fiber, statistical analysis (Fig. 2c) shows that the majority of
the flakes have a width smaller than fiber diameter (150 nm), and thus will be fully
embedded into the fibers.

5
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Fig. 9: a) Representative stress strain curves of gelatin-GO nanofiber mats as a function of the
composition. b) Corresponding numerically calculated Stress-Strain curves.
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Representative stress—strain curves of gelatin-GO nanofibers are shown in Fig. 9. The
variation of the curves as a function of composition clearly shows that GO is also effective
in reinforcing electrospun gelatin fibers, as previously observed for bulk films. The values
of the Young’s modulus, E, the stress at break, o, and the deformation at break, &b, of the
scaffolds are reported in Table 4. The deformation at break decreases for increasing GO
content, and it assumes minimum values for M-1 and M-1.5, which also display greater
values of op than pure gelatin mats. Moreover, these same samples exhibit an increase of

the value of Young’s modulus of about 50% with respect to that of pure gelatin mats.

Table 4: Strain at break (ep), stress at break (ob), and Young’s modulus (E) of gelatin-GO mats.
Each value is the mean of at least 10 measurements reported with the standard deviation.

sample 0 (MPa) E (MPa) € (%)
M-0 25+0.6 90 £ 20 17+2
M-0.5 29+0.6 92 +18 12+2
M-1 34+05 148 +9 5.4+0.7
M-1.5 41+04 141+1 5+1

3.3.4 Numerical Simulations

To simulate the mechanical behaviour of the gelatin-GO nanofiber system, a numerical
approach was used based on a previously developed Hierarchical Fibre Bundle Model [41],
also employed for heterogeneous media [42, 43] and graphene composites [44], and
extended here to 2-D to account for shear effects. The simulations were implemented in a
hierarchical scheme in two steps: a) the GO-reinforced gelatin fibres were modelled at

nanoscale using an in-house developed 2-D Finite-Element Model (FEM) formulation
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accounting for elastoplastic behaviour and fracture initiation and propagation, and b) the
electrospun mat geometry was modelled at micro/mesoscale using a fibre bundle model
with input fibre properties (i.e. yield and fracture stresses and strains) determined from the

nanoscale FEM simulations.

More specifically:

a) For the FEM simulations, representative portions of the gelatin fibres containing various
GO reinforcements were discretized in a 2-D quadrilateral-element mesh, as shown in
Fig.10a: each element consists of i=4 nodes, each with two degrees of freedom (uiand v;),
with 6 inter-nodal relationships in the element. A typical mesh contains about 10* square
elements, corresponding to approximately 2-10* degrees of freedom (accounting for
common nodes between adjacent elements), with each element corresponding to an area of
approximately 4.5 by 4.5 nm?. The GO flakes are modelled with randomly varying
orientation and dimensions corresponding to those reported in Fig.2c, so as to obtain an
average length of about 110 nm and width of about 50 nm. The constitutive relation for the
matrix is elasto-plastic and derived directly from experimental data (specimen M-O0,
Fig.9a). We used for the simulation an effective Young’s modulus Emne=62.5 MPa,
calculated from the linear part of the stress-strain M-0 curve in fig. 9, to account for
softening effects always present before the yield point. We also used as yield strain eme
=2%, an elastic modulus (in the plastic region) Emp= 8.9 MPa, and fracture strain
emp=16%. A perfect interface was considered between the reinforcements and the matrix,
and possible failure mode are platelet/matrix debonding as well as crack propagation in the
matrix .Due to the thickness of about 1 nm of the GO flakes and the larger discretization
size used in the mesh to optimize computational times, for the reinforcements it was
necessary to model representative GO-gelatin portions, with GO flakes constituting about
1/5" of the considered 10 nm thickness. The corresponding Young’s modulus Erwas

derived from the GO modulus Eco = 200 GPa [45] using a rule of mixtures, thus obtaining
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Er=1/5-Eco + 4/5-Eme = 40 GPa. The validity of this approximation was checked and
found to be responsible for only a small variation in the results (10% at most in the fracture
stress). The GO flakes were assumed to be randomly oriented and randomly positioned in
the matrix, with statistical variation in the size as derived from experimental data (see Fig.
2¢). Due to the variation of these parameters, simulation results are statistically distributed
and simulations are repeated various times to obtain the corresponding distributions in

output parameters.

b) Regarding the FBM simulations, the electrospun gelatin mats shown in Fig. 7 were
modelled as networks of fibres arranged in parallel and in series subjected to uniaxial
tension, with statistically-distributed yield and fracture strengths, according to the input
parameters from FEM simulations. We adopted an equivalent load sharing hypothesis [41],
whereby when fibres fracture, stresses are redistributed uniformly among the remaining
fibres in the same bundle section. Specimen dimensions were 5 mm in width, 30 mm in
length, and 0.08mm in thickness, which given the measured 91 % mat porosity, 270 nm
fibre diameter and assumed mean fibre length of 0.1 mm, correspond to fibre bundles of
approximately 10° fibres in parallel. Mechanical properties of the fibres were derived from
FEM simulations. In FBM calculations, the specimens were subjected to tensile loading up
to failure in repeated tests to derive the corresponding macroscopic stress-strain behaviour,

accounting for statistical variation, and results were compared to the experimental data.

FEM simulations show that cracks develop at nanoscale in the regions at the tips of
reinforcements due to stress concentrations, but their propagation is partially neutralized by
the matrix nonlinear behaviour, which concentrates deformations and failure at the initial
site of the crack, thus limiting further propagation. This type of behaviour, which is shown

in Fig. 10, is consistent with predictions in the literature [46].
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Fig. 10: a) Schematic of the quadrilateral elements used in the model and FEM mesh of a typical
GO-gelatin nanofibre specimen. Nodal degrees of freedom (u;,vi) are also indicated; b)
Development of crack propagation leading to nanofibre failure at the lowest size scale considered
numerically. Successive images show stress concentrations leading first to failure in isolated areas,
and finally in the whole specimen.
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The resulting stress-strain curves for the different considered percentages of GO
reinforcements in the matrix (M0.5, M1, M1.5) are shown in Fig. 9b. A considerable
agreement is obtained with experimental curves (Fig.9a), with only a slight discrepancy in
the fracture strain for the M1.5 sample Overall, simulations capture an increase of the
elastic modulus both before and after the yield point for increasing GO percentages, as well
as a yield stress increase. At the same time, simulations shoe that the GO-gelatin composite

becomes more brittle with increasing GO content, so that fracture strain decreases.

3.4. Conclusions

The composite materials described in this work display an excellent interaction between
the two different components; by mixing them together, both the renaturation of gelatin
and the re-stacking of the GO sheets over each other are hindered, allowing a good mixing
of the two phases. This effective interaction is even more remarkable because the building
blocks of the composites have a very different nature; on the one hand we have highly
polar and mechanically poor gelatin chains; on the other, we have 2-dimensional GO
sheets, composed by large areas of apolar, sp>-hybridized carbon mixed with more polar
patches of sp*~hybridized carbon, functionalized with hydroxyl, carboxyl and epoxy
groups [40, 47]. The two materials have different chemical composition, shape, size and

origin.

Besides XRD, DSC, SEM and TEM evidence, the successful interaction of these two
materials is demonstrated by the possibility to process them not only into films, but also
into nanofibers by electrospinning, a quite demanding process that applies strong electrical
and mechanical forces to the material. The gelatin-GO fibers are not only produced with
good yield and uniformity, but also display higher Young’s modulus and stress at break as

compared to pure gelatin, albeit with a smaller diameter (150 nm vs. 270 nm).
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This strong interaction can be ascribed to the good quality and high hydrophilicity of the
adopted GO; and the modified Hummers method applied here [17] allows to have
extremely soluble sheets, which show little tendency to re-stack even when deposited on
surfaces at high concentrations [18]. Under stress, cracks develop eventually at nanoscale
in the regions at the tips of reinforcements, but their propagation is partially neutralized by
the matrix nonlinear behaviour, which concentrates deformations and failure at the initial

site of the crack, thus limiting further propagation.

While the deposition of graphene or GO sheets on flat substrates is straightforward, their
incorporation into more complex, nanostructured materials is still a challenge. The results
presented here demonstrate that this issue can be overcome by using suitable chemically
modified graphene and appropriate techniques, and that, because of the strong interaction,
high processability, and huge aspect ratio, GO can be an ideal reinforcement for bio-
materials such as these gelatin fiber networks.
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Chapter 4

Fragmentation and Exfoliation of Quasi
2D Materials: The Case of Boron
Nitride
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4.1. Objective of this work

In this chapter we used automatized image processing of Atomic Force Microscopy (AFM) data,
described in Chpater 2, to measure, one by one the exact shape and size of thousands of
nanosheets obtained by exfoliation of a model 2D material, Boron Nitride. This material is
intensively studied for applications in electronics and composites. We used different statistical
functions to model the asymmetric distribution of nanosheets sizes typically obtained by the
standard production techniques, i.e. sonication and ball milling. We find that the size distribution
of the sheets at a given time follows a log-normal distribution, indicating that the exfoliation
process has a “typical” scale length that changes with time and that exfoliation proceeds through

the formation of a distribution of random cracks that follow Poisson statistics.

4.2. What is Boron Nitride

Boron Nitride is a ceramic material with exceptional properties. It does not occur naturally. It is
thermally stable at temperatures up to 2,370 C, is a good electrical insulator, and has a high
thermal conductivity coupled with excellent thermal-shock resistance. It is also chemically inert.
Even though Boron Nitride was synthesized as early as in the mid-nineteenth century, its
industrial path started after the first hot pressed sintered Boron Nitride parts became available
(Carborundum Co., US-Patent 2808314, 1957).

BN exists in three basic structures which are h-BN (hexagonal), B-BN (sphalerite structure) and
BN wurtzite structure as shown in figure 1. The most stable crystalline form is the hexagonal
one. Hexagonal BN has a microstructure similar to that of Graphite. In both materials this
structure made up of layers of tiny platelets, is responsible for excellent machinability and low

friction properties.
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Fig. 1: a) Hexagonal-Boron Nitride (h-BN), b) sphalerite-Boron Nitride (B-BN), ¢) wurtzite Boron
Nitride.

4.2.1 BN applications and market

Global BN market has been growing over the years at a steady pace. The world market for Boron
Nitride is forecast to reach 3.1 thousand metric tons by the year 2017. The major growth of the
overall market is due to its unique features such as thermal conductivity, high-temperature
lubricity and electrical insulation. According to production Turkey is the single largest boron
producer, garnering a substantial chunk of the world production, followed by Argentina, Chile,
Russia and Peru. Some leading players profiled in the report of Global Industry Analytics Inc. by
San Jose include Ceradyne Inc., ESK Ceramics GmbH & Co. KG, Denki Kagaku Kogyo
Kabushiki Kaisha, Electro Abrasives Corporation, H.C. Starck Gmbh & Co KG, Momentive,
Mudanjiang Jingangzuan Boron Carbide Co. Ltd., Saint-Gobain Advanced Ceramics Corp.,
Shin-Etsu Chemical Co., Ltd., Showa Denko KK, Sumitomo Electric Hard Metal Corp., and
Washington Mills Electro Minerals Company.

4.2.2 Hexagonal Boron Nitride (hBN)

Hexagonal Boron Nitride has a microstructure similar to that of Graphite. In both materials this
structure made up of layers of tiny platelets, is responsible for excellent machinability and low
friction properties. However, while Graphite is black, Boron Nitride is white in colour. There are

other important differences
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Fig. 2: Microstructures of a) h-BN, b) Graphite, ¢) Molybdenium Disulfide (MoS;) and d) PTFE

Both Graphite and Boron Nitride have good thermal conductivity, but Graphite is an electrical
conductor whereas BN is an excellent electrical insulator, both in its pure form and as a
constituent of ceramic composites. Moreover while Graphite needs humidity to act as a lubricant,
BN is an excellent dry lubricant which will maintain its low coefficient of friction up to 900 C in

air and at even much higher temperatures in a vacuum or under protective atmosphere.

4.2.3 Hexagonal Boron Nitride and its preparation

Hexagonal boron nitride is produced by the nitridation or ammonolysis of boron trioxide. h-BN
parts can be made by hot-pressing with subsequent machining. Thin films of boron nitride can be
obtained by CVD from boron trichloride and nitrogen precursors. Industrial production is based
on two methods: one involves the reaction of molten boric acid with ammonia, the other that of
boric acid or alkaline borates with urea, guanidine, melamin or other suitable organic nitrogen
compounds in a nitrogen atmosphere. Combustion of boron powder in a nitrogen plasma at 550

C yields ultrafine boron nitride for lubricants and toners.

Boron Nitride is made of Boron (B) and Nitrogen (N). In the periodic table these elements are
located to the immediate left and right of Carbon (C). Carbon and Boron have identical outer
electron shells, but while the outer electrons of carbon are mobile, those of boron are bound

firmly by the nitrogen in the Boron Nitride molecule. Just as Carbon there exist two allotropic
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modifications of Boron Nitride, a hexagonal form which corresponds to Graphite, and a cubic

form analogous to Diamond.
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Fig. 3: a) Part of the periodic table where elements Boron (B) and Nitrogen (N) are located left and right
of Carbon (C), b) Stacking sequence difference between Graphite (left) and hexagonal Boron Nitride

(right).

4.2.4 Crystallography

The structure of BN in its cubic form is similar to diamond the hexagonal form is similar to
graphite, with a hexagonal-layer structure. Therefore, its properties should be highly anisotropic.
The bond strength within the rings is strong. The planes are stacked and held together by weaker
bond forces. Similarly to graphite and molybdenum disulfide, this allows for easy shearing of the
planes when a force is applied parallel to the plane. The ease of shear provides the expected
friction reduction and resulting lubrication. Concurrently, the high bond strength between boron
and nitrogen within the hexagonal rings provide the high load-carrying capability that is
necessary maintain metal-metal separation of the substrates. Similar to MoSz, boron nitride has
intrinsic lubrication properties. Boron nitride effectively lubricates in a dry as well as a wet
atmosphere. It is very resistant to oxidation, more so than either graphite or MoS2, and maintains

its lubricating properties up to its service-temperature limit.
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The thermodynamically stable crystal structure of carbon at room temperature is graphite, shown
in the figure below. The lattice is hexagonal with four atoms per unit cell. The structure of
hexagonal boron nitride thermodynamically stable at room temperature is closely related to
graphite. The atoms occur in hexagonal sheets, but the sheets are stacked directly above one
another along so that the stacking sequence is described as AAAAA..., with unlike atoms above
one another n consecutive layers. In any one sheet there are equal numbers of B and N atoms
arranged so that B and N alternate around any one atomic hexagon. At room temperature the B-

N separation in the sheets is 1.45 A and the separation between the sheets is 3.33A.

Fig. 4: Crystal structures of a) Graphite and b) BN.

Hexagonal boron nitride adopts a typical layer structure where, within one layer each boron atom
has three nitrogen neighbors and vice versa, all with equal B-N distances of 145pm. B-N
bonding proceeds via the sp2 hybrid and the & orbitals. The layers are held together by van der
Waals contacts. In every other layer the boron and nitrogen atoms are exchanged; that is, the
layers rotate at 60° to each other such that each boron atom has a nitrogen neighbor above and

below, as would be expected by electronegativity considerations.

h-BN is a white solid that does not conduct electricity. It has a very bad wettability by metal
melts (e.g., Al, Mg, Zn, Pb, Cu) slags as well as salt melts, and is therefore an excellent material
for crucibles and reaction vessels. Boron nitride is stable in air up to ca. 1000 C and has good
thermal shock stability. Today, due to the platelet-like crystal shape, h-BN is applied to various

cosmetic powders.
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4.3. General properties of BN

Commercial grades are available in a variety of purities and particle sizes. These varieties

influence the degree of lubrication provided by BN since particle size affects the degree of

adhesion to substrate, burnishing ability BN offers a unique combination of properties that

cannot be found in any other material.

Property Value
Molecular weight 24.83
Density 2.27 g/em®
Crystal structure Hexagonal
Color White
Dielectric strength 35KV/mm
Dielectric constant 4.2
Coefficient of friction 0.2-0.7
Service temperature 1200°C (oxidizing
atmosphere)
Thermal conductivity 55 W/mK

Practice size

1-10 micron grade

Fig. 5: Table with the main properties of hexagonal Boron Nitride

e Low density (approx 2,2 g/cm?)
e High thermal cycling resistance

e High thermal conductivity

e Resistance to most acids and melts

e Electrical insulation
e Very high oxidation resistance
e Low coefficient of friction

e And excellent machinability
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4.3.1 Temperature resistance

In air, BN is useable to temperatures as high as 950 °C. In inert or vacuum conditions, to

temperatures in excess of 2500 °C.
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Fig. 6: Graph indicating the different melting point temperatures for different ceramic materials. The blue
bar is for the Boron Nitride (2500 °C)

4.3.2 Thermal shock resistance

Like all nitrides, BN has a very low coefficient of thermal expansion, similar to that of graphite.

