Graphene nanoplatelet production through non-

lonic surfactant-assisted exfoliation of graphite

by

Cameron Scott Giglio

A thesis submitted to the Department of Chemical Engineering
In conformity with the requirements for

the degree of Master of Applied Science

Queen’s University
Kingston, Ontario, Canada

(October, 2017)

Copyright © Cameron Scott Giglio, 2017



Abstract

Liquid phase exfoliation of graphite is performed using ultrasonication and shear exfoliation to
produce graphene nanoplatelets (GNPs). Ultrasonication is performed using a tip sonicator under
power loads ranging from 35-100% amplitude (corresponding to power of 9-36 W) and
concentrations of Pluronic® F127 surfactant in water ranging from 1-15 wt%, under batch and
sequential addition of surfactant modalities. Shear exfoliation is achieved using a lab scale shear
mixer operated with rotor speeds ranging from 1500 rpm to 8000 rpm and Pluronic® F127
concentrations ranging from 1-10 wt%. Ultrasonication exfoliation demonstrated GNP
concentrations as high as 3.01 mg-mL* at 100% amplitude and 15 wt% surfactant concentration.
The average particle sizes of the nanoplatelets, were approximately 200-550 nm for all
exfoliation methods as estimated through dynamic light scattering (DLS). Transmission electron
microscopy (TEM) characterization revealed particle sizes on the order of hundreds of
nanometers in lateral dimension. Ultrasonication resulted in few-layer graphene, with thickness
ranging from 4-77 nm as measured by Atomic Force Microscopy (AFM) and aspect ratios of 36-
96. Shear mixing generated multi-layer graphene, with thickness ranging from 6-11 nm and

aspect ratios of 25-72.

Both processes were modeled using dimensional analysis, which revealed that high yields can be
achieved beyond specific thresholds of power density input, rotation speed, and surfactant
concentration. Based on the results, shear mixing presents itself as a promising method that can

be readily scalable above a rotor speed threshold.
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Chapter 1: Introduction

1.1 Graphene and its Applications

Graphite, much like diamond, is a well-known and commonplace allotrope of carbon. Individual
layers of carbon atoms bonded in a hexagonal pattern make up the graphite plane and are
referred to as graphene. Graphene is a two-dimensional atomic crystal having thickness of one
atomic layer of sp? hybridized carbon atoms in a honeycomb assembly. Graphene is a new area
of study that has attracted the attention of many research groups due to its strong mechanical
strength, high electrical and thermal conductivity, and large surface area [1]. These unique
features make graphene a versatile carbon-based material useful for many practical applications
such as polymer nanocomposites [2] [3], sensors [4] [5] [6], and nanoelectronics [7] [8].
Nanocomposites containing graphene have gained significant attention, due to their ability to
exceed the performance of conventional composites at low loadings. Compared to carbon
nanotubes, graphene has a higher surface area to volume ratio, which is favourable for improving
polymer composite properties at low filler concentrations. Low loadings coupled with the high
mechanical strength of graphene can make materials lighter and stronger for various applications
[9] [10]. Additionally, graphene’s excellent electrical properties dramatically improve the

conductance of polymer based composites.

The high conductance of graphene is highly desirable in applications involving sensors.
Conventional hospital sensing devices used for detecting and monitoring human physiological
signals are not easy to use, due to their rigidity and poor portability. Polydimethylsiloxane
(PDMS) with single wall nanotube films are typically used in the production of electronic skins

and have shown high sensitivities, fast response times, and high reusability [4]. Electronic skins



demonstrate excellent heart monitoring and voice recognition capabilities making it useful as a
wearable electronic used for early detection of illnesses and voice therapy [4]. While electronic
skins have been developed using carbon nanotubes, graphene has been used in the fabrication of

other biosensors indicating its potential application as an electronic skin [11] [12].

While the high electrical sensitivity of graphene [13] is advantageous for medical applications,
its potential as a supercapacitor has been the focus of a considerable amount of research. The
effectiveness of a supercapacitor is dictated by the surface area of the conductors where a larger
surface area is better at storing electrostatic charge [1]. Since graphene is an excellent conductor,
the specific capacitance of graphene is relatively large and suitable for supercapacitor
applications [14] [15] [16]. Supercapacitors are able to gather and hold high amounts of
electrical charge in a relatively short amount of time. In addition, they are operable at very low
temperatures where many types of electrochemical batteries stop working. Thus, graphene used
as a supercapacitor provides ample applications in electronics ranging from short charging time

of electric cars to reliability of emergency radios and flashlights.