Thermal expansion of BN may vary in accordance to production methods and composition.
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Fig. 7: Graph indicating the different coefficients of thermal expansion for materials with similar to

graphite
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As a result of its low thermal expansion, the resistance of BN to thermal shock is superior to that
of other high temperature ceramic materials.

4.3.4 Density

BN has the lowest density of all ceramic materials:

Density
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Fig. 8: Graph indicating the different densities of ceramic materials. The blue bar is for Boron Nitride.

Owing to its low density and excellent machinability BN is the ideal material for light

components in aerospace applications, providing solutions for a variety of technical problems.

4.3.5 Important parameters

As is the case with Graphite, BN powders can be characterized by six interrelated parameters:

Structurally, hBN is very similar to Graphite. However, because the Nitrogen effectively binds

the outer electrons firmly to it, hBN is superior to Graphite in the following areas

e Electrical Insulation and Thermal Conductivity
e Dry Lubrication Properties

e Oxidation Resistance and Chemical Resistance
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e WettabilityUses of hexagonal Boron Nitride (hBN)

Boron nitride is a ceramic lubricant with interesting and unique properties. Its use as a solid
lubricant is typically for niche applications when performance expectations render graphite or
molybdenum disulfide unacceptable. The most interesting lubricant feature of boron nitride is its
high-temperature resistance. Boron nitride’s service temperature of 1200° C in an oxidizing
atmosphere makes it desirable for applications that require lubrication at very high service
temperatures. Graphite and molybdenum disulfide cannot approach that high of a service
temperature and still remain intact. Boron nitride also has a high thermal conductivity property,

making it an excellent choice for lubricant applications that require rapid heat removal.

e hBN powder is used as a lubricant additive and can be dispersed in Lubricating Qil,
Grease, Water and Solvents. When mixed with water and binders, it can also be applied
as paint (for lubricity coating).

e Due to strong thermal resistance hBN is used as an additive for high temperature
lubrication.

e hBN powder can be sprayed (similar to sand blasting) or can be sprinkled on hot surfaces
(hot forging dies) to provide dry lubricity. Used in extrusion of Aluminum.

e Electrical Insulators: Due to high dielectric breakdown strength and resistivity, hBN is
used as an electrical insulator in electronics as substrate for semiconductors, microwave
transparent windows, seals, electrodes and catalyst in fuel cell and batteries. It is used as
filler for insulation and heat radiation material.

e Due to Chemical inertness, hBN is used in manufacture of crucibles, boats, molten metal
carrier pipes, pumps, thermocouple protection sheaths and lining for reaction vessels.

e hBN being a good thermal conductor, it is used as an additive to various types of heat
radiation material.

e Due to high lubricity hBN is used as mold release agent for Plastic Injection and Metal
Injection Molds. hBN coating is used in refractory molds for glass forming and Titanium

forming.
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e Due to Non-Wetting property, hBN is widely used in glass manufacturing process.

e hBN powder can be mixed with ceramics, alloys, resins, plastics, rubbers and other
material for self-lubricating properties.

e hBN is also used in manufacture of Cosmetics, Paints, Dental Cements, Pencil Leads etc.

e Due to high temperature stability, hBN is used in many Aeronautic and Space

applications.

4.4. BN fillers for electrically insulating and thermally conductive polymers

An innovative way to produce functional, thermally conductive parts is the use of heat
conducting polymers. Hexagonal Boron Nitride meets the requirements of a heat conductive
filler for polymers like no other. Polymers including hBN can be used for insert moldings to
achieve best contact and mechanical fixing of the heat generating part. Heat can be conducted

out of such assembles much more effective because many functions are incorporated at once:

e Form closure
e Thermal energy transfer to the heat sink
e Electrical insulation

e Protection towards the environment (moisture, vibration, dirt)

Additional the superior lubricating properties of hBN increase the speed of production and
reduce the wear of the production equipement. BN also increases the the lubricity and wear
resistance of the final polymer parts. Especially its lubrication makes it superior to common

fillers like alumina or aluminium nitride (AIN) by:
¢ Filling the mold cavities prior to the freezing of the polymer,

e Allowing higher pressures despite of higher viscosities, and

e Shortening production cycles.
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Due to the platelet structure of BN particles an orientation during molding takes place, thus
leading to a higher thermal conductivity ‘in plane’ than ‘through plane’ in order of times 2. This

is of advantage for heat dispersion and discharge, e.g. at the base of cooling fin

4.5. Introduction

The huge scientific and technological interest for graphene has triggered in last years the
development of a wide range of techniques to produce and process nanosheets that, having
nanometric thickness and mesoscopic lateral size, shall be considered as quasi 2-dimensional
(2D) objects. Besides their novel properties, even the way these 2D sheets are produced in

solution, by exfoliation, [1]is an original process, still not completely understood.

The exfoliation of a 2D object from a 3D bulk material is a process spanning from nano- to
meso-scale due to bubble cavitation, intercalation and disruptive fragmentation, as we described
in recent work. Exfoliation always yields a poly-dispersed range of nanosheets thickness and
lateral size. When characterizing these 2D sheets solutions, their average size and size standard
deviation are commonly reported, in this way assuming that their size follows a “Gaussian”
(a.k.a. “normal”) distribution. Conversely, the experimental data show that the size distribution

of these materials is highly asymmetric and non-Gaussian.

Noteworthy, this asymmetry in size distribution shall be observed in very different systems
such, as example, the distribution of chemical elements in rocks, the species abundance in
biology, the lengths of latent periods of infectious diseases in medicine, the distribution of

galaxies in astronomy (Fig. 1). [2], [3]
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Fig. 1 Comparison of the typical size distribution obtained by exfoliation with other distributions
observed in 2D materials, geology and biology. a) Histogram of length distribution of BN nanosheets
length obtained by liquid phase exfoliation. b) Distribution of potassium in mineral rock.[2] c) content of

hydroxymethylfurfurol in honey.

A better modelling of the size distribution of 2D materials is needed both from a fundamental
point of view (to understand the exfoliation mechanism) and a technological point of view (to
improve the metrology of 2D materials for applications and quality control). Here, we used
image processing of Atomic force Microscopy (AFM) images to study the exfoliation and
fragmentation process of a well-known 2D material, Boron Nitride (BN, Fig. 2) exfoliated in
solution with two technologically relevant techniques: ultrasonication and ball milling.
Exfoliated BN nanosheets are deposited on silicon and their size distribution is measured by
AFM and an image analysis software, performing in this way statistics on all the sheets present
on the surfaces, for a total of >6000 sheets, as compared to the tens of sheets analysed by manual
TEM statistics typically used for this task.[4] Being the resolution of AFM much larger than the
average sheet size, the exact shape of each sheet shall be included in the statistics, allowing to

cross-relate the length, the area and length/width ratio of each sheet in each sample.[5]
By using a large statistical population we are confident to discriminate the most suitable

analytic function able to reproduce the achieved fragment size distribution. As example, studying

the galaxy distribution Brown et al. demonstrated that the universe underwent a single
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fragmentation event, separating into protogalactic volumes at a relatively early stage after the
Big Bang.[6]

As test material, we chose not to use the well-known graphene but used Boron Nitride, a
relatively less studied 2D material which has anyhow huge scientific and industrial interest,

because it can be used as a monoatomic insulating layer for graphene-based electronic devices,® °

or as a bulk additive in polymers.’°
Fig. 2 shows Scanning Electron Microscopy (SEM) images of typical BN flakes, and solutions
obtained from such flakes by sonication or ball milling in isopropyl alcohol (IPA). The solutions

obtained are stable for more than 6 months. BN solutions show a whitish colour and a strong
light scattering (Fig. 2b), due to the presence of the BN nanosheets.

4.6. Exfoliation methods

Two different techniques (sonication and ball milling) were used to prepare the samples, with
two different conditions each (high and low power, see table 1).

Table 1: Exfoliation techniques used (see text for more details)

Procedure High Power Low Power
Sonication 220 W (effective power) 66 W (effective power)
Ball milling 450 rpm (rotation speed) 200 rpm (rotation speed)

Sonication is a process in which sound waves are used to agitate particles in solution.
Such disruptions can be used to mix solutions, speed the dissolution of a solid into a liquid (like

sugar into water), and remove dissolved gas from liquids.
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4.6.1 Liquid-phase exfoliation

Liquid phase exfoliation of layered materials has been found to have great potential for the
scalable production of the 2D nanosheet-based materials. Layered materials can be exfoliated to
monolayer and few-layer 2D nanosheets in various organic solvents via sonication. However the
concentrations of the resulting BN suspensions are very low for large-scale applications. In
addition the solvents used are expensive, toxic, requiring special care during handling and have

high boiling points which make them difficult to remove.

The liquid exfoliation process generally involves two steps: the thinning of layered materials into
small individual 2D nanosheets, and then further dispersion of these nanosheets in solvents. The
solvents used for dispersion are required to be capable of preventing the aggregation of 2D
nanosheets driven by their high surface energy. Moreover, it would be better if the solvents are

volatile (easy to be removed), cheap, and eco-friendly.

For sonication test, suspensions were prepared at same starting concentration (3 mg/ml) in IPA
and sonicated at different times (20, 40, 60 and 80 hours) using an Elmasonic P70 Ultrasonic
Bath at 220W or 66W of effective power.

A planetary ball mill (Retsch PM100) with a 50 ml Zirconium dioxide grinding jar and =~1300
zirconium oxide balls (3 mm in diameter) was used to mill BN powders in IPA at different times
(from 1 to 60 hours) and rotation speeds (200 and 450 rpm). After the exfoliation, a centrifuge
Heraeus (Omnifuge 2 RS) was used to remove the larger, mesoscopic BN particles.

Upon exfoliation, BN solutions show a whitish colour and a strong light scattering (Fig. 2c), due
to the presence of the BN sheets. At difference with graphene, that is exfoliated using high
boiling solvents, we exfoliated BN using as solvent isopropanol (IPA) which is a low boiling
point solvent (b.p.=82 °C), quick to volatilize and easy to remove after BN processing on
surfaces or in composites, thus minimizing processes of flake aggregation. Exfoliation in IPA

yields stable solutions of BN.
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4.6.2 Ball milling

Ball milling can generate two forces on layered materials, shear force and compression force.
The shear force can cleave layered materials from their outer surfaces while the compression
force peels off thin 2D nanosheets from the edge of layered materials. The relatively straight
edges of the big sheet indicate that it has mainly experienced tearing rather than vertical impact
on the in-plane surface during ball milling, resulting in no major destructions of the crystal
structure*. The observed curled edge is usually found in ultrathin graphite or graphene as curling
can reduce the free surface and dangling bond energies.

Efficient mechanical cleavage while retaining the in-plane crystal structure can be achieved
under the following selected milling conditions. First, a suitable type of ball mill needs to be
chosen. Most types of high-energy ball mills employ strong collisions or vertical impacts to
fracture particles and even destroy crystalline structures to amorphous or non-equilibrium
phases*. A planetary mill, allows controlling balls in rolling actions that apply only shear force
on the milling materials. Second the use of small steel balls also helped to minimise the damage
to in-plane crystal structure and the relatively large number of these balls make the milling more
efficient. Third, a liquid controlling agent is essential in milling as it acts as a lubricant to make
the shear force much gentler to further reduce the damage to the structures and also to prevent
welding effect*. Under the gentle shear force, preferential that the thin BN layers were able to be

mechanically peeled off from the hBN particles.

Comparing to other milling agents i.e. water, ethanol and dodecane, benzyl benzoate gave the
best peeling results because of the high viscosity of benzyl benzoate and its similar surface
tension to hBN, which prevents the newly peeled-off BN sheets from agglomerating and also

enhances exfoliation.

The low energy ball milling does not cause damage to the in-plane structure of 2D nanosheets
and generates fewer defects and impurities in contrast to sonication. However, most ball milling

treatments are violent processes which destroy or disorder the crystal structure and introduce a
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great number of defects. The three parameters in a ball milling process which are affecting the

exfoliation results are (Burmeister):

1. Rotational speed
2. Time of milling

3. Number of milling balls in the jar.

The exfoliation of hBN is more difficult compared to that of graphite because of the slight ionic
bonding*. The controlled ball milling could be a process to supply a large quantity of high-

quality BN nanosheets.

Both in ball milling and sonication mechanical forces act on the material; however, these forces
have a different origin and work on different scale lengths. In ball milling, the exfoliation is due
to compression or shear forces caused by the movements of the balls, that in our case have a
macroscopic diameter (3 mm). In sonication, the mechanical action arises from cavitation
bubbles, with radius of about one hundred of um, that generate high strain rates in the
surrounding liquid upon implosion. [7]-[9]Fig. 7 in main text shows the typical effects of
treatment by sonication (Fig. 7b,c) and milling (Fig. 7d,e) on BN.

Sonication reduces the size of mesoscopic flakes, but does not change significantly their
morphology. We previously studied the effect of sonication on materials by monitoring the
evolution of surface roughness on bulk graphite sonicated in a solvent commonly used for
graphene production, N,N -dimethylformamide;[9] in these conditions exfoliation proceeds on a
layer-by-layer basis; only the upper part of the graphite is interested, and the process is slow,

requiring several hours to have visible effects on the substrate roughness.

In case of milling, instead, the effects of shear and compression action of the milling spheres is
visible on several flakes, with BN stacks shifted over each other, showing folds not only on the
surface of the platelets (Fig. 7d, white arrows) due to the shear force of balls rolling over the top
surface of the particle, but also inside the platelets, (Fig. 7e, white arrows) due to the
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compression force of milling balls colliding with the edge of the particle and then sliding over it,
in agreement with the results obtained in ref.[10].

Both milling and sonication yield a large number of BN sheets after spin coating on silicon oxide
substrates. The amount of exfoliated material estimated by AFM is found to be roughly
proportional to BN concentration in solution. By assuming for BN an extinction coefficient
a=2367 ml/mg/m measured at 300 nm, [1]an estimated concentrations up to 0.04 mg/ml,
comparable to 0.06 mg/ml obtained by extensive sonication could be estimated; however, the
presence of significant light scattering due to the large size of the sheets does not allow to use

optical absorption data to estimate exfoliation yield.

The absorbance A of all solutions showed a power-law dependence of A on light wavelength A (
A oc A7), indicative of strong light scattering, in agreement with what observed in ref.[1]. The
sheet morphology, as measured by AFM, is the one expected for layered materials, with linear
edges and sharp corners (Fig. 2d), but the sheets have a wide distribution in lateral size (from
tens of nm to more than 1 um) and thickness (up to 10 nm, with no large macroscopic
aggregates). It is thus difficult to discriminate any difference just by visual comparison of the

AFM images. After exfoliation, the nanosheets were spin coated on silicon and measured by AFM (Fig.
2¢,d).
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Fig. 2 a) SEM image of the pristine BN flakes used for exfoliation. b) Exfoliated solutions of BN in
isoproanol, showing strong scattering due to the dispersed flakes. c) AFM image of BN nanosheets spin
coated on silicon oxide substrates. d) Zoom-in of a single nanosheet, showing the typical, non-exact way
to estimate of its length and width. e) Histogram distribution of sheet size obtained instead measuring

precisely the area of each sheet.

To quantify the sheet size obtained with different techniques, we used image analysis software
able to detect automatically individual sheets and measure their area and lateral size (Fig. 2e).
[11]While AFM can easily give high-resolution images of the flakes and allow manual
measurements of their size, several steps (image flattening, threshold selection, etc.) and careful

analysis are required to obtain quantitative results.
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4.7. Image analysis procedure

To characterize and define effectively nano-materials is a major metrological problem; as
example, the exfoliation of the same starting solution shall give different yields of solubilized
material and monolayers fraction if centrifuged at different speeds,[12] or purified using different
washing procedures.[13], [14] It is fundamental to quantify not only the average size of the
sheets obtained, but their size distribution as well; in this, 2D materials have some analogy with
what is done routinely to characterize poly-dispersed, 1D polymers. [15]

For this, statistical analysis is needed to characterize the poly-dispersed sheets. This is commonly
done through one-by-one localization and analysis of exfoliated sheets with Transmission
Electron Microscopy (TEM). This approach, besides bring tedious and cumbersome, is also not
fully objective, because smaller sheets shall escape from the TEM grid thus over-estimating the
mean sizes of the exfoliated flakes and making the related statistics inaccurate. For example, the
measurement uncertainty depends on the square root of the number of the detected sheets in case
of ensembles following Poisson statistics. Thus, a sample population of 100 measured sheets is
associated with 10% of intrinsic error. The operator as well shall sometime focus on examining
the most interesting (i.e. thinner) sheets while missing larger aggregates. Furthermore, sheets
aggregation, restacking and folding on the TEM grid during solvent evaporation makes the
analysis of size and shape of the sheets difficult. The number of sheets localized and measured
by TEM can be very low, even below ten for a given nanosheet type, and even partially folded or

overlapping sheets should be measured to improve the statistics.[16]

Thus, it is fundamental to complement published results obtained by TEM with more detailed
studies, performed at the nanoscale and on large statistical data (see also section dedicated to
Dynamic Light Scattering in the following text). Atomic Force Microscopy (AFM) can be used
to characterize the size distribution of thousands of nano-sheets, to automatically detect and

analyze the length, area and surface density of them, and to compare the obtained results with
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more macroscopic characterization techniques such as optical spectroscopy and dynamic light
scattering.