1.2 Production Methods

The production of graphene is, currently, the limiting factor for commercial application. Many
methods have been implemented to produce graphene and can be characterized into two
categories: bottom-up and top-down. Bottom-up fabrication of graphene starts with smaller
entities and builds them into larger functional structures. The main advantage of bottom-up is the
control of resolution since molecular structures are built from discrete units [17]. Thus, the
fabrication can be controlled on the atomic level using synthetic chemical techniques. Chemical

vapour deposition growth of graphene encompasses heating reagent molecules to a gaseous state



followed by deposition through a chemical reaction onto a nickel or copper substrate [18]. In
contrast, epitaxial growth of graphene involves the heating of silicon carbide to extremely high
temperatures under ultra-high vacuum. Under these conditions, the silicon molecules sublimate
leaving carbon behind in the form of graphene [19]. Both of these techniques are excellent for
generating pristine sheets while maintaining the electrical properties of graphene. However, the
production rates [20] limit the practical application of bottom-up methods and are generally
expensive. Conversely, top-down methods involve the breakdown of graphite or graphite
derivatives (e.g. graphene oxide) into graphene sheets using external forces. The main advantage
of top-down is the cost effective and high production rate of graphene nanoplatelets (GNPS).
Mechanical exfoliation was the first method used to extract graphene from graphite through
repeated peeling of scotch tape [21]. The peeling is capable of overcoming the van der Waals
forces that hold graphene layers together to form graphite. While this exfoliation method is
relatively cheap and can produce pristine graphene, the practicality is not feasible as it is labour
intensive. Chemical exfoliation is a promising method for the production of graphene. Colloidal
suspensions are generated in a two-step process; first by the reduction of the van der Waals
forces through intercalation [22] followed by the exfoliation into modified graphene sheets [18].
This method generates graphene nanoplatelets with many defects found in the form of oxygen
based functional groups and requires a reduction process to obtain graphene-like material.
However, the final product often contains a small amount of defects which hinders the electrical
properties. Finally, liquid phase exfoliation of graphite offers a method for the production of
pristine graphene at high concentrations [18]. External forces are generated using ultrasonication
or shear mixing to exfoliate graphite into graphene. Careful selection of the solvent, usually in

the form of an organic solvent or surfactant solution, is required to disperse and stabilize the



graphene nanoplatelets. However, the exfoliated graphite often ranges from few-layer to

multilayer and is not yet controllable.

1.3 Objective and Outline

Liquid phase exfoliation is a promising, cost-effective, and scalable method for the production of
graphene nanoplatelets, however the fundamental principles underlying this method are still
poorly understood. This thesis will focus on ultrasonication and shear mixing as graphite
exfoliation processes, in an aqueous medium, using a non-ionic, poloxamer surfactant.
Specifically, the objective of this thesis is to study the effects of process parameters on the
concentration and microstructure of graphene nanoplatelets in a cost-effective and potentially
scalable process. Two exfoliation methods were implemented; the first utilizes cavitation bubbles
formed during ultrasonication whereas the second involves shear forces generated through shear
mixing. The size, thickness and concentration of the produced nanoplatelets, as well as the
amount of surfactant adsorbed on these nanoplatelets, are studied as a function of surfactant

concentration and time.

Chapter 2 is a literature review on the exfoliation processes used in this thesis. The adsorption
characteristics of poloxamers and their role in the stabilization of graphene nanoplatelets is also

discussed.

Chapter 3 describes the ultrasonication process using a tip sonicator operating under multiple
power loads. The effectiveness of surfactant concentration and sonicator amplitude is
investigated by various characterization and microscopy techniques. The nanoplatelet

concentration, average size, thickness, and amount of adsorbed surfactant is reported.



In Chapter 4, shear forces are generated using a lab bench shear mixer to investigate the effects
of surfactant concentration on the properties of the exfoliated graphite. Various rotor speeds are
implemented to study the effects on the concentration of graphene nanoplatelets. The scalability
of shear mixing is investigated using a dimensional analysis. Chapter 5 summarizes the results of

this thesis and provides recommendations for future work.

Appendix A demonstrates a comparison between an anionic surfactant and the non-ionic
surfactant used in the studies of this thesis. Three surfactant concentrations are explored using
cetyl trimethylammonium bromide (CTAB) and Pluronic® F127. The resulting GNP

concentrations are compared.

Appendix B explores the sequential addition of surfactant and compares the results to the batch
counterpart. The effectiveness of the new surfactant delivery system is investigated through the
same characterization techniques as chapter 3. The GNP concentrations and average particle

sizes are described.

Appendix C shows the results of the extinction coefficient experiments which were used in the
Lambert-Beer law to determine the GNP concentration of the exfoliated system. Appendix D
describes the dimensional analysis process used in the ultrasonication and shear mixing studies.
Appendix E and F show the particle size distribution graphs for ultrasonication and shear mixing,

respectively.



Chapter 2: Literature Review

2.1 Intrinsic Properties of Graphene

Graphene is a promising material due to its unique mechanical, electrical, and thermal properties.
It is made up of pure carbon bound in a sp? hybridized hexagonal pattern forming a 2D structure
[23] and is described as the building block for all graphitic materials [24]. Due to its 2D
structure, monolayer graphene has a theoretical specific surface area of 2630 m?-g which is
much larger than carbon black and carbon nanotubes [25]. Before its discovery, diamond was
known to be one of the strongest materials due to the strong and abundant covalent bonds
between carbon atoms. However, the structure of graphene has been shown to be extremely

strong with breaking strengths up to 42 N-m™ [26].

Due to the bonding structure of carbon, graphene exhibits excellent electron mobility along the
hexagonal lattice. Theoretical mobilities have been estimated to be up to 100,000 cm?-V1.s and
are weakly dependent on temperature. Currently, some semiconductors exhibit electron
mobilities as high as 77,000 cm?-V-1.s at room temperature [24]. Graphene’s unique electrical
properties originate from the nature of its charge carriers. Typically, the Schrodinger equation is
sufficient to describe the electronic properties of materials. However, the Dirac equation better
describes the electrical properties due to its charge carriers mimicking relativistic particles. The
lone p-orbital of the sp? hybridized carbon atoms allows for electrons to move around the lattice
at speeds approaching the speed of light. These relativistic velocities generate low energy
quasiparticles known as Dirac fermions [27] which can be seen as electrons that have lost their
rest mass. The electrons remain in the 7 band (i.e. the anti-bonding region) where the interaction

with the m band contains interesting characteristics as a result of half-filled bands. Most often the



bonding and anti-bonding region make contact in a bowl formation whereas in single layer
graphene they meet at a point known as a Dirac point and form Dirac cones [28] [29] [30]. This
allows the electrons to travel among the various p-orbitals relatively unimpeded owing to the

high electron mobility of single layer graphene.

Experimental studies on the thermal conductivity of graphene revealed values as high as 3000
W-m-K [31]. In solid materials heat is carried by acoustic phonons and electrons and tends to
be dominated by phonons in graphitic materials. The strong covalent sp? bonding enables
excellent heat transfer through lattice vibrations explaining the dominance of heat transfer by
acoustic phonons over electrons in graphene [32]. In combination with excellent electrical
properties, graphene is advantageous over other materials as a thermal conductor. The high
thermal conductivity lends itself well as an application in electronic devices as a pathway of heat

dissipation to a heat sink preventing temperature rises in operating devices [32].

2.2 Binding Forces of Graphene Layers

Graphene layers are held together through van der Waals forces generated by the instantaneous
fluctuations of dipoles between two neighbouring graphenes [33]. The formation of stacked
layers in graphite can be found in two forms: symmetric and asymmetric (Figure 2.1) [34].

However, the asymmetric stacking is thermodynamically preferred in nature [35].



b

Figure 2.1: Formation of stacked layers in graphene. (a) Asymmetric stacking. (b) Symmetric

stacking (bottom layer is fully covered).

Dipole-dipole interactions are inversely proportional to the distance between planes; at large
distances they are the dominant force between two graphene sheets. In general, the van der
Waals forces keep adjacent graphene sheets in balance through attractive and repulsive forces
originating from the Pauli exclusion principle. In metallic or covalent solids (e.g. graphene), the
formation of these bonds is driven by the delocalization of electrons along the nearest-neighbour
direction [34]. Graphene layers have been theoretically and experimentally measured to have an
interplanar distance of ~3.35 A [34]. In the literature four energies are typically used
interchangeably to explain the binding energy between layers in a solid. These energies are
referred to as the interlayer binding energy (Ege), the exfoliation energy (Eex), the surface energy
(Es), and the cleavage energy (Ecw). The interlayer binding forces are quantifiable based on the
energy per layer per area required to split the bulk material into widely separated layers (Figure
2.2) [36]. Exfoliation energies can be described as the energy required to form a single layer
from the surface of a bulk material [37] and is approximately equivalent to the interlayer binding

energy [38]. The surface energy and cleavage are more closely related. The cleavage energy is a



measure of the energy required to divide a crystal into two parts along its basal plane [37] [38]
while the surface energy is the energy required to remove a unit of surface through cleavage
[38]. It is estimated that the four binding energies can be related to each other through Eex~Ege
[38]~0.85Ecw [36] and Eciv=2Es [38]. Experimental results demonstrate cleavage energies of

~0.19 [36]-0.22 J-m™2 [39], and binding energies of ~0.17 [36]-0.19 J-m [39].
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Figure 2.2: Schematic diagram on the classification of the types of interlayer binding in graphite

[38].

2.3 Graphene Oxide and Reduced Graphene Oxide

The push towards a high-yield and cost-effective method for graphene production is constantly
growing. Covalent modification of graphite to form graphene oxide has proven to produce high-
yields presenting itself as a potential method for graphene production. Graphene oxide (GO) is a
material consisting of single to few layer carbon sheets bonded to oxidized groups such as
hydroxyls and epoxides (Figure 2.3) resulting in their excellent dispersion in agueous media [3]

[40] [41] [42] [43].



Figure 2.3: A schematic example of the graphene oxide structure [44].