To quantify the sheet size obtained with different techniques, we used an image analysis
software able to detect automatically individual sheets and measure their area and lateral size™'.
In this way we could also remove noise and grains crossing the image edge, and plot the
statistical distribution of the different observables measured. While AFM can easily give high-
resolution images of the flakes and allow manual measurements of their size, several steps are

required to obtain quantitative results on a statistical base.

a) Use of a flat substrate allowing a fast and unambiguous discrimination of the flakes from the
surrounding bare substrate. This primary condition was satisfied by spin coating BN on atomic
flat silicon substrate because the height of the single sheet (about 1 nm thick as measured by
AFM) is significantly larger than the root mean square roughness (RMS) of the substrate which
amounts to 1.8 A.[17]

b) Use of the correct flattening procedure to remove the AFM artefacts due to sample tilt, always
present, and non-linearity of the piezoelectric scanner.[18], [19]Dedicated flattening procedures
based on local mean or local standard deviation (SD) of the height values shall be used in case of
irregular surfaces.[11] The first method simply subtracts the mean value of the pixels in the local
neighbourhood of each pixel. The SD equalization scales the height values by a factor given by
the standard deviation of the global image, divided by the local mean of the standard deviation.
The efficiency and the reliability of the flattening procedure were monitored step-by-step by
histogram analysis, plotting the frequency distribution in z of all the pixels of each image. In case
of relatively flat substrates, the better is the flattening, the narrower is the measured height
histogram, with a peak-width close to silicon roughness. The used procedure removes the
artifacts in few steps and the measured substrate roughness rapidly converges in the range of

values between 0.15 and 0.20 nm, in good agreement with the values reported in literature.

c¢) Once the image is flattened, a suitable height threshold is used to discriminate flakes from

background. A binary condition selection is used: only the pixels above the threshold are
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considered belonging to a flake, while the rest is disregarded. Anything having a height lower
than the threshold will be counted as background, and not included in the statistics. We choose
0.5 nm as a suitable threshold, a value half the thickness of a typical sheet and more than two

times larger than the substrate RMS roughness.

d) A further filter shall also be applied. The filter will simply exchange small "ridge pixels™ with
interpolated values if the slope on the ridge is smaller than the given percentage of the maximum
slope. We define a ridge pixel as a pixel having a value that is either larger or smaller than its
four next-neighbour pixels. In contrast to other filters, this filter will only affect the smaller

corrugations. To eliminate larger noise peaks a Local Mean filter could be applied (see above).

e) Recognise connected or partially overlapping flakes by finding local minima, even above the
threshold, that will be considered as flake edges.

Even if the software performs automatically all these operations, the parameters used for each
operation (threshold height, noise filter, etc.) should be carefully tuned and cross-checked for
reproducibility and reliability. However, the automatic detection of flakes is pretty robust and not
so sensible to fine-tuning of these parameters, given that the flakes are usually deposited on very
flat silicon substrates and that the lateral resolution of AFM is much larger than the average sheet
size. In particular, we have found that the method is very suitable to analyze structures having a
lateral size of tens of nanometers and uniform thickness, such as flakes of graphene, BN or other

2D materials. More details on the flake detection procedure shall be found in ref.[11].

The first output of the AFM statistical analysis is simply the amount of sheets obtained for each
process and treatment time, expressed in terms of number of sheets per square micron plotted in
Fig. 3. Insets in Fig. 3 show the typical AFM images obtained at initial and final stages of the
exfoliation, where the image analysis software has automatically identified and assigned a

different colour to each BN sheet.
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Fig. 3 Graphs representing the number of sheets counted per pm? for a) sonication and b) ball milling.
Inside the graphs we also show typical processed images from the AFM analysis of the BN samples at

lowest or highest concentrations.

Of course, the most interesting output of the analysis is not the simple number of sheets, but their

lengths and area (or size) distribution that was already discussed in main text.

We tried to use statistical histogram analysis to measure as well the AFM thickness of the sheets,
as previously done with organic self-assembled monolayers and with mono-atomic graphene
oxide sheets. [20]However, the height histograms obtained did not yield well-defined peaks
corresponding to the different BN layers, due to the strong dependence of this measurement on
the roughness of the sheets, which often show the presence of partial folds and nano-debris.
Thus, the thickness was measured manually by profile analysis of different AFM scans, showing

a skewed distribution similar to the ones observed for length (fig. 4).
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Fig. 4 Typical histogram distributions of various physical quantities of the nanosheets obtained by AFM
image analysis, all featuring a highly skewed shape.

The thickness shows a decreasing trend (Fig. 5) similar to what observed for lateral size, with
most of the material present as multi-layered sheets, and with all the samples distribution
approaching an asymptotic average thickness of ~ 6 nm; the values of average final thicknesses
measured by AFM were: 8+4 nm (High P. sonication), 63 nm (Low P. sonication), 63 nm
(high P. Milling), 63 nm (low P. milling). As mentioned in main text, we should keep in mind
that these average values will not correspond to the median or to the highest peak of the size

distribution N(s), because they are not Gaussian.
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Fig. 5 Evolution of BN nanosheet thickness exfoliated by sonication and Ball milling in solution,
measured by AFM. The lines are just a reference for the eye.

By using this approach, we could detect and digitalize hundreds of flakes having thickness

down to 1 nm, deposited on areas of 1 - 400 pm?.

4.7.1 Definition of sheet sizes

A particular issue in characterizing 2D nanosheets is to define the “size” of the sheets, because
they have highly irregular shapes; we shall define for each sheet a given length L, measured
along the main axis, and a width W measured perpendicular to it (Fig. 2d).

For perfectly rectangular sheets the area A would be simply L -W . This is not true for irregular
shapes such as the ones typically obtained by exfoliation of 2D materials. However, the image
analysis software allows to measure pixel by pixel the area of each sheet, and use this as the

relevant parameter to monitor exfoliation.

To have a reliable parameter, not depending on a particular shape, we thus used as relevant

“size” of the sheets the square root of the sheet area, measured pixel by pixel: s= [/ 4rea,. . In

meas
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case of perfectly rectangular shapes, this would be simply s = /L -w ; for irregular sheets, this

has the same dimensionality but is a more reliable parameter than length L. Differently from L, s

does not depend on sheet shape, but only on the exact area.

4.7.2 Modelling of fragmentation processes

Fig. 3 shows that the statistical distributions of sheet sizes obtained with either sonication or

ball milling do not follow a Gaussian (a.k.a. “normal”) distribution, but are strongly asymmetric

and positively skewed, with a tail due to the presence of larger sheets in all samples. All the

physical dimensions of the exfoliated sheets (length, width, area, thickness) show the same

asymmetric, non-Gaussian distribution

Table 2: Statistical distributions

Equationf ( x) | Reliability N (x) Mean u Variance o>

Gaussian Oy’ 1 1 [ X —X Xo w?
1 e 2w? - e d

W\l 2 2 | wv2]

Log- I - L), — ’ w? Xo +W?
0g-norma . - E Eerfl Inx X, g Kot W/2 (e —1)ez

XW /27 2 2 | W\/E

Weibull Kk(x Y oy o (x1A) ATQA+1k) | 22-T(1+ 2k )— p?
—(x/2
A1) e
T
Gamma F(a) NEPE —7(0, B x) a QZ
Ia) p B
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note:

error function: erf {z}= \/%f et dt
0

X

lower incomplete I function: y (a x) :j t e dt
0

In general, skewed functions are the most general case to describe the asymmetric distribution
of a physical observable (e.g., the size particle in powders or polymer blends). As example, one
of the most used distribution is the Poisson one, a discrete distribution that estimates the
probability of a given number of events occurring in a fixed interval of space (distance, area or
volume) and/or time if these events occur with a known average rate and independently from
each other.[21] Poisson distribution is asymmetric and represents a very general case containing
the well know and commonly used Gaussian distribution which is obtained as a limit of the

Poisson one in the case of the total number of events N — co.

The Gaussian is a continuous symmetric distribution with the domain defined at all % ; in
particular the position of the peak (mode) coincides to the mean value (i) and the median and the
peak width are directly correlated with the standard deviation (c); for these reasons, the Gaussian

function is widespread and is commonly used to model several kinds of real distributions.

Given a distribution f (1,0), where p is the distribution average and o the distribution
standard deviation, the Gaussian is a good approximation for z/o>> 1. This condition is not
satisfied for the measured length, width and size distribution of the BN sheets. Moreover, the
studied observables cannot be negative and the Gaussian distributions cannot be used to

reproduce the measured ones.
For exfoliated 2D nanosheets the mean value will not correspond to the median or to the

highest peak of the size distribution, and the standard deviation will not be proportional to the
half width of the distribution peak.
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On the mathematic side, the importance of the Gaussian function is due to its role in the
Central Limit Theorem, which loosely says that the sum of a large number of independent
quantities tends to have a Gaussian form, independent of the probability distribution of the
individual measurements. This is the case, as example, of the distribution of the x,y,z coordinates
of particles diffusing in a solvent, coming from the sum of random scattering events.

When, instead, the final size is the result of the product of many independent, identically
distributed actions, the final result is a highly skewed log-normal distribution. The skewed shape
obtained in all exfoliation processes can thus be explained as the result of a more general
fragmentation process,[2] where the size s of a sheet changes at each “cutting” event i as

Si = Sifl/ C.

In order to find the most appropriate analytic function to model exfoliation, we compared three
continuous probability distributions commonly used to study the fragmentation processes: (LN)
Log-normal, (W) Weibull and (G) Gamma function. A comparison of the properties of these
functions is reported in Table 2.

LN function represents the distribution of a random variable whose logarithm is normally
distributed. If the random variable x is log-normally distributed, then X = log(x) has a Gaussian
distribution. LN is characteristic of a random multiplicative process, and has previously been

used to describe many rock crushing processes.

Weibull function was the first function applied by Rosin & Rammler in 1933 to describe a

particle size distribution.”* W function describes the size distribution given by a series of
fragmentation events which are not constant and whose rate is proportional to a power of size:

r=s", where k is the exponent of the power law.

Gamma Function is the generalization of the Maxwell-Boltzmann distribution and it is used
to study the collisional fragmentation problem.[22] Moreover, G distribution functions are
known to provide a very good fit to the distribution of cell sizes in VVoronoi textures (i.e area in

2D partitioned Euclidean spaces).[23]
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Fig. 6 Nanosheet size distribution obtained with sonication and ball milling, using different preparation

conditions. A fit of the experimental data using Lognormal, Weibull or Gamma distributions is also

reported in black, blue, green lines respectively.

Fig. 6 shows the measured size distribution of sheet size f(s), obtained by sonication and ball
milling with high and low power (see Sl for details). To avoid any artefacts we used for the fit
only sheets having s>50 nm, significantly larger than AFM resolution. Experimental data have
been fitted using different statistical distributions: LN (black line), W (blue line) and G (green

line).

In general, it is difficult to discriminate between the Lognormal, Weibull and even Gamma
distributions in particle size distribution curves as evident from the figure; the coefficient of
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determination (R?) is 0.93 — 0.94 for all the three curves (the closer is R? value to 1, the better is
the fitting).

In order to overcome this well-known problem (see[24] as example), we studied the

S

complementary cumulative distribution functions: N(s) = N@T) _J f (x)dx » calculated by the

best fits of three curves. Given a size s, N(s) function indicates the number of sheets larger than

s, for this reason it’s also called survival or reliability function.
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Fig. 7: Survival distribution functions (empty squares) corresponding to the data shown in fig. 6. A fit of
the experimental data using Lognormal, Weibull or Gamma distributions is also reported in black, blue,

green lines respectively.
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The measured distribution and the calculated curves are displayed in Fig. 7 using a semi-log
scale visualization. The comparison between all the curves shows clearly that the experimental
distribution N(s) of sheet sizes follows a Lognormal curve. Sheet distribution obtained with very
different methods (sonication and ball milling) can thus be fitted using the same model,
suggesting that the sheet size distribution does not depend on the details of the preparation
methods, but is instead a common feature in the exfoliation of 2D materials. This kind of
“universal behaviour” is not surprising, and has been observed in different disciplines.® The
presence of lognormal behaviour is characteristic of a random multiplicative process; it indicates
that exfoliation follows a linear fragmentation model, i.e. a process where the fragmentation is
only driven by external source (in this case, ultrasounds or milling balls) and where the repeated
collisions between fragments can be neglected. [25]According to Kolmogorov theory[26] the LN
distribution represents the final size distribution in the limit of small BN fragments originated by
a “mother cluster” which broke into random-sized fragments through a stochastically determined
process (Markov process). The regime of limit of small fragments corresponds to the case in
which the fragmentation is completely described by rupture-like breakup events while the
erosion-like events (described by a size distribution with bimodal shape) can be completely

neglected.

Not only many different variables distributions follow a lognormal behaviour, but even the
width of these lognormal distributions (calculated as the variance of the normalized unit

S =1Ins|s,. ) range from about 0.2 to 0.5 in several different cases in literature.[27]

mode

We calculated the effective distribution widths Ves for all our samples (fig. 8); while, as could
be expected, variance increases slightly with processing time, all values found lay within the
range 0.2-0.5 indicating that the fragmentation event is nearly binary, i.e., one flakes is divided
in two flakes, with no “multiple fragmentation” events. [27]In simpler words, in the assumed

fragmentation s, =s, ,/ c we have c=2.
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Fig. 8 Effective variance of the lognormal distribution observed for all samples. The shaded area indicates

the 0.2-0.5 “universal” variance observed in several different cases in literature. [27]

Last but not least, it can be seen that the distribution decay is linear for large s, indicating that the
exfoliation proceeds through the formation of a distribution of random cracks that follows
Poisson statistics.[6], [28]

4.7.3 Shape analysis of the exfoliated sheets

Using image processing of the AFM images, we could also calculate the length/width aspect
ratio for all the samples. We found that, even if the sheet’s size spans over nearly two orders of
magnitude (within the range between 30 and 1000 nm), the overall length/width (L/W) ratio is
fairly constant, being =2.8 for sonication and =2.6 for milling (see Fig. 10; all graphs showing

the data points analysed are shown in Fig. 9).
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Fig.9 Aspect ratio of length to width for all the BN samples exfoliated by milling and sonication, plotted

in log-log scale. Red lines show the best linear fitting of the data points. The average slope is reported
with its standard error in the inset of each graph.

Summarizing, (L/W) ratio only depends on the fragmentation technique, but does not show

any appreciable variation on the processing time and/or processing conditions.
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To understand if this ratio is simply due to a random distribution of sheets’ shape, we
compared it with the L/W ratio of computer-generated rectangles having random sides a and b
spanning the same size range observed for real nanosheets. Fig. 10 shows length vs. width plots
obtained by experimental data (Fig. 6a) or by assuming random, uncorrelated length and width
(Fig. 10b). The experimental data are based on the analysis of more than 1400 sheets obtained
with sonication and ball milling at different times. For the calculation we used an array of several
thousands of random numbers couples generated from the lognormal distribution with mean
values and standard deviations that mimicked the ones measured experimentally for L and W.

The calculated distributions clearly show different behaviours respect to the measured ones and
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as well a L/W ratio=4.0+0.1, significantly larger than that obtained from the measurements. The
experimental length and width of sheets are thus correlated, as visible in Fig. 6 and Fig. S2, and
their ratio is not a random value. This suggests that the shear stress of 2D sheets along different
directions yields fracture probability of sheets having a preferred L/W aspect ratio. This ratio is
slightly larger for sonication (L/W=2.8, likely due to the aligning effect of collapsing cavitation
bubbles,[7]) than in ball milling, (L/W=2.6), where shear force can cleave the BN flakes from
their outer surfaces, while the compression force can crush and delaminate thin nanoplatelets
acting on their edge.[29] Scanning Electron microscopy (SEM) images of BN mesoscopic flakes

cleaved by different shear forces are shown in Fig. 11.