Preparation of graphene oxide from graphite is a simple process obtaining yields as high as 20
wt% with respect to the oxidized graphite [45]. The most common synthesis process of graphene
oxide is the modified Hummers’ method involving the use of concentrated sulphuric acid and
potassium permanganate as an oxidizer [46] [47]. Further modifications of the Hummers’
method are possible, such as substituting potassium ferrate for potassium permanganate [48] or
adding a small sonication step to aid in exfoliation [44]. However, because of the chemical
conversion, graphene oxide has drastically different electrical properties than pristine graphene;
changing from electrically conductive to electrically insulating. Further processing is required to
convert the electrical properties of GO closer to pristine graphene through either thermal or
chemical reduction to form reduced graphene oxide (rGO). However, rGO has a number of
disadvantages found in defects, stability, and processing procedure [42] [45] [49] [50].
Reduction is not capable of removing all the oxygen functionalities present in GO, thereby
preventing complete conversion to pristine graphene. Therefore, the electrical conductivity of
rGO is unable to match their pristine counterparts due to disruption of the m-orbital structure [51]
[52] [53] [54]. In addition, due to its more hydrophobic nature, rGO is incapable of maintaining a

stable dispersion in aqueous media [49] [50]. This limits the capabilities of rGO as a
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strengthening material in polymers, due to an uneven dispersion of rGO within the material.
Lastly, processing times can last 2-4 days [45] [49] to convert graphite to rGO, severely
handicapping the production rate. The processing procedure is not desirable as the production
and chemical reduction of GO requires many harmful chemicals [45] [49] [55] while thermal

reductions require high operating temperatures (=1000 °C) [43] [55] [56].

2.4 Ultrasonication and Liquid Phase Exfoliation

Liquid phase exfoliation of graphite was first carried out in organic solvents such as N-methyl-
pyrrolidone (NMP) and dimethylformamide by Coleman et al. [40]. The dispersion of carbon
nanotubes in organic solvents [57] was the driving force behind Coleman’s work. Liquid phase
exfoliation of graphite is advantageous over other methods such as chemical vapour deposition
and mechanical exfoliation due to its simplicity and avoidance of high vacuum or temperatures.
In addition, some methods of liquid phase exfoliation have shown good potential to be scaled up
to an industrial level [58] [59]. However, there are a few challenges associated with liquid phase
exfoliation, such as re-aggregation of graphene sheets, production of range of monolayer to

multiple layer graphene, and dispersion concentration.

Ultrasonication is an effective processing method and has the potential to produce monolayer to
few-layer graphene at relatively high graphene concentrations [54] [60] [61] [62]. The waves
produced from ultrasound can be classified into four different categories: longitudinal, shear,
surface, and plate, which depend on the direction of propagation. The frequency of the sound
waves dictates the category of ultrasound separating into three categories: power ultrasound (20-
100 kHz), high frequency ultrasound (100 kHz-1 MHz), and diagnostic ultrasound (1-500 MHz).

Typically, power ultrasound is used to induce physical or chemical changes in system through
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generation of cavitation bubbles [63] [64]. As the ultrasonic waves propagate through a medium,
compressions and rarefactions exert positive and negative pressures that push and pull
molecules. During rarefaction, microbubbles begin to form and grow with each cycle until they
reach an unstable state and implode generating powerful shockwaves [65] [66] [67]. The use of
ultrasonication for the liquid phase exfoliation of graphite has been a promising method for
producing graphene at low costs [68] [69] [70]. The cavitation effect produces normal and shear
forces that act on graphite. Under the intense forces, exfoliation is induced on graphite causing it
to separate into graphene layers.
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Figure 2.4: Schematic of the exfoliation process induced by bubble cavitation during

ultrasonication [71].

The result of exfoliation depends on the power of ultrasonication, the liquid medium used to
disperse graphene nanoplatelets, and the degree of subsequent centrifugation. Suitable liquid
media are chosen to provide an environment that allows for stable dispersions of graphene
produced during sonication. Centrifugation is a post exfoliation process that removes large and

unstably dispersed particles or aggregates [70].
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2.5 Choice of Dispersion Medium in Liquid-Phase Exfoliation

The surface tension of the liquid medium plays a significant role in exfoliation and dispersion
stability through interactions with graphene. Ideally, the liquid would overcome the van der
Waals forces between graphene layers by substantially reducing the energetic cost required to
separate the layers. This energy balance is expressed as the enthalpy of mixing, which is
dependent on the graphene and liquid surface energy [72]. Thus, liquids with surface energies
similar to graphene will reduce the energy cost of exfoliation and facilitate dispersion. It has
been demonstrated that liquids with surface energies between 40-50 mJ-m [40] are the most

suitable for graphene exfoliation.

The use of organic liquids or aqueous solutions containing surfactants as a liquid medium must
be selected based on the various advantages and disadvantages of both approaches. Organic
liquids create a stable environment for suitable graphite exfoliation and graphene suspensions,
because their surface energies are more favourable. However, they are typically toxic with high
boiling points making disposal more difficult [70]. On the other hand, surfactants in aqueous
solutions are more environmentally friendly while producing comparable concentrations of
graphene to solvent exfoliation [60] [61] [73]. The disadvantage of using surfactants over
organic liquids is due to the adsorption of surfactant onto the graphene surface. While the
adsorption process prevents re-aggregation of graphene sheets, an extra processing step is

required to remove adhered surfactant before the graphene can be used as intended.