Sonication

>

Initial BN powder

a)

Fig. 11 SEM images showing the effect of different forces in BN exfoliation by milling and sonication

The effects of shear and compression action of the milling spheres is visible on several flakes,
with BN stacks shifted over each other, showing folds not only on the surface of the platelets,
due to the shear force of balls rolling over the top surface of the particle, but also inside the
platelets due to the compression force of milling balls colliding with the edge of the particles
[10]
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4.8. Sheet size evolution with time

We studied the evolution of average size at increasing processing times, that we call Smean (t).
As mentioned above, we should keep in mind that this average value will not correspond to the

median or to the highest peak of the size distribution N(s), because it is not Gaussian.

This AFM size analysis, performed on surfaces at the nanoscale, gives similar results to
macroscopic DLS measurements performed in solution, but with an offset (DLS gives an
estimated size that is larger than the AFM measured one of ca. 20%, see Sl for more details). LN
distribution is observed for all the used fragmentation procedures and for different times. This

uniformity is predicted by the Kolmogorov model. Hansen et al.[30] observed that the size scales
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Fig. 12 Evolution of BN nanosheet size exfoliated by ultrasonication and Ball milling measured on a

surface by AFM. All the data-set are fitted with exponential curves.

(Fig. 12) where 1 is the exponent of the overall rate of breakup (a.k.a. homogeneity index). A
similar inverse power-law dependence (with 2=2) as been recently reported by Khan et al.®
exploiting a theory previously involved to reproduce the length distributions of sonication of 1D
nanotubes® to model the size reduction of sonicated graphene sheets.

We note that the application of models developed for 1D objects to 2D shapes is not

straightforward. A 1D nanotube can be defined with a single dimension L and can broken in just
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one direction, perpendicular to its long axis; conversely, a 2D sheet can be broken in different
directions, shall have different length/width ratio, and thus have a different evolution of the
average area or average lateral size with processing time. Moreover, the power law should

depend on the power dissipated during the fragmentation events.

Using the inverse power-law to fit the sonication data we obtain an exponent value of 4.5+0.6
(8+1) for high (low) power. This difference agrees with the Scaling theory fragmentation where
a lower value of A indicates that the fragmentation rate is less dependent on the sheet size. At
sufficiently high shear rates, the probability of rupture is more uniform for sheet of any size.
Consequently, the homogeneity index will be zero in this case. A lower value of A is therefore

expected when the acoustic power of the sonicator increases.

Finally, the statistical procedure described here was used to compare the average size of BN
sheets obtained by high sonication and milling. The asymptotic values are 105+7 nm and 100+8
nm, for high and low power sonication, while for milling we obtain 142+8 nm and 136+4 nm,
respectively for high and low power. We underline that (differently from size distributions
discussed above) these numbers are not universal results but depend on the exfoliation conditions

used such as processing conditions, time, solvent, etc.
To test the processability of the obtained materials, we used them to produce BN paper

membranes by filtering the solution on filter paper. Upon removal of the filter, we obtained

uniform membranes of BN, robust enough to be handled and further processed (Fig. 13).
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Fig. 13 a) BN membranes prepared from the BN solutions. a) thin layer deposited on PET. b) BN self-

standing thick membrane.

4.9. Comparison of sheet size on surfaces and in solution

Statistically efficient techniques, able to estimate particle size quantitatively on large scale and in
solution are light scattering techniques, [31]such as dynamic light scattering (DLS) that has
already been used to quantify the size and shape of graphene or graphene oxide (GO) sheets in
solutions. [32][33] A recent work has demonstrated that there is an empirical relationship
between the sheet size measured by TEM and by DLS that, even if having relative errors up to

40%, shall be used to give a quick estimate of the average size of solubilized sheets.[16]

DLS measurements are affected by two key properties: solvation and sample shape. While the
first kind of overestimation can be simply neglected for mesoscopic objects, the second point is
not trivial. The DLS measurement is based on the assumption that all particles undergo
Brownian motion in the solution and diffuse in the liquid like spherical particles; instead, 2D
anisotropic sheets have different diffusion coefficients, and thus one could not assume a priori
that DLS will give the right measurement. [32], [33]

124 |Page



For a perfect sphere, Brownian motion is the same in all directions; for a linear nanostructure
(like a nanotube), Brownian mobility is larger along the optical axis. For 2D sheets the large
optical anisotropy shall align the flake orthogonal to the light polarization, with increased
fluctuations in both longitudinal and transverse directions due to a higher contribution from
rotational motion with respect to nanotubes, as demonstrated for graphene by Ferrari and co-
workers.[34]

The size evolution observed by AFM was thus compared with measurements performed in
solution by DLS. The correspondence between the two techniques shall never be
straightforward: AFM measures the sheets one by one, with high resolution, on a solid surface

whereas DLS measures thousands of sheets at once, while floating in solution.
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Fig. 14 Evolution of BN nanosheets size exfoliated by ultrasonication and Ball milling measured in

solution by DLS. Lines show the corresponding exponential fit of the data.

Fig. 14 compares the BN sheet size as measured by AFM and DLS. We see that both AFM and
DLS techniques give a similar trend in size evolution, but with an offset between the measured s.
A recent work by Coleman and coworkers[16] reports for 2D materials an empirical power law
correlation between the graphene nanosheets length, measured by TEM, and the first peak of the
particle size distribution a5 o« L*'*. In our case, this empirical finding does not apply because

we were interested in the original size distribution and did not perform any sorting of nanosheets
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size by centrifugation. Finding the right correlation between DLS signal and the “true” size of
flexible, monoatomic, 2-Dimensional objects in solution will require much more experimental
and theoretical work, and is out of the scopes of this paper. All we shall safely say is that,
averaging on all samples, DLS gives an estimated size that is larger than the AFM measured one
of ca. 20%. The 20% difference we observed between the size of a 2D sheet measured on surface
and in solution can be due to the complex hydrodynamic radius, the folding and the unknown
refractive index of these 2D sheets in solution, that does not allow to use the Mie theory

commonly used in DLS to infer the particles’ radius from the scattering spectrum.

4.10. Raman analysis

Raman spectroscopy is a standard way to measure the number of layers on exfoliated graphite.
For this reason we employed Raman spectroscopy to identify the number of hBN layers
exfoliated by sonication and milling. In graphene, the number of layers can be easily identified

by their optical contrast and Raman signatures.

However, hBN has zero opacity (the band gap is larger than 5eV). On a standard SiOx wafer
with a thickness of ~300nm, BN monolayers show white-light contrast of <1.5% which makes
them undetectable by human eye[35]. Figure 15 shows representative spectra of hBN on SiOx
.The first two peaks are from SiOx and the third one is from hBN. The position of the Raman
peak for hBN was noticed at ~1366cm™ that is due to the E2g phonon mode analogous to the G
peak in graphene[35]. We tried to measure with a blue (A=450nm) and red laser (A=620nm) but
no differences were observed. Normally, the peak should become progressively weaker as the
number of layers is increasing. Also the Raman peak is usually shifted upwards in monolayers
downwards in bilayers. Unfortunately, in our case we did not observe any monolayers or

bilayers.
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Fig 15 Representative Raman spectra taken on SiOx substrate containing exfoliating BN nanosheets on its
surface.

A small shift of the position of the peak was noticed between sonicated and milled samples.
Although, that difference is very close to the error of the laser. Other differences were on the
sharpness and width of the peak and this was because of the amount of the materials that was
spotted by the laser each time. The analysis of the width (HWHM) of the Raman peaks was

made by Lorentzian fit on the Origin software.
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4.11. X-ray Photoelectron Spectroscopy (XPS)

We employed XPS to understand if there is a change in the chemical structure of the Boron

Nitride crystal being affected by the extensive sonication. Two different samples were tested,

one which was sonicated for 20 hours and another been sonicated for 320 hours. The results, as

shown in the spectra below, indicated no change in their structure.
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Fig. 19: XPS spectra for BN sonicated at 20 hours (red line) and BN sonicated at 320 hours (black line).
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Fig. 20: Magpnification from full-range spectrum (fig. 19) on the Boron (B1s) peak.

The 2.3eV shift of the peak Fig. 20) is because the sample gets charged due to the X-ray flux,
thus the energy shift is not related to the properties of the BN sample. The same applies for the

Nitrogen peak (fig. 21).
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Fig. 21: Magnification from full-range spectrum (fig. 19) on the Nitrogen (N1s) peak.

4.12. Final remarks: which is the best nanosheet shape for composites?

In a draft experiment that we settled to create a BN membrane we used an un-centrifuged
solution of BN exfoliated by ball milling after 9 hours at 450 rpm speed. The membrane was
created by filtration using a filter paper of 2 um porous size. For the filtration we used 6mL of
solution which were filtered and dried immediately. The final BN membrane was removed from
the filter paper after putting it in the oven for a few seconds in order to take the bending shape
that we see on the image below. The thickness of this membrane was measured 30 um and the
weight of it 35.8 mg which means that the concentration of the solution that was initially filtered
was 5.96 mgr/mL. Mechanically, the membrane was very stiff and brittle which let us think to

reinforce it with a polymer in order o improve its mechanical properties.
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Fig. 23: The BN membranes created after filtration of the exfoliated material

On a second experiment we tested a different solution of BN that was milled for 6 hours at 450
rpm but this time we centrifuged our solution before filtering at 500rpm for 5min in order to
remove all the big particles from it. Then removing the supernatant we filtered 20 mL of solution
using a 2pm porous size filter paper and let it dry overnight. The final membrane had a thickness
of 100pum and weighed 85.5 mgr which means that the concentration of the solution that we
initially filtered was 4.27 mgr/mL. On figure 24, we can see the membrane that was created after
filtration. On the left we have the half part of the membrane that was cut and put in the oven after
drying for 1 hour at 800°C but we didn't see any differences in the mechanical stiffness
compared to the other one that was not heated in the oven. Again, both parts were very stiff and
brittle.

Heated part Non-heated part

Fig. 24: the membrane that was created after filtration. On the left we have the half part of the membrane
that was cut and put in the oven after drying for 1 hour at 800°C.
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The above experiments were made in order to let us understand how we want to proceed with
further experiments with BN membranes. It is interesting to point out that from both experiments
for every mL of solution we use we get a 5um thick membrane. So, for instance if we want to

create 1mm thick membrane we will need a 200 mL of BN solution.

4.13. Conclusions

Overall, the statistical comparison of the samples indicates that the four different techniques give
comparable results, with a lateral sheet size between 116 and 136 nm (as measured by AFM) and
an average thickness of 6 nm, with a lateral size/thickness aspect ratio ~20. The relevant size that
should be monitored depends on the final application of the material; in general, for composites
applications, both length and width are relevant and should be optimized. In particular, in order to

produce stronger composites, the load transfer must be maximized and this would correspond to have a

length larger than a critical minimal value (along the applied load) of the flakeL,,, = / thE/G , where h

is the thickness of the interface between matrix and the few layer graphene flake, t is its total thickness, E
is the Young modulus of graphene and G is the shear modulus of the interface[36]. In order to have all the
graphene mass working in the composite this minimal length is also the optimal one. However, because
of the random orientation of the sheets, load transfer will take place along all sides of the sheets, and thus
the size distribution of both L and W should be taken into account; maximizing both length and width
means maximizing the average area of the sheet, to give a very good interaction with the surrounding

matrix.

We characterized the size distribution of BN nanosheets produced in solution by sonication and
ball milling. In all the different samples tested, the cumulative size distribution of the sheets at a
given time follows a log-normal distribution. We did not observe a power-law distribution of

sizes that would imply a scale-invariant exfoliation process. The failure of the power-law curve
indicates that the exfoliation process does not follow fractal law, but rather has a “typical” sheet

scale length.
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The Lognormal best-fit curves obtained show a very good linearity in semi-log scale (black

lines in Fig. 7) within the data range (R? = 0.9936) This behaviour corresponds to the simplest
case of the empirical Rosin-Rammler equation,[37] indicating that for both sonication and ball-

milling techniques, exfoliation proceeds through the formation of a distribution of random cracks
that follow Poisson statistics.[6], [28] The fragmentation can be simply described as process

mainly driven by external source and completely described by rupture-like breakup events.
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Chapter 5

Graphene Exfoliation with Organic

Dyes
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5.1. Introduction

SMALL MOLECULES
a)

% %{gﬁ.
T
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Fig. 1: Schematic representation and scanning probe microscopy images of different classes of carbon-
based materials for (opto)electronic applications: a, b) small molecules[1], c, d) polymers[2], e, f)
Graphene[3], [4].

A main advantage of graphene as compared to other nano-fillers like carbon nanotubes is that it
can be produced in different ways, using top-down as well as bottom-up approaches[5]. Bottom-
up, atom-by-atom growth of high quality graphene can be obtained by chemical vapour
deposition (CVD) of hydrocarbons on copper or nickel[6]. Wafer-scale production of graphene

in this way is now routinely achievable.
Graphene dispersions shall instead be obtained at low cost and kilograms scale by liquid

exfoliation of graphite (LPE), as recently demonstrated by Coleman and co-workers [7]. This

method is the most promising one for industrial applications, as example to produce graphene as
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nano-additive in polymer composites,[8], [9] or ultra-light foams as electrodes for energy storage

or catalysis[10].

The principle of LPE is simple: just add graphite powder to the right solvent and apply
ultrasound or high-speed mixing for enough time. The effect of cavitation bubbles or mixing will
create shear forces able to detach graphene sheets from the graphite powder;[11] at the same
time, molecules present in solution will adsorb on the graphene sheets, stabilizing them and
avoiding restacking[12]. A wide range of different molecules has been used up to now for LPE.

These shall generally be divided in two main classes:

A) organic solvents, whose surface tension matches the surface energy of graphite. [13] The
most suitable media for liquid formulations used at the moment are high-boiling solvents such as
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), which are though difficult to

remove from the polymer composite, in this way affecting its properties.

B) water-based surfactants that have amphiphilic behaviour, i.e. have an hydrophilic head, which
favours solubility and an hydrophobic tail, which favours adsorption on graphene.[2], [3]
Besides the use of “conventional” aliphatic surfactants, stable dispersions of graphene in water
have also been obtained using small polyaromatic surfactants, molecules featuring a
hydrophobic, aromatic core, able to interact with graphene through n-x stacking, and hydrophilic
side groups[12], [14], [15]. A major advantage of this approach is that it shall use, as surfactants,
cheap dyes that are already well established for the large-scale compounding of polymers, such
as industrial additives and colorant dyes, able to exfoliate and stabilize graphene in water.
Noteworthy, these molecules demonstrated to exfoliate effectively not only graphene but also a
wide range of different 2-dimensional materials (2DM) such as boron nitride, tungsten disulfide

and molybdenum sulphides, selenides and tellurides[16].
Water, even if being the most common and less polluting solvent commonly used, is not the ideal

solvent for all kinds of applications. Its boiling point is much lower than the one of DMF
(b.p.=153°C) or NMP (b.p.=202°C), but it is anyhow difficult to remove quantitatively. It shall
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remain in traces, creating, as example, charge traps and oxidative defects in materials for
electronics;[17]in composites application, water-based dispersions are not miscible with the great
majority of common polymers e.g. polypropylene (PP), polyethylene terephthalate (PET),
polyvinyl chloride (PVC) etc.

Alternatives to NMP and DMF have been demonstrated to process graphene with
semiconducting polymers, as example exfoliating graphene with dichlorobenzene (DCB), but
this solvent has anyhow a boiling point of 189°C[18]. For an effective, technologically
competitive application of 2DM as additives in composites for electronics or mechanics it will be
needed to process graphene in low-boiling volatile solvents that are commonly used in organic
synthesis labs and in polymer processing for organic electronics or composites such, as example,
chloroform (CHCI3) or tetra-hydro-furan (THF). The use of amphiphilic surfactants is not
suitable to solubilize graphene in organic solvents, whose polarity is typically low. Thus, we
explored a different strategy using molecules that feature an extended polyaromatic core to have
n-1 interactions with graphene, and flexible side groups with low but tunable polarity that makes

these molecules soluble in a wide range of organic solvents (fig. 2).

a) PDI-H b) PDI-F <) PDI-CI
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Fig.2: Molecular structures of a) PDI-H, b) PDI-F, ¢) PDI-CI along with their STM images where highly
ordered 2D supramolecular architectures are formed on HOPG surface.
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As aromatic core we used a perylene dimide (PDI) dye, a standard building block of organic
semiconductors used in electronics and photovoltaics applications,[19]-[26] and also a widely

used dye for textile applications, industrial paints as well as protein tagging[27].

As side groups we used relatively flexible phenylethyl moieties that are able to render the
perylene core soluble in many organic solvents. Due to the complex interplay of supramolecular
interactions of the molecules with the solvent and with each other[28], the self-assembly and the
solubility of the molecules can be tuned significantly already changing one single atom of the

phenyl ring.

Thus, we performed a study on the exfoliation of graphene by systematic comparison of different
exfoliating molecules. The only difference among the molecules tested was one single atom in
the molecular structure. In particular, we used a perylene core with side ethyl-phenyl groups,
where the side groups had a single hydrogen, or fluorine, or chlorine atom in para position.This
single change of molecular structure is enough to tune the polarity of the flexible side chains and
its self-assembly and solubility behaviour without perturbing the optoelectronic properties of the

perylene core.

We demonstrate that all the molecules tested are able to stabilize few layers of graphene flakes in
dispersion to give graphene-organic hybrids (GOH). Their different supramolecular behaviour
influences significantly their interaction with graphene, yielding anyhow GOH with good
stability on high- and low-boiling solvents, and good processability with polymers as electrically
conducting additives.

The materials and molecules studied have been extensively characterized at the nanoscale using
scanning tunnelling microscopy (STM), Atomic Force Microscopy (AFM) and scanning electron
microscopy (SEM). The details of PDI-graphene interaction at atomic scale were also modelled
by force-field calculations, to estimate the contributions of the different parts of the molecules to

the interactions, and the effects of the single atom differing in all the molecules.
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The stability of such GOH in volatile solvents allows an easier use for typical target applications
of graphene-based materials. To demonstrate this, we used the GOH as thin conductive coatings

on the surface of polymer sheets or as active layers field-effect transistors based on the GOH.

5.2. Experimental details

All molecules used are commercial, and were obtained from Sigma Aldrich. for simplicity, the
molecules are termed as PDI-H, PDI-F and PDI-CI, where PDI stands for the perylene diimide

core and the letter corresponds to the final end atom of the phenylethyl sidegroups.

Detailed chemical formulas of the molecules used are: 1,3,8,10(2H,9H)-Tetraone, 2,9-bis(2-
phenylethyl)anthra[2,1,9-def:6,5,10-d'e'f"]diisoquinoline, named for simplicity PDI-H. 2,9-Bis[2-
(4-fluorophenyl)ethyl]anthra[2,1,9-def:6,5,10-d’e'f']diisoquinoline-1,3,8,10(2H,9H)tetrone ,
named for simplicity PDI-F. 2,9-Bis[2-(4-chlorophenyl)ethyl]anthra[2,1,9-def:6,5,10-
d'e'f’]diisoquinoline 1,3,8,10(2H,9H)tetrone, named for simplicity PDI-CI.

Graphite powder and PDI were purchased from Sigma Aldrich and used as received. Graphite
suspensions were prepared with the same initial concentrations (3 mg/mL) and dissolved in 0.1
mg/mL the perylene solutions. The solutions were sonicated for 4.5 hours at medium power in a
temperature-controlled sonication bath (Elmasonic P70). In order to prevent any evaporation
from the low-boiling point solvents as the temperature inside the sonication bath was kept fixed
at 50°C during sonication. After sonication process, the dispersions were centrifuged at 2200 rpm
for 45 minutes in a Heraeus centrifuge (Omnifuge 2 RS) in order to eliminate the macroscopic,
non-exfoliated graphite particles. Absorption measurements were recorded using an Agilent Cary
7000 Universal Measurement Spectrophotometer (UMS) in a wavelength range of 300-800 nm.
The studied dispersions were then spin-coated on SiOx substrates using a Laurell WS-650MZ-
23NPB Spin Coater. Before use, the SiOx substrates were sonicated at 60°C for 15 min in
Acetone and Isopropyl alcohol (IPA), followed by treatment in a Diener Plasma Cleaner to

remove any remaining organic material on the SiOx surface.
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AFM Topography measurements were performed using a Digital Instruments AFM (NT-MDT),
using cantilevers in a semi-contact (tapping mode), (model RTESP, material: 1-10 Ohm cm
phosphorus (n) doped Si, f0: 27-309kHz, k: 20-80 N m™; from Bruker). Kelvin Probe Force
Microscopy (KPFM) images were taken using an NT-MDT instrument, the samples were fixed
using silver paste to Silicon substrates, equipped with a spring to provide electrical contact.
Images from Scanning Electron Microscopy were taken with a ZEISS 1530 instrument. The
Scanning Tunnelling Microscopy (STM) study of the self-assembly in two dimensions was
performed using a Veeco scanning tunnelling microscope (multimode Nanoscope 111, Veeco) at
the interface between highly oriented pyrolitic graphite (HOPG) and a supernatant solution.
Dispersions of investigated molecules were applied to the basal plane of the surface. For STM
measurements the substrates were glued on a magnetic disk and an electric contact was made
with silver paint (Aldrich Chemicals). The molecules were dissolved in chloroform and then
diluted in 1-phenyloctane 0.08 mM; a drop of solution was casted on the sample just before the

measurement.

The STM tips were mechanically cut from a Pt/Ir wire (90/10, diameter 0.25 mm, commercially
available from Goodfellow.uk). The raw STM data were processed through the application of
background flattening (2™ degree least square polynomial fitting on both X and Y directions)
and the drift was corrected using the underlying graphite lattice as a reference. The latter lattice
was visualized by lowering the bias voltage to 20 mV and raising the current to 65 pA. All of the
models were minimized with Chem3D at the MMZ2 level and subsequently rendered with
QuteMol.[M. Tarini, P. Cignoni, C. Montani, Leee T Vis Comput Gr 2006, 12, 1237.]

Commercial, PVC sheets and rubber wires were used to create the G-PDI-x composites. The
PVC sheets were cut in 3x3 cm dimensions. The membranes swelled in a bath of 8 ml of
Chloroform. During the swelling process, the bath was sealed to prevent any evaporation of the
solvent that could modify the parameters of the process. The same procedure was followed for
the Rubber composite, although this time the dimension of the rubber was at 6x1cm and it swell

at a constant volume of 10 mL.
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The adsorption of PDI molecules on the graphene surface was performed using MM/MD
simulation methods. The GROMACS molecular dynamics package was used for all the
calculations described in this study. The simulated model system was built by placing a single
molecule on an infinite graphene surface within a simulation box, which was then with solvent

molecules.

Fluorescence Quenching Microscopy (FQM) was performed on a Nikon TE2000-U inverted
fluorescence microscope with the Exfo X-cite illumination system using an ET-GFP filter cube
(FITC/Cy2, Chroma Technology Corp.). The images were taken by a monochrome interline

CCD camera (Photometrics, CoolSNAP HQ?).

5.3. Results

Fig. 2a, b, ¢ shows the molecular structure of the molecules under study. We know from previous
works that a key stage of graphite exfoliation by any kind of surfactant is the adsorption of the
molecule on the graphene surfaces, to stabilize them in solution[29]. Thus, this stage was

studied at atomic, nanometric and macroscopic scale.

5.3.1. Modelling of PDI-graphene interactions at atomic scale

The adsorption of single molecules on a graphene sheet was first studied using force fields
simulations (see Sl for details). Each of the three molecules was positioned on the surface of
graphene in a box of solvent molecules modelled explicitly, and simulated for a total of 105 ns.
Chloroform was chosen as a model solvent.

Fig. 3a,b,c shows some snapshots, taken from simulations of PDI-F on graphene, and the
statistics showing the average distance between the phenyl rings and the graphene for the
different PDI.
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Fig. 3: Population distribution of conformers for PDI-F on graphene in chloroform when a) is parallel to
graphene, b) the phenyl rings rotate perpendicular to the graphene surface and c) the phenyl ring folds
onto the PDI core. d,e,f) Histogram distribution of the average distance from graphene of the side-groups,
measured for each molecule. Numbers in parenthesis show the dihedral angles ¢ and ¢ of the sidegroups.

5.3.1.1 Conformation Analysis

To study the conformational dynamics of PDI molecules on the surface of graphene, the
equilibration of PDI molecules on the surface of graphene, in chloroform, was simulated using
force field method. The configuration of the molecules on a surface can be defined by the
relative orientation of the different parts of the molecules with respect to the surface. In a
previous MD simulation we have observed that the perylene core of the molecules remains,
essentially, parallel to the graphene surface, while the two benzene fragments and the alkyl

linkers (-CH,CH,)- are relatively flexible and change their orientations.

To get the prominent equilibrium conformations of the molecules, the simulations for each
molecule were started from three different configurations on the surface, which were achieved by
considering the anti and syn conformers of the PDI molecules in respect of the two alkyl linkers.
Keeping the perylene core parallel to the surface, the syn conformer can be placed on the surface
either with both alky groups pointing down towards the surface (syn-down) or both pointing up
away from the surface (syn-up), while for the anti-conformer there is only one way in which one

alkyl group points towards the surface while the other away (see the structures in Figure 4).
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These orientations also result in that the benzene groups on the other end of the alky linkers
going closer towards the surface or away. The other option that the alkyl group be horizontal
with respect to the surface-with the perylene core parallel-are ruled out again because
optimizations of the structures on the surface of graphene have shown that the perpendicular
conformations are more stable. Hence, there were three possible starting conformers taken for
the simulations here after named as Syn-up, Anti and Syn-down.

Syn-up Anti Syn-down

*‘_k'“ﬂ' p ____s.__{ AM_;,—_M_‘_.___J__-_{-
e e e { ¢

s

Fig 4: The three starting configurations of the PDI molecules for the MD simulations.

Long MD simulations (105 ns) were performed on these structures in chloroform and the
conformation of the molecules due to the alkyl rotation was analyzed. This was done by
following the evolution of the torsional angle along the bond connecting the alkyl group with the
perylene core (Figure 5). Due to the presence of the surface, equal-magnitude rotations in
opposite directions-from zero-of this dihedral no more result in equivalent structures. They can
mean either going to wards or away from the surface-two different operations. To distinguish
between the two operations, we fixed different signs for the torsional rotations that would result
in each operation. This was achieved by taking the measurement of the torsional angle from a
fixed direction at a fixed orientation of the molecule (Figure 5). When the main axis of the
molecule is perpendicular to the screen (Figure 5 (b)), the measurement of dihedral angle is taken
only from the carbon atom of the left carbonyl group of the perylene core to the first carbon atom
of the alkyl linker. This way the angle becomes positive only when the alkyl goup is above the

plane of the perylene core, and negative when bellow.
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Fig 5: Schematics showing the torsional angles taken for the conformational analysis of the PDI
molecules with respect to the alkyl linkers (a) and an orthographic front view, with the main axis of the
PDI molecule perpendicular to the screen, showing the measurement protocol (b). A dihedral angle is
measured between the carbon atom of the left carbonyl group (when the molecule is in the (b) alignment)
and the second carbon atom of the alkyl linker which are shown by blue spheres.

While the PDI molecules may land on the graphene surface in the three different configurations,
in respect of the alkyl linkers, the benzene fragments may assume different possible alignments
with respect the surface. For example, in the Anti configuration one benzene ring should be
closer to the surface than the other one, while in the Syn-up configuration both may be, more or
less, at the same distance. In addition, the benzene fragments can rotate along the alkyl linkers
and attain different orientations with respect to the perylene core and the graphene surface.

To get a complete picture of the conformations of the PDI molecules, the orientations of each
benzene fragment were analyzed by following the rotation of the ring along the bond connecting
it with the alkyl linker and along the C-C bond of the linker defined by the torsional angles ¢ and
¢ respectively (see Figure 6). The dihedral angle ¢ controls the rotation of the plane of the
benzene ring along a horizontal axis which may results, for example, in a parallel or tilted
orientation with respect to the graphene surface. The other angle ¢ controls the rotation along a
vertical axis which results in the cis-trans orientation of the benzene fragment with respect to the
perylene core. The analyses on all the dihedral angles mentioned above were made only for the

last 20 ns frames of the simulations.
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Fig 6: Schematics showing the torsional angles which were analyzed to follow the orientation of the
benzene fragments.

To identify the prominent equilibrium conformation of the PDI molecules in respect of the alkyl
linkers, the statistical distribution of the two dihedral angles y1 and 2 were plotted. The

resulting 2D distribution plots are given in Figure 6.

According to the definition of the angle measurement, a negative sign indicates that the alkyl and
the benzene fragments are closer to the surface (pointing down) and an angle with positive sign
indicates they are away from the surface (pointing up), i.e.; a point in the distribution plots with
(-,+) or (+,-) represents an Anti configuration, (-,-) represents a Syn-down configuration and
(+,%) represents a Syn-up configuration. From the distribution plots it can be seen that for all
molecules the angles are localized in narrow regions which shows that there were no major
orientational change of the alkyl groups during the last 20 ns period of the simulations, indicating
the relative stability of the resulting conformers. However, some of these resulting structures are
different form their corresponding starting structures. For all the three molecules, the Syn-down
configuration is not observed in the resulting structures. The starting Syn-dow configuration
turns to the Anti configuration. In the case of PDI-H and PDI-F molecules the Anti and the Syn-
up configurations did not change throughout the MD simulations whereas for PDI-CI the Anti
starting configuration results in the Syn-up configuration while the Syn-up one remains the
unchanged. The results may indicate that the Syn-down configuration is the list stable for all the
three molecules, while the Syn-up and Anti configurations may exist in dynamic equilibrium for
the PDI-H and PDI-F molecules. It was also observed that in the case of PDI-CI, the Anti to Syn-
up transition happens at the early stage of the MD simulations, which may suggest that the Syn-
up configuration is the most favored for PDI-CI.
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The statistical distributions of the two torsional angles ¢ and ¢ were also plotted to identify the
possible orientations of the benzene rings. The analyses were made on the already identified
prominent configurations, in respect of the alkyl linkers, of the PDI molecules discussed above.
For PDI-H and PDI-F, the Anti and Syn-up configurations were taken, while for PDI-F only the

Syn-up configuration is taken.
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Fig. 7: 2D distribution plots of the torsional angles y1 and - of the PDI molecules computed from the
resulting structures of the last 20 ns period of the MD simulations done on three starting structures of
each molecule (indicated by the names on the top of the plots).

In the case of the Anti configuration of PDI-F, three typical conformations with respect to the
benzene rings were identified-a,b and c. The four bright red regions, shown by letter a, in the 2D
distribution for the benzene on the upward pointing linker (Fig. 8 (A) Ring-up) are structurally
equivalent. They are rotational mirror images. They correspond to the parallel alignment (¢ ~

90°) of the benzene ring with respect to the surface which results in a structure like a (Figure. 8
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(B)). The light green regions, shown by letter b, indicate significant deviation from parallel
orientation of the benzene ring with respect to the surface to result in a tilted orientation as in
structure b in Figure. 8 (B). For structures like a and b the torsional angle ¢ has values 170° +
20° (-170° and 170° are structurally equivalent, and also 190° is equivalent to 170° ) which
indicates more or less trans conformations, in respect of the benzene ring and the perylene core,
along the alkyl linker. The light blue regions around (-70, -70) and (110, -70) indicate that at
these conformations, the benzene ring is closer to a syn alignment with respect to the perylene
core. In such structures the benzene ring is aligned almost above the pyrylene core and further
from the surface as in structure c in Figure 8 (B). The population of such conformations,
however, is much less than the other two indicating its unfavorableness. The distribution of the
torsional angles for the ring closer to the surface (Figure 8 (A) Ring-down) has also four bright
regions. The values for ¢ are localized around 93° and 89° which indicates a more or less parallel
alignment of the ring with respect to the surface. But, the opposite sign angles for ¢ indicate that

the ring is flipping up-side-down during the dynamics.
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Fig. 8: Population distribution of conformers for PDI-F in respect of the benzene rings at the Anti
configuration. (A) 2D distribution of the angles ¢ and ¢, (Ring-up for the ring further from the surface

and Ring-down for the one closer) (B) snapshots of prominent conformers).
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Fig. 9: Population distribution of conformers for PDI-H in respect of the benzene rings at the Anti
configuration. (A) 2D distribution of the angles ¢ and ¢, (Ring-up for the ring further from the surface
and Ring-down for the one closer) (B) snapshots of prominent conformers).

Similarly, for the Anti configuration of PDI-H, the values for ¢ is predominantly occur around
90°, which indicates a more less parallel orientation of the benzene ring, with respect to the
surface, like in structure a of Figure 9 (B). The next predominant structures at tilted orientations
are also observed. However, unlike in the case of PDI-F, the least favored syn conformation of
the benzene with respect to the perylene core is not observed. The ring closer to the surface stays

almost parallel to the surface, like in the case of PDI-F, but with little frequency of up-side-down

flipping.