2.6 Poloxamers

Poloxamers are tri-block copolymers that consist of a central hydrophobic block made of

polypropylene oxide connected to two hydrophilic blocks made of polyethylene oxide (Figure
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2.5). Since the length of the polymer chains can be selected, various types of poloxamers exist
and follow a general naming system. Generally, poloxamer names begin with the letter P
followed by three digits where the first two digits (multiplied by 100) represent the approximate
molecular weight and the last digit (multiplied by 10) represents the percentage of polypropylene
oxide content [74]. However, poloxamers are usually called by the tradename “Pluronic” (BASF)
and follow a different naming convention. These tradenames begin with a letter to define the
physical state at room temperature (L for liquid, P for paste, and F for solid) and end in two or
three digits. The first digit (or the first two for a three digit suffix) indicates the approximate
molecular weight (multiplied by 300) of the hydrophobic block and the last digit (multiplied by
10) indicates the percentage of polyethylene oxide content [75]. Poloxamers are often used as

surfactants, emulsifying agents, solubilizing agents, and dispersing agents [76].

Kt

Figure 2.5: General molecular structure for poloxamers [76].

Poloxamers are promising surfactants producing high graphene yields. For example, Guardia et
al. demonstrated highly concentrated dispersions of graphene with non-ionic surfactants
achieving concentrations as high as ~1 mg-mL™ using Pluronic® P123 after 2 hours of bath
sonication [77]. Sun et al. showed that Pluronic® F127 produced comparable graphene
concentration to other non-ionic surfactants [61] while Notley achieved excellent graphene
concentrations from graphite exfoliated in Pluronic F108 [62]. The mechanism of liquid-phase
graphene exfoliation involves hydrophobic and hydrophilic interactions and utilizes the

amphiphilic properties of surfactants. Graphene is hydrophobic in nature; this promotes adhesion
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between the hydrophobic portions in surfactant molecules to graphene surface. Conversely, the
hydrophilic portions of the surfactant molecules allow for dispersion due to its attraction with
water molecules. Thus, the surfactant acts an encapsulating shell stabilizing the graphene by
preventing re-aggregation through hydrophobic interactions, while enabling stable dispersions
through hydrophilic interactions. Above the critical micellization concentration (CMC), micelles

act as the encapsulating shell (Figure 2.6).
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Figure 2.6: Schematic of surfactant adsorption in aqueous media. (a) Adsorption of unimers
below critical micellization concentration. (b) Adsorption of micelles above critical micelle

concentration [78].

The colloidal stability of dispersed graphene sheets is largely dependent on the amount of
adsorbed surfactant and the hydrodynamic thickness of the adsorbed layer [79]. Langmuir
adsorption isotherms of many poloxamers onto carbon black have been reported in literature
where a plateau region exists at concentrations much smaller than the critical micellization
concentration (CMC) [80]. Pluronic® F127 follows the same trends where the isotherm reaches a

plateau below CMC when adsorbing onto carbon black [79].
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Figure 2.7: Two adsorption isotherms of Pluronic® F127 onto carbon black at 24 °C fitted using
Langmuir and Freundlich equations [79]. Surfactant concentrations were tested in the range of

0.1-1 wt%.

Langmuir isotherms carry the assumption of monolayer adsorption indicating that below CMC
Pluronic® F127 adsorbs as a monolayer. Therefore, at conditions where the monolayer
assumption applies, important adsorption parameters can be determined through the following

empirical equation:

T 1)
m; mSbh mS
where Cs is the filtrate block copolymer concentration, m®; is the amount of adsorbed surfactant
per unit surface area, m® is the maximum amount of adsorbed surfactant per unit surface area,
and b is a measure of the intensity of the surfactant adsorption. Thus, with a surface area of 30
m?2-g’* for carbon black the surface area per molecule of adsorbed Pluronic® F127 is 4.3 nm?

[79]. Similar studies of the adsorption of Pluronic® F127 onto polystyrene nanoparticles of
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various sizes reported similar surface area coverage per molecule [81]. Below the critical
micellization temperature (CMT), the layer thickness at 0.01 wt% Pluronic® F127 (7 nm) is
smaller than 1 wt% Pluronic® F127 (19.6 nm) and is believed that the block copolymer may not
pack tightly at lower concentrations. This effects the polymer conformation such that the
hydrophilic chains do not extend as far, thereby decreasing the adsorbed layer thickness. Above
CMC, when micelles begin to form, the layer thickness was observed to increase for both 0.01
wt% and 1 wt% Pluronic® F127 surfactant concentrations from 7 to 13.3 nm and 19.6 to 22 nm,
respectively. Furthermore, above CMC (or CMT), Pluronic® F127 micelles tend to associate
with one another and this may lead to multilayer formation, further increasing the layer thickness
[79]. Thus, at high Pluronic® F127 concentrations it is possible to experience larger quantities of

surfactant associated with a single adsorbent particle.