In all the molecules, for the Syn-up configurations, the two benzene rings are seen to attain the
predominant parallel and tilted orientations leading to structures with the two benzene rings at
parallel-parallel, parallel-tilt and tilt-tilt orientations with respect to the surface (see Figures 10
through 12). In case of PDI-F and PDI-H, one of the rings attains the syn conformation with

respect to the core, but again, with reduced probability.

154 |Page



o
...
001200

‘V‘O 02400 {0.02200

0.03500 004200

0.04500 0,05599

0.05999 005999

Ring-I (A) Ring-Il

e B

- g smge o SN

(B)

Fig. 10: Population distribution of conformers for PDI-F in respect of the benzene rings at the Syn-up
configuration. (A) 2D distribution of the angles ¢ and ¢, for the two rings. (B) Snapshots of prominent
conformers.
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Fig. 11: Population distribution of conformers for PDI-H in respect of the benzene rings at the Syn-up
configuration. (A) 2D distribution of the angles ¢ and ¢, for the two rings. (B) Snapshots of prominent
conformers.
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Fig. 12: Population distribution of conformers for PDI-CI in respect of the benzene rings at the Syn-up
configuration. (A) 2D distribution of the angles ¢ and ¢, for the two rings. (B) Snapshots of prominent
conformers.
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Fig. 13 reports the calculated interaction with both the solvent and the graphene surface and the
adsorption energy for each of the PDIs.
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Fig.13: Different energy contributions for PDI-graphene and PDI-Chloroform interactions obtained from
force-field calculations. Energies are given in kcal/mol.

Table 1 below reports the calculated interactions, due to VVan der Waals or electrostatic
interactions, of different parts of the molecules with graphene.
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Molecules Interaction Solvent- Solvent- Solvent- Total

perylene linker phenyl
Van der -25,92+2,16 | -4,54%0,65 -13,86 1,45 -44,32
Waals
PDI-H
Coulomb -1,40+£ 0,48 -0,44 0,27 -0,76 £ 0,50 -2,60
Total -27,32 -4,98 -14,62 -46,92
Van der -25,41+2,1 -4,70+ 0,65 | -14,22 +1,47 -44,33
Waals
PDI-F
Coulomb -1,33+£1,18 -0,46+ 0,24 -0,68 £ 0,54 -2,47
Total -26,74 -5,16 -14,90 -46,80
Van der -25,96+2,14 -4,52+0,64  -1639+1,58 -46,87
Waals
PDI-CI
Coulomb -1,31+£1,04 -0,51+0,26 -0,50+£0,41 -2,32
Total -27,27 -5,03 -16,89 -49,19

Table 1: Different energy contributions for PDI-graphene and PDI-Chloroform interactions separately
from force-field calculations. Energies are given in kcal/mol.

The adsorption energies were estimated by taking the energy difference between two separately
simulated systems which differ only in the relative position of the PDI molecule w.r.t. the
graphene surface. In one of the systems the PDI was placed on the surface (adsorbed molecule),
while on the other it was restrained in the solvent at a distace far enough to avoid its interaction
with the surface (desorbed molecule).

As could be expected, all the molecules adsorbed preferentially with the perylene core flat on the
substrate, while the side phenyl groups could assume more irregular, tilted configurations.
However, the single differing atom in the side groups gave significantly different behaviours
already for a single, isolated molecule adsorbed on graphene. Most of the interaction is due to the
aromatic core, but the single differing H, F and Cl side atoms give also different adsorption
energies on graphene for the side groups.

The phenyl rings interact significantly with graphene, and spend most of their time close to the

surface, parallel to it, with an average distance of ~0.38 nm between graphene and the molecule
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center of mass (peak a in fig. 3). In case of hydrogen (PDI-H) and fluorine (PDI-F) terminations,
it is possible for the phenyl rings to rotate perpendicular to the surface increasing the distance to
0.48 nm (peak b); in particular, in PDI-F, the phenyl ring shall fold onto the PDI core (peak c).
A more detailed description of the modelling results is available in Supporting Information (SI).
Chlorine terminated rings interact much strongly with graphene, staying flat on the surface.
Calculated interaction energy between side groups and graphene is 16.89 Kcal/mol for PDI-CI,

significantly larger than in the case of PDI-H and PDI-F .

5.3.2. PDI adsorption on graphite at nanometric scale

The study of single molecules adsorbed on graphene can be useful to understand basic behaviour
and interactions, but cannot give insight into the collective behaviour of these self-assembling

molecules.
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Fig. 14: Computational representation of a PDI molecule showing its width, length and height.

Thus, we studied the adsorption of the molecules on bulk graphite substrates using STM at the
solid liquid interface. STM shows that all the molecules used are able to form a tightly packed,
ordered lattice on graphite (Fig. 2 d,e,f and table 2). The packing of PDI-H (1.96 £ 0.16

nm?/molecule) and PDI-F (2.1 + 0.16 nm?/molecule) is comparable, while PDI-CI shows a

significantly denser packing (1.67 + 0.13 nm*molecule).
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Surface density =1/A)
lecul b d A 2
molecule a (nm) (nm) o (deg) rea (nm2) mols/nm?
PDI-H 1.7 1.2 107 1.96 0.51
PDI-F 1.7 1.26 97 2.1 0.48
PDI-CI 1.4 12 | 95 1.68 0.60

Table 2: Parameters of crystalline 2D packing of the three PDI on graphite as measured by STM

This denser packing is not due to steric hindrance, given that the chlorinated groups are larger
and more bulky than the hydrogenated and fluorinated ones. This could be due to the different
polarity of the chloro-phenylethyl moiety (2.56 Debye) that is significantly higher than the one
of fluoro-phenylethyl (2.23 Debye) and of the non-functionalized one (0.42 Debye). However,
PDI-F and PDI-H shows a similar packing on graphene even if the of the former has highly polar
side groups and the latter has not. The different packing of PDI-CI could be explained by a
stronger interaction of the chlorinated side groups with graphene, in good agreement with the
force fields calculations, which pushes towards having more molecules adsorbed on the surface

regardless of the increased steric hindrance.

Overall, STM data show that all three molecules are able to interact strongly with graphite,
forming ordered monolayers on it, even if with slightly different behaviour. Unfortunately, STM
at the solid-liquid interface can only be performed in high-boiling solvents, so it is not useful to
demonstrate interaction of molecules with graphite or graphene in, as example, low boiling
solvents.

To overcome this issue, we studied interaction of the three PDIs with graphite in chloroform and

THF using a “dye capture” technique already successfully used for water solutions [15], [29]
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5.3.3. PDI adsorption on graphite at macroscopic scale

In this experiment, we studied the relative removal of the different dyes from solution when
incubated with increasing amounts of graphite powder. Our approach is similar to what used in
the measurement of Brunauer—-Emmett—Teller (BET) specific surface area of materials,
monitoring the change of pressure in a gas due to adsorption on the surface, and in tests for water
purification using organic dyes in water[30].

Typically, in this latter approach the concentration of dye in the water is varied while keeping
constant the amount of available sample surface (e.g. graphite). This can give spurious effects in
our case due to concentration-dependents aggregation of these self-assembling dyes, such as the
formation of H- or F-aggregates[27]. For this reason, in our experiment we varied the amount of
graphite powder while keeping fixed the PDI concentration.

We underline that, at this stage, no sonication was applied to the system and no exfoliation
process took place, so the experiment is a plain measure of the relative affinity of the different
molecules with graphite[12]. Given that all these dyes adsorb strongly in the visible, the amount
of molecules adsorbed on graphite surface could be measured very precisely by monitoring the

decrease in optical absorption of the solution (Fig. 15).
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Fig. 15: Comparison of the absorption spectroscopy of the three PDIs in chloroform and THF. The
highest values were collected at 521nm for THF and at 527nm for chloroform.
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Fig. 16 shows the amount of molecules adsorbed on graphite Naps vs. the available area of
graphite Sa. For all molecules and for both solvents tested Naps increases with Sa, eventually
reaching a plateau in the left part of the graphs, when Sais large enough to capture all the
molecules present (=3.25 x 10*® in our experiment). This data representation allows to compare
the ratio between Naps and A (measured at ensemble level, in bulk solutions) to the molecular
footprint of the molecules on graphite as measured by STM (measured at molecular scale in fig.
2).
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Fig. 16: Amount of molecules adsorbed varying the available graphite for the three molecules studied, in
THF.

The values expected for “ideal” monomolecular, highly ordered coatings as calculated by STM
(1.96 nm?/mol for PDI-H and PDI-F; 1.67 nm?/mol for PDI-CI) are shown for comparison in fig.
16. In all cases PDI adsorption becomes relevant only when the available surface Sareaches a
value similar to the one calculated by STM; this suggests that also in bulk solutions of THF and
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chloroform all molecules tend to form monolayers with packing similar to what shown in fig. 2.
However, some deviations are observed depending on the molecule and solvent used. In
particular, PDI-CI shows a more irregular adsorption behaviour, likely due to the denser packing

and strong interaction with graphite shown by modelling.

5.3.4. Graphite exfoliation in different solvents

After studying the interaction of the PDI with bulk graphite, we proceeded to study the
exfoliation mechanism itself. The three molecules were dissolved in a wide range of organic
solvents with different polarity and increasing surface tension: Ethanol (EtOH), Isopropyl
alcohol (IPA), Tetrahydrofuran (THF), Chloroform (CHCIs), Toluene, Dichlorobenzene (DCB),
Dimethylformamide (DMF) and N-Methyl-2-pyrrolidone (NMP). The molecules showed
different solubility in the different solvents, with PDI-H having the worse solubility, as visible
also by naked eye (fig. 17 a,b,c).
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Fig. 17: Dispersions of a) PDI-H, b) PDI-F and c) PDI-CI in some of the different organic solvetns tested.
The same solutions after addition of graphite powder, sonication and centrifugation for d) PDI-H, e) PDI-
F and f) PDI-CI.

Each molecule showed significantly different absorption spectra in different solvents, due to

different self-assembly properties and influence of the solvent. This changes in optoelectronic
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properties of PDI in solution have been extensively studied in previous work, and will not be

discussed here; for more details see as example[31] and references therein.

Graphite powder was then added and the solutions were thoroughly sonicated, following well-
established standards[1]. After sonication, the dispersions were centrifuged and the supernatant
was taken for further analysis, with no further purification step. Fig. 17 d,e,f shows photographs

of the resulting dispersions.

We can notice that in some cases (e.g. in IPA) the only visible effect of the treatment was
removal of the dyes leading to clean solvent purification, similar to the “dye capture”
experiments, performed without sonication, described in the previous section. In most cases,
however, dispersions of black graphitic material and PDI (named G-PDI) were obtained after
centrifugation. The dispersions were stable after several months. The amount of dispersed
material was precisely measured using optical absorption spectroscopy (OS) of diluted

dispersions (see an example in Fig. 18).
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Fig 18: Typical absorption spectra of Graphene exfoliated with three PDIs in a) Chloroform and b) THF.

Fig. 19a shows a plot quantifying the amount of dispersed graphitic material, for different
solvents, for different PDI molecule added to the solvent. Results obtained with no PDI, in pure

solvent, are also shown (dark blue bars).
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Fig. 19: Plots of Graphene-PDIs exfoliated in different solvents related to a) mass of exfoliated material
and b) relative increase as compared to exfoliation in pure solvent. The shadowed area indicated the
surface tension of solvents used typically for graphene exfoliation.

From the plot, we shall distinguish three different groups:

1) High-boiling solvents (DCB, DMF, NMP), having a high surface tension >35 mJ m™ that
yield high concentrations already in the blank sample (coloured dark blue in the graph). This
result could be expected, because solvents like DMF and NMP with a surface tension of 40-50
mJ m™ are the best ones to match graphite surface energy[1]. DCB has also been used
successfully to exfoliate graphene, as example in ref. [18]. In this case, the addition of the PDIs
can give either an increase or a decrease of the amount of dispersed material.

2) Low-boiling, highly polar solvents such as EtOH and IPA having a surface tension <25 mJ m’

2 where graphene is poorly soluble, regardless the presence of surfactants. Even the solubility of

PDIs was low in these solvents.

3) Low boiling solvents, with average surface tension of 25-30 mJ m(THF, chloroform,
toluene). Sonication of graphite in these solvents yields typically very low concentrations.
However, adding to these solvents the PDI molecules increases greatly the amount of dispersed

material.
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Noteworthy, the efficiency of PDI as dispersing agents does not seem to be related to the
strength of interaction with graphene; PDI-CI, the molecule with highest adsorption energy and
packing density on graphene, did not give the best results.

The relative improvement in exfoliation and dispersion due to each PDI (as compared to blank
solvent) is plotted in fig. 19b vs. the surface tension of each solvent. We can see that in some
cases a significant improvement is observed (e.g. 1300% for PDI-F in THF). In general,
strongest effects are observed for solvents with surface tension between 25 and 30 mJ m™. These
values are significantly lower than the ones considered, up to now, ideal for graphene

exfoliation, i.e. 40-50 mJ m™?[1].

Optical absorption measurements of these dispersions showed a spectrum similar to what
previously observed in graphene-pyrene composites, with well-defined adsorption peaks due to
the PDI aromatic core, and a slowly decaying absorption component typical of graphene (fig.
18). The different optical properties of graphene and organic dyes in G-PDI allow estimating
their ratio by measuring optical absorption at different wavelengths. Concentration of exfoliated
graphene can be estimated by optical spectroscopy (OS), measuring the absorbance of graphene
at 650 nm (where PDI does not absorb), using the molar extinction coefficient reported in ref.

[1].

Concentration of PDIs can be obtained measuring absorption at the PDI strongest absorption
wavelength (527 nm in CHClzand 521 nm in THF), after subtracting the contribution of
graphene by mathematical deconvolution procedures. The molar extinction coefficient of each
PDI was measured experimentally by using solutions of known concentration. For the
concentration calculations, the molar extinction coefficient (¢) for each PDI was calculated from

the slope of the linear line presented on the figure below.
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Beer-Lambert plots for PDIs
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Fig. 20: Molar extinction coefficients (¢) for the three PDIs

Tables 3-4 show the estimated amounts of dispersed few-layers graphene (FLG) and PDI
obtained in each case, and the ratio R between the two (expressed in graphene carbon atoms

present in dispersion / PDI molecule present in dispersion).

Table 3: Amount of PDI and FLG solubilized in THF, estimated by optical absorption spectroscopy (OS).
The amount of carbon atoms (from graphene sheet) solubilized vs. amount of PDI molecules is also
reported.

Solvent: PDI  Graphene G/PDlI ratio
THF conc. conc. R
Units  (mg/L)  (mg/L) C atoms/PDI molecule
PDI-H 70.78 1.58 1
PDI-F 74.00 31.63 22
PDI-CI  39.31 15.87 22
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Table 4: Amount of PDI and FLG solubilized in CHCIs, calculated by optical absorption spectroscopy
(OS). The amount of carbon atoms (from graphene sheet) solubilized vs. amount of PDI molecules is also
reported.

Solvent: PDI Graphene  G/PDlI ratio Ideal G/PDI ratio
CHCls conc. conc. R (calculated from STM)
Units (mg/L) (mg/L) C atoms/PDI molecule C atoms/PDI molecule
PDI-H 12.36 15.50 62 37
PDI-F 11.14 11.71 55 38
PDI-CI 9.42 11.55 68 32

We can see that, for “bad” surfactants (as example, PDI-H in THF) the material dispersed in the
solvent is mostly PDI (R<2). Conversely, for systems where the PDI seems to have a positive
effect (e.g. in chloroform), R is <50. Noteworthy, in chloroform the highest values of dispersed
material are obtained for the combination of FLG with the least soluble molecule (PDI-H).

An exact estimate of the actual coverage of the PDI on the exfoliated flakes cannot be done,
because exfoliation always yield a poly-dispersed material featuring a range of different
thicknesses, with different fractions of mono, bi- and thicker layers[12], [32]. The final R values
obtained are higher than the “ideal” ones (reported in the last column of table 2 calculated from
the STM measurements of fig. 2). This can be explained by the certain presence of graphene

multilayers that increases the number of carbon atoms in the dispersion.

The systems showing the highest improvement in exfoliation as compared to blank solvent (PDI-
F and PDI-CI in THF, table 3 and fig. 17a) show a lower R, because together with large amounts
of flakes, they have also a high concentration of PDI remaining in the dispersion, likely in the
form of thick layers existing on the surface of the flakes. Presence of thick aggregates is also
suggested by the onset of a new absorption band at 565 nm (fig. 16a), in agreement with what

reported in previous work[22], [33].
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Overall, the strongest improvements were obtained using PDI-F/THF, together with high
concentrations of PDI that need further steps to be purified[12]. Dispersions in chloroform gave
as well significant improvements, but also a lower content of PDI and highest values of R, due

also to an effective removal of the PDIs by dye capture from graphite.

The flakes obtained were characterized by AFM and SEM after spin coating on silicon (fig. 21).

Both techniques show a uniform distribution of platelets of typical thickness =5 nm and lateral

size of few hundreds nanometers.

Fig. 21: a) Representative AFM image of the exfoliated graphene solutions with PDI-CI in Chloroform on
SiOx surface and b) SEM images on a SiOx surface. A gold electrode is visible on the left part of the
image.

SEM images were taken on exfoliated graphite flakes on SiOx surface in order to observe the

effect of exfoliation, post to sonication and centrifugation process, as seen on figure 22.
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Fig. 22: SEM images on exfoliated graphite flakes under PDI-x presence

The measured thickness is well above the theoretical thickness of a single-layer (0.33 nm), likely
due to incomplete exfoliation, and to the presence of residual molecules on the flakes; a similar
result was obtained for dispersions of graphene exfoliated in water using pyrenes[29] where,
even if sheet thickness measured by AFM was ~5 nm. Further AFM images were taken in order

to observe the morphology of the PDIs alone without graphene as shown on figure 22.
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Fig. 23: AFM images on PDI-F molecules, forming crystals since deposited on a SiOx surface.
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Fig. 24: AFM-topography images on PDI molecules creating aggregates on a SiOx surface.
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Fig. 25: a) AFM images and b) profile lines taken on several graphite flakes, confirming the number of
few layers exfoliated with PDls.

5.3.4.1 Optical and Fluorescence Microscopy
OM images FOM images
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Fig. 26: Images taken under an optical microscope (OM images) and under a fluorescence optical
microscope (FOM images) in the same area for the three PDIs used 1) PDI-H, 2) PDI-F, 3) PDI-CI.
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Fig. 27: OM and FOM images from SiOx with exfoliated graphene in PDI-H covering different areas on a
FET substrate.

5.3.4.2 Raman analysis

Raman spectroscopy is a fast and non-destructive method for the characterization of graphene.
As a process, Raman spectroscopy is a surface sensitive method that probes the inelastic
scattering of monochromatic light on at the sample we need to test. When light hits the sample,
the beam can be scattered elastically (Rayleigh scattering), without a change in energy, or
inelastically: As the incident laser light is not only scattered in this case, but interacts with
molecular vibrations, phonons or other excitations of the sample, the energy of the laser photons
being shifted up or down. This shift in energy in respect to the incident light gives information
about the vibrational modes in the system. A Raman vibration is active and can be detected only
if the polarizability of the system has changed (during the normal vibration). In general,
molecular vibrations that are symmetric with respect to the centre of symmetry are allowed in

Raman, resulting in an active Raman band[34].This selection rule makes Raman a particularly
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informative method in characterizing sp2 carbon backbones as are found in chromophores,

nanographenes, graphene-organic hybrid materials or polymers.

Raman spectra of graphene samples typically contain two main features; the G peak,
corresponding to the E2g phonon mode at the Brillouin zone center, at 1580 cm™ and the 2D
peak, which is activated by two-phonons intervalley assistes Raman scattering, at 2700 cm™.
Since this work deals with liquid phase exfoliated graphene, typically this gives a wide variety of
mono- and few-layer graphene flakes. Normally, we observe the appearance of a D peak in our
Raman spectra. The D peak is caused by breathing-like modes corresponding to the transverse

optical phonons near the K point[35].
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Fig. 28: Raman features observed with exfoliated graphite with PDIs at 514nm excitation.

The samples have a distribution of graphene thickness with prevalence of few-layer graphene
flakes (<10 layers), based on the analysis of the 2D peak line shape. The 2D peak can be used to
identify graphene layers[36]. When there is a graphene monolayer then we get a single and sharp
peak. Few- or multi-layer graphene flakes show a broad and up-shifted 2D peak, which in first
approximation can be fitted with two peaks. The 2D peak shape quickly evolves with the number
of layers. When we have more than 8-10 layers of graphene, then it is very hard to distinguish

the spectra from the one of a bulk graphite[36].
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Fig. 29: Representative Raman spectrum (black curve) of a Graphene-PDI sample deposited on Si,
measured after three washing steps in Chloroform. The red sample deposited on Si, measured after three
washing steps in Chloroform. The red spectrum was taken on a sample with bare PDI deposited on Si, for
comparison. The balck curve has been extracted from a statistics performed on over 100 points.

Raman analysis confirmed that 50-60% of the sheets were 2-7 layers thick, with a 10-20%
fraction of monolayers , the rest being >7 layers[12]. Unfortunately, we could not use Raman
spectroscopy to analyse the thickness of the samples obtained with PDlIs, because Raman peaks
of graphene were overshadowed by the presence of intense PDI Raman features. Due to the high
thickness measured by AFM and the lack of Raman signal, the GOH obtained shall not be
considered graphene but rather few layers graphene (FLG).

In general, exfoliation with organic molecules never gives a high yield of monoatomic sheets,
differently from exfoliation proceeding by chemical or electrochemical oxidation[11].
Purification of the monolayers shall be achieved by centrifugation steps[37], [38] or by
chromatography[39] for applications such as transparent conductors, where monolayers are

requested.

Here instead we used these materials with no purification, as additive in composites or in

electronics to enhance the electrical properties of polymer in thin layers or in bulk matrix[14],
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[40], [41]. In such applications the coating of organic semiconducting dyes enhances the
interaction with the matrix, low cost and high processability are key factors, and recent results indicate

that FLG is better than pure monolayers for applications in polymer composites[42].

5.3.4.3 XRD Analysis

X-ray diffraction is a method of determining the distances between the atoms in a substance. The
reason that solely x-rays are used in these measurements is that they have the wavelengths that
cover the range of the typical distances between atoms in a crystal lattice. The calculations for

the distance (d) between the atoms is based on Bragg’s law[43]. This law states that
nAd=2dsind

where @ is the angle between the layer and the approaching x-ray when there is a constructive
interference as shown in Figure 30, n an integer and Athe wavelength. At these angles, the
intensity of x-ray reflected will be significantly higher. As the x-ray leaves the x-ray tube, a filter
will ensure that the rays departing are all of approximately the same wavelength and in the same
phase. Thus when the x-ray hits a crystal material, the first crystal plane will reflect some of the
beams, while others will pass through. Reflection will occur at the planes below and the reflected
rays will partly reach the x-ray detector. If the rays that reach the detector are in phase, they will
have a constructive interference and thus a very high intensity. Let us consider only the rays that
have been reflected on the first and the second layer. Since the rays that have been reflected at
the second layer has travelled further than those that have been reflected on the first layer, this
extra distance needs to be a multiple of the wavelength for the waves to be in phase. This extra
distance is obviously a function of the distance between the layers. Because the x-ray is sent in
an angle to the layer, the extra distance travelled is twice the sine of that angle times the distance

between the layers.
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Fig. 30: X-rays reflecting off layers of a crystal material

5.3.4.4 XRD on exfoliated Graphene with PDIs

There are two types of structures for solids, amorphous and crystalline. Crystalline structures are
such where atoms arrange themselves in distinct patterns. Graphite is a good example of a
crystalline structure. A definition of a crystalline material is that if looking into the same
direction from any unit cell (one or more atoms forming a group, the structure of which is
identical to other unit cells) it would look the same. But even in this definition, there are two
different types of crystals. There is the polycrystals, which is made up of many small crystals,
each oriented to a different direction, with light reflecting boundaries between. There is also the
single crystalloids, such as diamond, which are made of one large crystal and so do not have
internal boundaries. Different from a crystalloid, an amorphous material does not have any
patterns. However, the atoms inside such a material are still likely to be ordered so that they are

approximately the same distance away.
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Fig. 31: Where GNP represents the exfoliated graphite flakes in CHCI3, G-PDI-CI & F are the exfoliated
graphite flakes in Chloroform with the presence of PDI-F and PDI-CI respectively, and G-PDI-H is the
exfoliated graphite flakes in Chloroform with PDI-H.

Table 5: The calculated the domain of the exfoliated material present on a SiOx surface after a spin-
coating deposition, as summarized below:

FWHM (deg.) 0.13 0.21 0.34 0.38
Size (nm) 78 45 28 25

The domain size or crystal size can be estimated by the Scherrer formula from the FWHM value.
The value refers to the domain in the direction perpendicular to the considered plane. If we
consider the reflection at 26.5 deg for graphite, it is the plane parallel to the hexagonal rings. So
the domain size refers to the direction normal to the plates. It is of the interest for internal
comparisons and it represents a good value when the FWHM is not too similar to the

instrumental broadening.
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5.3.5. Processing of G-PDI materials in polymer composites

Processing of graphene and related materials with polymers is a major issue hindering
widespread commercialization of graphene-based products. Processing of graphene composites
by extrusion and solvent casting, molding, etc. needs careful tuning of the processing conditions
and of the nanosheets structure. Incorrect processing can lead to aggregation of the nanosheets,
yielding mechanical defects and poor electrical percolation in the final composite, and modifying

the rheology of the matrix and the final performance of the material.

Recently, Coleman and coworkers have demonstrated a new way to embed graphene into rubber
stripes already formed[44]. In this approach, the rubber stripes were swollen in a dispersion of
graphene and NMP. The swelling allowed the dispersion and the graphene sheets to penetrate in

depth into the rubber, yielding conductive graphene-rubber composites.

This swelling-deposition approach is industrially interesting because, being a post-processing
step, it does not require to modify the production setup, and ensures a more uniform distribution
of graphene in the matrix. Here, we demonstrate that a similar approach shall be used not only
with elastomers like rubber but also with thermoplastic polymers using the G-PDI composites

described in the previous sections.
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5.3.5.1 Rubber swelling process

First, we repeated the experiments described in ref.[44] soaking natural rubber in a G/PDI
dispersion. The rubber was soaked for 12 hours in a G-PDI-F dispersion in chloroform and dried
for another 12 hours in open air. After this process, the rubber showed measurable electrical
conductivity that changed with rubber stretching, going from 300 kQ to 3.7 MQ upon 300% of

elongation. More details on this can be found in ref. [44].

Similar experiments performed using G-PDI in THF, instead, led to the complete dissolution of

? N
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I ‘ il

the polymer.

c) d)

Fig. 32: Images taken from a) an unprocessed commercial rubber, b) when the rubber gets swollen upon
entering a chloroform solution. Last images show how the unprocessed rubber (c), can really change
when rubber is wollen in a cholorofrom solution and the graphene-PDI materials penetrate into the
surface of the rubber.
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Rubber swollen in G-PDIF dispersion
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Fig. 33:Resistance versus applied strain. The resistance reaches a treshold upon a specific strain. This

suggests that while the rubber network is deforming, the flakes are seperating from each other and
therefore loosing the resistance signal.
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Fig. 34: Resistance versus applied strain as demonstrated from Boland et. al. [44]. It is clearly reprisented
how the resistance is strongly depended on the strain applied.

As shown in figure 34, the resistance is highly depented on the applied strain of the graphene-

processed rubber. This suggests that while the rubber polymeric chains are streched, the graphene

flakes that are attached or penetrated between them are loosing contact from each other and

therefore the resistance is lost as no electricity can be transferred through them. Although, this

makes these materials a very good candidate for dynamic strain sensing, as shown by Boland et.

al.[44]. As seen on figure 35, graphene-processed rubbers were attached on different parts of the

181 | Page



body to monitor the change of movement , speech and blood pressure de to their high strain

sensitivity.
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Fig. 35: Photo of a graphene-processed rubber attached on a finger (A), a forearm (B) and on the neck
(E), as body monitors of movement, speech and breathing monitoring the change of resistance[44].

We then chose poly-vinyl chloride (PVC) as a test polymer, because it is one of the most
technologically relevant polymers, used extensively for pipes, cables, building, clothing, etc.
Transparent sheets of PVVC were dipped into chloroform dispersions at room temperature, and
then dried in air, to let the chloroform evaporate. The swelling process was completed in less
than 3 minutes (fig. 38), and gave an increase of ~80% in volume. No further change to the
swollen area/size was observed when the polymer films were left in the dispersions for more
than 3 minutes. After the swelling treatment, the PVC samples showed a dark colour due to the

presence of the G-PDI complex. The presence of PDIs rendered also the polymer fluorescent.
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5.3.5.2 PVC swelling process

We chose poly-vinyl chloride (PVC) as a test polymer, because it is one of the most
technologically relevant polymers, used extensively for pipes, cables, building, clothing, etc.
Transparent sheets of PVVC were dipped into chloroform solutions for 3 min at room temperature,
then dried in air, to let the chloroform evaporate. The time of 3 minutes was the maximum
amount of time needed for the PVC films to swell at their maximum quantity (fig. 38). No
further change to the swollen area/size was observed when the polymer films were left in the
dispersions for more than 3 minutes. It was also noted that the polymer films increased 80%
from their original size during the swelling process. In chloroform the PVVC did not dissolve but

swelled.

Polymer chains
before swelling

a) b)

After swelling

Fig. 36: Polymer chains in a) a normal situation and b) when inserted in a solvent that favors swelling
which loses the polymer chains and allows penetration of the exfoliated graphene and molecules between
the chains.

Cross-linked polymers swell significantly when exposed to chemicals having similar solubility-
parameter values[45]. A cross-linked polymer when placed in a good solvent, rather than
dissolving completely, will absorb a portion of the solvent and subsequently swell. The extent of
swell represents a competition between two forces. The free energy mixing will cause the solvent
to penetrate and try to dilute the polymer solution. This entropic increase may be enhanced by

increasing the temperature. As the polymer chains in the crosslinked polymer network begin to
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elongate under the swelling action of the solvent, they generate an elastic retractive force in
opposition to this deformation. The volumetric swelling reaches steady state when the two forces
balance each other [46]. Solvents like THF which are proton acceptors can dissolve PVC which
is a proton donor (as illustrated in section 3.5.4). Whereas solvents like Chloroform which is
proton donor can only swell it[47]. In the swelling of a cross-linked polymer an additional free-
energy change, arising from the elastic extension of the three-dimensional molecular network has
to be taken into account[48]. The swelling can be rather extreme when the solubility parameter
difference between polymer and solvent is small[45]. On the table below we can see how this is
confirmed related to Chloroform and THF that the PVVC membranes were tested and how they
compare to natural rubber that has been previously tested[44].

Table 6: Hansen solubility parameter values (p, dp, 01 and Swtar) fOr the materials tested on the swelling

process.
oo (Mpa®)  &p(Mpa™) &n(Mpa™)  Total (8)
Graphene 18 9.3 7.7 21.6
THF 8.2 2.8 3.9 9.1
Chloroform 17.8 3.1 5.7 19.0
Natural rubber 17.4 3.1 4.1 18.1
PVC 18.2 75 8.3 21.3

After the swelling deposition, the dark colour due to G-PDI complex is visible by eye (fig. 37).
The presence of PDIs was also confirmed by fluorescence images (fig. 38). Optical absorption
spectra of the G-PDI-PVC multilayer show spectral signature of both graphene and PDI, in
analogy with what observed in solution. Coleman et. al. [44] suggests that due to similar
solubility parameters of rubber (PVC in our case) and toluene (CHClz and THF for us) the
polymer is swelling and hence letting the nanoparticles to penetrate inside the polymer chains.
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PVC membrane is inserted PVC membrane is extracted PVC membrane (after being dried up)
from the GPDI-x solution has absorbed exfoliated graphene flakes
on its surface

into a GPDI-x solution
~10min

Plasticized PVC membrane

-
L)

Fig. 37: Process followed from the point when a blank PVVC film is inserted in a graphene-PDI-x solution
for ~10 minutes, then extracted from the solution, dried in open air and then the processed PVC film with
graphene and PDI molecules attached on its surface.

PVC membrane The same membrane under UV-lamp
PVC membrane treated in PDI-x solution
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PVC membrane PVC membrane treated in GPDI-x solution The same membrane under UV-lamp
2) o

Fig. 38: Two blank PVC films treated in a 1) PDI-x solution and 2) in a graphene-PDI-x solution. The
final images were taken under a UV lamp to confirm the presence of molecules attached with graphene on
the PVC surface.
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Fig. 38: Graph illustrating the swelling and shrinking speed of a PVC substrate after being inserted in a
chloroform solution. The PVC film is increasing 80% of its initial size/area when inserted in chloroform
and then returns back to its initial dimensions when exits the solution and the solvent has evaporated.
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Fig. 39: Transmittance spectra on PVC samples when treated in a) just PDI-x solutions and b) when
treated in exfoliated graphite-PDI-x solutions.
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Fig. 40: a) Representative image of a P\VVC membrane after the swelling process in a Graphene-PDI-F
dispersion in Chloroform. B) the same PVC membrane under UV light, revealing the presence of
uniformly distributed PDI molecules. c, d, e) cross-section SEM images on; c) an untreated PVC film, d)
treated only in a PDI solution and e) treated in a G-PDI dispersion, confirming the presence of
intercalated graphene sheets and molecules.