2.7 Shear Mixing and Scale-up

Solution based exfoliation of graphite tends to result in high graphene concentrations containing
high amounts of defects, or low concentrations with low levels of defects. Sonication of graphite
in a stabilizing solvent results in high concentrations of defect-free graphene but is typically
exfoliated in volumes of 10-100 mL. Literature studies have shown production rates lower than
0.4 g-h! coupled with relatively low defect content measured by Raman D/G intensity ratios [54]
[82] [83] [84] [85] [86] [87] [88]. These studies were performed on a lab-scale; sonication
processes have limited scalability which makes it difficult to increase production rates. Shear
mixing offers the potential for large scale opportunities and is already used to disperse
nanoparticles in liquids [89]. Additionally, exfoliation of graphite or layered materials that
incorporates shear mixing has been demonstrated in the literature. However, intercalation is

required to weaken the interlayer binding strength before exfoliation can occur [90] [91] [92].
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While the exfoliation process is faster and easier after intercalation, the rate limiting step is
shifted to intercalation and scale-up is more difficult to achieve. For scale-up to be possible,
graphite should be exfoliated using shear mixing without any pre-treatments. Based on power
densities compared to ultrasonication [93] (where power densities are >1500 W-L™), shear
mixers deliver low levels of power to the system indicating that exfoliation would likely not
occur at an appreciable rate. However, Paton et al. has demonstrated a method for the shear
exfoliation of graphite that produces graphene nanoplatelet concentrations in NMP and sodium
cholate (NaC) solutions comparable to sonication [58]. In addition, the shearing process was
shown to be scalable to industrial levels producing large amounts of defect-free graphene.
Shear mixers generally consist of a controllable motor unit which is used to drive a rotor/stator
apparatus. Typical lab bench mixers offer rotation speeds ranging from 0-8000 rpm and are

effective with mixing volumes up to 12 L (Figure 2.8).

r/stator

Figure 2.8: A Silverson high-shear mixer (Model: L5M-A) exfoliating a graphite dispersion [58].
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During mixing, the rotation of the rotor acts as a pump drawing in the solvent and unexfoliated
graphite. In the rotor, centrifugal forces drive the particles to the boundary between the rotor and
stator. As the solution moves outwards at high velocity, large shear forces are applied to the
graphite particles before passing through the perforations in the stator and back into the main
solution (Figure 2.9). Constant rotation of the rotor results in the exfoliation of graphite with the

aid of shear forces.

Figure 2.9: Schematic illustration of the operation of the rotor and stator [58].

Initially, it was believed that localized and high turbulent regions were responsible for the
exfoliation of graphite. Paton et al., showed that graphene dispersions were produced not only at
high Reynolds numbers (turbulent flow) but also at low Reynolds numbers, where the system
transitions from laminar to turbulent flow [58]. Dispersons of graphite were shear mixed in a
Couette setup under laminar flow conditions to prove turbulence is not a factor in the production
of graphene. TEM images confirmed that graphene was produced where the concentration

increased with time. Paton et al. discovered that a minimum shear rate of ~10* s was required to
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produce graphene. At this shear rate in a Couette setup, laminar flow regimes were still

maintained showing that turbulence is not needed for the exfoliation of graphite [58].
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Chapter 3: Exfoliation via Ultrasonication

3.1 Introduction

Since the first extraction of a single layer from bulk graphite, graphene has gained significant
interest from researchers in an effort to exploit its many great physical properties. Most notably,
graphene carries high electrical, mechanical, and thermal properties and acts as an excellent
charge carrier [1] or as a strengthening material in polymer composites [2] [3]. These properties
are desirable for industrial applications to make better electronic systems or strong, lightweight
plastics. Graphene can be produced using bottom-up or top-down methods. Bottom-up
approaches (e.g. chemical vapour deposition) allow for better control of the thickness and size of
graphene sheets, but tend to be expensive. Top-down methods are more cost-effective, and
potentially scalable, and are therefore more favourable for industrial purposes. These methods
typically generate mixtures of pristine single and multilayer graphene sheets [17] [18] [94] [95].
Common methods of top-down graphene production are chemical conversion of graphite to
graphene oxide (GO) followed by reduction to reduced graphene oxide (rGO) [42] [43] [50],

mechanical exfoliation [21] [96], and liquid phase exfoliation of graphite [54] [68] [95].