AFM and KPFM images were taken on the PVVC surface in order to confirm the presence of
graphene and the uniformity of them penetrated into the polymer chains (fig. 41). Optical
absorption spectra of the G-PDI-PVC multilayer showed spectral signature of both graphene and
PDI, in analogy with what observed in dispersion (fig. 42). No shift in absorption was observed
between the PDIs in dispersion, when mixed with FLG and after insertion in PVC, indicating

that there is no significant molecular aggregation during processing[22].
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Fig. 41: a) AFM topography image on a PVC film surface after treatment in a G-PDI-x solution and b)
Kelvin Probe Force Microscopy surface potential difference map indicating the presence of graphene
flakes.
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Fig. 42: Absorption spectroscopy of PVC membranes swollen in different G-PDI solutions in

Chloroform.

The sheets seem well adhering to the PVC, and could resist to washing and scratching. To
confirm that they are truly embedded into the polymer and not just adsorbed on it, cross-section

SEM images were performed. The initial PVVC (fig.8c) appears uniform. Upon swelling in a
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dispersion of chloroform with pure PDI, some molecular PDI crystals of elongated structures
grow on the surface (see fig. 8d and fig. 43), but the surface remains electrically insulating.

Fig. 43: SEM on PVC samples swollen in solutions of pure PDI-F in chloroform and no presence of
graphene layers.

By swelling a PVC membrane in G-PDI-F dispersions in chloroform, the SEM images show
instead a dense coating of rectangular and polygonal shapes covering the surface (fig. 44 a,b).
The sheets are not just deposited on the surface, but are embedded into it, in some case reaching
some microns in depth, as visible in fig. 8e.

AFM images (fig. 44 c) show the fine details of the structure, with folds and flat sheets visible on
the otherwise rough surface.

i R L '
Fig. 44: a, b) SEM and c) AFM images from the surface of a PVC film, treated in a G-PDI-F dispersion.
Typically, 2D sheets end up laying flat on a substrate, when deposited by conventional solution

processing[49]-[51]. Due to the swelling, instead, it is clearly observable by SEM that the sheets
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penetrate into the polymer, in some cases protruding out of the surface (fig. 14). Polymer swelling

procedure could be used to include the material in PVC using all the tested PDISs.
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Fig. 45: SEM images of PVC membranes swollen in solutions of G-PDI-F in Chloroform

5.3.5.3 Contact angle measurements

A strong improvement of material hydrophobicity by 41,7% was observed in all cases, with
water contact angle increasing from 72° (blank PVVC) to 103°+2 when treated with PDI-H and
PDI-F and 101°+2 when treated with PDI-F.
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Fig. 46:1llustration of the change of the contact angle of a water drop when deposited on a PVC surface,
before and after treatment with G-PDI-x solutions.
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5.3.5.4 Electrical measurements

The embedded sheets form a continuous, micron-thick layer (fig. 14) on the surface of the
otherwise insulating PVC. Electrical conductivity was measured on different areas of each
sample using a four probe Van der Paw setup.; sheet resistance of ca.10* Q[ | was measured on
all the samples, a value useful for antistatic coatings.

The most conductive coatings on PVC were obtained using G-PDI-H (3.0 + 1x 10° (/) while
G-PDI-F gave values of 4.14 + 1 x 10° Q[ ] and G-PDI-Cl values of 4.83 + 1x 10° Q[ ]. Given
the irregular rough surface of PVC, it was not possible to calculate the bulk conductivity of the

G-PDI coating on the polymer.

5.3.5.5 Raman mapping on PVVC conductive membranes

The PVC membranes that were fabricated and processed with the above method, after swelling
in choroform solutions, where then characterized by Raman creating a map of the distribution of
the exfoliated graphite flakes.

e)

d)

c)
W PVC reference (treated)
AN

pvc| D)

" " " 1 " " 1 " " 1 " " 1 n a)

1000 1500 2000 2500 3000

1
Raman wavenumber (cm)

Fig. 48: Raman spectra collected at 785 nm on a) a PVC untreated film, b) PVC film treated in
chloroform, c) PVC film treated in G-PDI-F dispersion, ¢) PVC film treated in G-PDI-CI dispersion c)
PVC film treated in G-PDI-H dispersion.
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Raman spectra were collected at 785nm (1.58eV) excitation, the laser was focused on the sample
by means of 100xobjective and the laser power was kept below 2.5mW on the sample to

eliminate laser-heating effects on the probed materials.

The indicated samples are: KPF3=0.27+0.01MQ, KPH1=0.3+0.01MQ, KPCL1=0.94+0.1kQ.
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Fig. 49:Raman spectra on different samples indicating a strong presence of wg influenced by the weak

presence of ®p

All examined samples appeared to have strong presence of wG influenced by the weak presence

of wp (~1611 cm™) which attributed to the presence of defects. The presence of defects/edges
are reflected also via the strong presence of wp. The assymetric presence of wp confirms the

presence of graphite (fitted with two Lorentzian curves).
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Fig. 50: 1(2D)/1(G) as a function of the G peak position.

Initially a mapping area of 10x10um?® with a step of 2um was scanned at all samples. The plot of
1(2D)/1(G) as a function of PosG shows a variation with doping (1(2D).(1(G)<1) for the majority
of the examined points at all samples. Similarly, the plot of 1(D)/1(G) with PosG indicated

relative high amount of disorder.

Table 6:Summarizing table with all the above measured parameters

Averade w Average Average w Average Average wo: Average FWHM
Sample (ch!‘) o FWHM wp (cmg_1) G FWHM we (cn?_1) o wo'
{cm™) (em™) (em™)
KPF3 1310.0£2.0 45.5£4.0 15804+ 0.6 19.2+1.1 1612.2+1.0 19.4+3.0
KPCL1 1310.0£3.1 477457 1580.9+0.9 21118 1613.0+1.4 27.0+4.2
KPH1 1307.0£3.8 511154 1581.4+0.9 252431 1613.4+1.5 16.3£5.7
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5.3.5.6 Unaxial tension using Raman spectroscopy and measuring specific electrical
resistivity via the Van der Pauw method.
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Fig. 51: Representation of the applied van der Pauw method that was used to characterize the PVC films
as described below

The sample was placed in the automated tensile frame, four contacts were placed in the
circumference of the sample and secured using a tiny amount of silver paste. The successive
contacts A, B, C and D were connected in order to measure the resistivity Ras,co. Similarly was
measured the resistivity Rec.ap. The actual circuit contained a switch which alterned the A and C
cables making it easier to switch the circuit between measuring the Rag.co and the Rec,ap.
Finally, the specific resistivity of the samples was calculated using the values of Rec,ap, Ras,cp
and the thickness of the sample.

p= “_d(RAE,m ~ RBI‘.‘,A.D)f Ryp.co
in2 2 Roc.a
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Fig. 52:Monitoring the position of the 2D peak (black dots) —for higher strain levels there is no response.
The FWHM 2D (red dots) broadens initially and afterwards remains constant.

All samples appeared to have a rather compressive response (2D shifts to higher values) to the
applied strain (up to 0.8%). For higher strain levels there is not any response (constant

behaviour)
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Fig. 53: Monitoring the position of the G band (black dots) due to small shifts for the tested samples.The
FWHM G (red dots) broadens initially and afterwards remains constant.
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There is a very small shift to higher values (~1.5cm™) of G band for all samples up to 0.8%. for
higher strains, a constant behaviour is monitored. Similar FWHM G broadens initially and

afterwards remains constant.
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Fig. 54:Graphs indicating the measured specific resistivity via the van der Pauw method for the described
samples in normal polarization (left side) and orthogonal polarization (right side).

There is a decrease of disorder with the applied strain for all samples up to 1%. Similar results

were obtained in orthogonal polarization.
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Fig. 55:Specific resistivity versus applied strain for P\VC membranes treated in a) g-PDI-H , b) G-PDI-Cl and G-
PDI-F solutions.
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In figure 55a, an up to 4.2% of strain was applied and the specific resistivity is stable and varies
between the value of ~7.5kQcm. For higher strain levels, the specific resistivity increases
rapidly. In figure 55b, we noticed constant values of specific resistivity up to 2%. For higher
strains, the electrodes were detached from the sample. In graph 55c¢ for an up to 1.6% of applied
strain the specific resistivity was stable again and varied between the value of ~4.0kQcm. For

higher strain levels, it increases rapidly.

To conclude, since the size of the distributed graphene nanoplatelets are less than Spum, there is
no sufficient transfer length for stress transfer. Thus, no significant shift is observed for both
examined bands (2D, G). The specific electrical resistivity measurements showed that the
corresponding values assume a constant value up to 2-4% of applied strain. For higher strain
levels, the specific electrical resistivity increases rapidly which indicates that an internal failure

takes place within the material.

5.3.5.7 Field Effect Transistors (FETS)

Graphene based materials are not only good as electrically conductive additives, but can also be
used to enhance the charge mobility of organic semiconducting molecules in field effect
transistors (FET)[40], [52]. Perylene molecules are well-known organic semiconductors, used in
transistors and solar cells[20], [21], [53], [54], thus the G-PDI composites were also tested as

active layer in transistors.

They were used as prepared, spin coated on a silicon oxide/silicon substrate, acting as the gate, in
between two gold electrodes acting as source and drain. Unfortunately, most of the devices
resulted unstable. Interesting results were obtained anyhow in the case of PDI-H devices, where
addition of small amounts (4pg/mL) of G-PDI improved the charge mobility of 2 orders of
magnitude (from 10°cm V*s™ to 10°cm V' s) while maintaining a good on/off ratio (see a
typical transfer curve in fig. 56). Overall, though, the performance of the devices was not
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satisfying, likely due to the poor initial charge mobility of the perylene dyes used here as

semiconductors.

50”' = k
e :
=+
aop] | * 'DS M
L ]
L
30p N
< J
0O 20p+ )’

60 -40 -20 0 2I0 40 60 80
Vgs(V)

Fig. 56: Improved transfer curve from increasing G-PDI amount.

5.4. Conclusions

All results obtained to date for LPE relied on the use of organic solvents having a high surface
tension, between 40 and 50 mJ mfollowing the seminal paper of Coleman et al.[1]. However,
solvents featuring such a high surface tension also feature a high boiling point, and pose some
limitations to the use of graphene (e.g. toxicity, or compatibility with industrial standards). As
mentioned in the introduction, the graphene dispersions actually available at academic of
commercial level shall be classified in two main groups: water/ surfactant and high boiling

solvents.

In this chapter, we demonstrate that it is possible to use a hybrid approach, combining the use of
organic solvents and the use of organic surfactants to obtain dispersions of FLG in solvents
where graphene would not be stable on its own. The results described here demonstrate that few-
layer graphene flakes can be stabilized in organic solvents by adding small amounts of suitable

molecules, in a way similar but different to what typically done by soaps in water. The composite
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materials obtained in this way can be included in a straightforward way in elastomer or
thermoplastic materials rendering them conductive. Processing in transistors for microelectronics
was also tested, even if results were unsatisfying and required the use of different molecules, or

better optimization.

Exfoliation in liquids using solvents is one of the most promising techniques to mass-produce
graphene and process it into useful materials. Even if graphene produced in this way is already
commercially available on industrial scale[55] its penetration in the market of advanced
materials is still shallow[56]. Main challenges to be overcome are the improvement of the quality
and reliability of the materials produced (larger sheet size, lower average thickness, lower
density of defects etc.) and the development of procedures to process graphene in a way
compatible with actual production standards (compounding with polymers, coating on metals
and surfaces, integration with silicon-based electronics etc.). Expanding the range of solvents

usable for graphene processing could be a major step towards this direction.
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Chapter 6

Summary and Conclusions
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6.1. Summary

The field of graphene, due to its huge success, is often a "land grab", where the new papers claim
every week the production of high performance materials produced by different research groups.
Therefore, there was a strong need for methods to evaluate the exfoliation of 2D materials, which
essentially we tried to understand how these materials are produced at nanoscale level. Hence,
this work touches upon an interesting fundamental question: what is the intrinsic shape and size
distribution of 2D nanomaterials and how these parameters can affect the large-scale production

of 2D-based composite materials in the future.

In this dissertation, we firstly developed a new method to evaluate the exfoliation results of
Graphene and other 2D materials (Graphene Oxide, Boron Nitride).This was essential to
understand the fundamental processes behind the production of 2D materials. Additionally, that
helped us to understand the production development of 2D-based composite materials and bio-
compatible materials, such as gelatin fibers. We evaluated the processed 2D nanomaterials with
commonly used characterization techniques used in the scientific and industrial world, which are
the Atomic Force Microscope. Furthermore, we developed this method by using Fluorescence
Optical Microscopy (FOM), Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). Based on AFM analysis of thousands samples, the exfoliation of 2D
nanomaterials, like the distributions recognized in the fields of biology, astronomy and
mineralogy. Finally, we demonstrated a new way to produce stable graphene solutions in low
boiling point solvents and how the exfoliated material can interpret into polymer surface such as

Polyvinylchloride (PVC) and natural rubber.

Overall, the uniqueness of this work is that we developed a new method that has not been studied
before and gives the opportunity to materials scientists that are researching on the growing field
of Graphene and other 2D materials to have a method in order to control, quantify and evaluate
the exfoliation results of nanomaterials that are produced through the most well-known methods
of liquid phase exfoliation and ball milling, both of which are applied in scientific and industrial
level. Thus, the results presented in this work may offer insight into the polymer composites

where the size and shape of nanosheets can be rationally optimized.
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6.1.1 Making Composite Materials; why size is important

Graphene-based composite materials are the only application commercialized on a large scale
until now. Although these products already exist in the market, their mechanical performance is
not comparable to the one of a single graphene sheet. The main reason for this is that it is not yet
fully understood how 2D-based composites are functioning at the nanoscale level, and especially
how to achieve ultimate performance when they are embedded in the produced composite
materials. Based on the technological demands, the number of these products is constantly
increasing. The next figure provides a schematic comparison of how the size of the graphene
sheets at nanoscale can affect the performance of macroscale materials. In order to understand if
graphene and 2D materials (GRMSs) in general can really find competitive applications at
industrial level, we need a strong combination of processing techniques, prototyping,
characterization and modelling.

Young Electrical Thermal
modulus Conductivity conductivity
(GPa) (5/m) (Wm™= K1)

1000 108 5000

GRAPHENE COMPOSITES

w Yoiing Electrical Thermal
\ modulus Conductivity conductivity
. (GPa) (S/m) (Wm=* K1)
A 10 0 <o

Fig. 1: A schematic representation of the different in performance between single, ‘ideal’ graphene sheets
and graphene-based macroscopic composites suitable for commercial applications. The numbers reported
will vary depending on the material measured and should be consider and order-of-magnitude estimate.
For a more detailed description of different properties, see reference and references therein[1].
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209 |Page



6.1.2 Towards 2D-based composite materials production

The amount of graphene required for the fabrication of composite materials in the large scale is
generally high, therefore tons of the starting material are required. In general, the cost for using
graphene in composites needs to be sufficiently lower than for other applications and the quality
of the final material can be lower if it is compared to the high-quality graphene produced in the
lab. Although graphene has been proven to improve the mechanical and electrical properties in
many graphene-polymer composites and nanocomposites, full exploitation requires also the cost
and scaling factors to be competitive compared to established carbonaceous materials. Until now,
it is not considered that even with few percentages of graphene the final cost will be greatly
increased. That explains why GRM composites will be firstly used in commercial applications

with high added-value such as sport accessories, aerospace and biomedical devices.

Another issue is that these new composite materials will need to comply with processing steps of
the current technology, thus requiring efficient ways to process graphene into polymer granules
and liquid master batches. In solution, graphene can only be stabilized with organic solvents or
surfactants through supramolecular interactions. Normally, when molecules are used along with
graphene these molecules are easily attached to its surface. As a result, they can reduce the
interaction with the polymer matrix and the beneficial effects of graphene additives. A possible
solution to this could be the use of molecules that are already well-established for the large-scale
compounding of polymers such as industrial colorants or additives for polymer composites.
Nevertheless, the same molecules should be used to successfully solubilize other 2D materials
for electronic applications. In general, nanocomposites can offer a variety of tunable properties
to an extend degree through their incorporation with other 2D materials. The fact that
nanocomposites can give control to the structure and properties of the final material, can give

new possibilities to a range of properties of new materials.
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