Liquid phase exfoliation of graphite offers many advantages due to its simplicity and ease of use.
A plethora of liquid media can be used in graphite exfoliation: organic solvents [54] [97] [98], or
aqueous solutions of ionic [61] [99] or non-ionic surfactants [61] [62] have been employed to
produce appreciable amounts of graphene. Surfactant-assisted graphene exfoliation is among the
most promising methods for producing highly concentrated graphene dispersions. Surfactant
based liquid phase exfoliation is advantageous, as higher concentrations can be achieved in a

short time period [61] compared to organic solvents. In addition, surfactant assisted exfoliation is
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an environmentally benign method of graphene production due to the use of aqueous solvents.
One disadvantage of the surfactant assisted exfoliation, however, is the required removal of
surfactant prior to further processing of the exfoliated material. Fortunately, surfactants can be
removed by heating the exfoliated mixture, as they typically disintegrate at low enough
temperatures [100] to avoid changes in the structure or chemical composition of graphene [101]

[102] [103].

While surfactant assisted exfoliation has been researched extensively it is important to note
differences in the effects of ionic and non-ionic surfactants on graphene stabilization [88].
Stabilization from ionic surfactants is the most well understood and is associated with
electrostatic repulsion. The surfactant tails can adhere to the non-polar graphene surface through
van der Waals forces leaving the head groups to disassociate in aqueous liquids. Thus, the
graphene flakes are effectively charged causing adjacent surfactant-coated flakes to repel. Non-
ionic surfactants stabilize graphene flakes in a different manner as no charge is present for
electrostatic repulsion. Like ionic surfactants, the hydrophobic portion adheres to the graphene
surface through van der Waals forces, while the hydrophilic chains protrude into the aqueous
media. When two surfactant-coated flakes approach each other the hydrophilic chains on the

flakes begin to repel each other through steric repulsions [88].

Various studies have been performed to compare ionic to non-ionic surfactant systems on the
graphene flakes produced under identical conditions. Most non-ionic surfactant systems perform
very well, often providing higher graphene concentrations and better stability [61] [62] [73] [77].
Among non-ionic surfactants, poloxamers have been proven to be quite effective in producing
high graphene concentrations in water; yet a very small portion of the available poloxamers has

been investigated. Guardia et al. demonstrated concentrations as high as ~1 mg-mL™ using
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Pluronic® P123 after 2 hours of bath sonication [77]. Sun et al. showed that Pluronic® F127
produced comparable graphene concentration to other non-ionic surfactants [61], while Notley
obtained excellent graphene yields through sequential addition (85%) of Pluronic® F108 and
F127 [62]. Sun et at. and Notley showed that Pluronic® F127 demonstrated high performance
compared to other surfactants. In appendix A, a preliminary investigation was conducted for this
thesis to study the effectiveness of graphite exfoliation in an anionic surfactant using cetyl
trimethylammonium bromide (CTAB). It was shown that Pluronic® F127 provided a better
environment for the exfoliation of graphite; influencing the choice of surfactant. The literature
results provide a promising route for the production of graphene. However, these studies lack
full characterization of the graphene platelets choosing to focus mostly on graphene
concentration, rather than the properties of the resulting product. In addition, the poloxamer
surfactant concentration was kept constant around critical micellization concentrations (CMC)

with little research conducted below and above CMC.

In this work, a detailed study is conducted on the effect of a wide-range of operating conditions
and Pluronic® F127 concentrations on the yield and properties of the resulting GNPs. The
acquired data and modelling are used to propose the mechanism underlying the ultrasonic-
assisted exfoliation of graphite. By using tip sonication high concentrations of GNPs can be
dispersed and stabilized in Pluronic® F127-water systems in short periods of time. Finally, the
data demonstrates that two mechanisms are responsible for the exfoliation of graphite, where a

transition between mechanisms is marked at specific sonicating conditions.
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3.2 Experimental Section

3.2.1 Materials

Natural graphite powder (purity 95% and 80 mesh) was supplied by Eagle Graphite and purified
(99%) with anhydrous ethyl alcohol and acetone. Pluronic® F127 was purchased from Sigma

Aldrich and used as received. Milli-Q quality water was used in all of the experiments.
3.2.2 Methods

Graphite (G) was exfoliated using a Microson Ultrasonic Cell Disruptor equipped with a 3 mm
diameter sonicating tip. Surfactant concentrations ranging between 0 to 15 wt% were used for
the exfoliation process and prepared by dissolving Pluronic®F127 in Milli-Q water to a total
volume of 60 mL. Since the dissolution of Pluronic® F127 in water occurs more readily at lower
temperatures, the mixture was left to equilibrate for 12 h at 4 °C. Graphite powder (5 wt%) was
added to the surfactant solution and stirred until adequately mixed. The graphite-surfactant
solution was placed in a temperature controlled bath to maintain temperature at approximately 20
°C (room temperature). A stir bar was placed at the bottom of the beaker to ensure better mixing.
Graphite exfoliation was initiated after lowering the sonicating tip halfway into the solution
volume and setting the amplitude between 35 to 100% on the digital display (corresponding to 9-
34 W). The solution was left to exfoliate for 4 hours with samples taken in 1 hour intervals (3
mL). These samples were centrifuged at 1800 g for 30 minutes and the supernatant was used for

characterization through UV-VIS spectroscopy and DLS.
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3.2.3 Instrumentation and Analysis

UV-VIS spectroscopy was performed on a Varian Cary 100 Scan spectrophotometer. The
selected wavelength range was from 400 to 800 nm and the cuvette path length was 0.01 m. The
absorbance was converted to concentration using the Lambert-Beer law. The supernatants of the
centrifuged samples were diluted 10-20 fold with Milli-Q water to ensure the absorbance was

within the instrument’s range.

The extinction coefficient used in these experiments was analytically determined using the
Lambert-Beer law with two different methods. First, the absorbance of a known volume was
measured using UV-Vis and sequentially dried using a vacuum oven. After drying, the adhered
surfactant was removed in an inert atmosphere using TGA and the mass of the dry material was
measured. Thus, the concentration of the GNPs was determined by dividing the mass of the dry
material by the sample volume. Plotting the absorbance against the nanoplatelet concentration
provided the extinction coefficient as the slope of the trend line. In the second method, a known
mass of dry, surfactant free material was dispersed in a known volume of NMP. After, the
absorbance of the solution was measured using UV-Vis and then plotted against the
concentration similar to the previous method. Both methods were in agreement and were
averaged to produce an extinction coefficient of 732 mL-mg™*-m™ (A=660 nm). This is lower
than results reported in literature [54] [104] [105] [106], though the extinction coefficient

appears to be dependent on the system in which the nanoplatelets were exfoliated [107].

The supernatant samples were further diluted (15-fold) with Milli-Q water and estimates of the
particle size distribution of the GNPs were obtained through Dynamic Light Scattering (DLS)

measurements, using a Malvern Instruments Zetasizer Nano ZS (A=633 nm). The polydispersity
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index (Pdl) in DLS measurements describes the width of a particle size distribution and is
calculated from a Cumulant analysis [108]. Thus, true monodisperse solutions inherently have
PdI values of 0. However, the classification of monodisperse ranges from 0.0-0.1 whereas
polydisperse ranges from 0.1-0.7 [109]. Values > 0.7 indicate samples that are not suitable for
DLS [108]. Data obtained through DLS, however, must be interpreted with caution as the
reported particle size, calculated from the Stokes-Einstein equation, is that of the spherical
equivalent of GNP. Furthermore, the DLS intensity averages are affected more by larger
particles than smaller particles. Thus, it must be taken into account that the larger particles will

have a greater effect on the particle size distribution when interpreting the Pdl.

Thermogravimetric analysis was carried out using a Q500 TGA instrument. Prior to
thermogravimetric analysis, the suspensions were filtered using a 0.2 um pore size Sterlitech
Nylon membrane and washed to remove any excess surfactant. The powder was collected and
sequentially dried in a vacuum oven at 60 °C for 12h. Samples were heated from room
temperature to 400 °C at 20 °C-min* under a 50 mL-mint nitrogen gas flow. Isothermal
conditions were maintained at 400 °C for 45 minutes before ramping up to 450 °C at 20 °C-min!

to ensure all of the surfactant was degraded.

BET measurements were conducted using an Autosorb-1 by Quantachrome instruments to obtain
the specific surface area of the graphene platelets. Samples obtained from TGA were degassed at
300 °C for 4 h and then analyzed using multipoint BET physisorption with nitrogen relative

pressures (0.1-0.3 at 77 K).
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TEM images were obtained using a Hitachi H-7000 instrument operated at 75 kV. GNPs in the
form of dry powder were first dispersed in NMP at 0.1 wt% using an ultrasonic bath for 1.5 h.

The sample was then deposited on 300 mesh copper grids and dried before analysis.

AFM measurements were performed using a Veeco Di NanoScope llla AFM, with an AppNano
ACT N-type silicon probe (force constant k=37 N-m%, radius of curvature=6 nm, resonance

frequency f=300 kHz) in tapping mode. The samples were prepared by spraying the GNP-NMP
dispersion described above onto an oxidized silicon wafer. To prevent “ring” effects, the silicon

wafers were placed on a hot plate during spray coating, to increase the NMP evaporation rate.

3.3 Results

3.3.1 Effects of time, sonication power, and surfactant concentration on exfoliation

performance

Exfoliations were carried out for a total sonication time of 4 h, at various amplitudes and
surfactant concentrations. The concentration of exfoliated GNPs increased proportionally with
time, for all surfactant concentrations, and at all amplitudes (representative data shown in Figure
3.1(a) and Figure 3.1(b)). Figure 3.1(b) shows a dramatic increase in GNP concentration at 100%
amplitude and at surfactant concentrations higher than 10 wt% F127. These differences are

noticeable from the beginning of the sonication experiments.
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Figure 3.1: GNP concentration vs. time for various surfactant concentrations. (a) 70% amplitude.

(b) 100% amplitude.

The effects of amplitude and amount of surfactant are further highlighted in Figure 3.2, which
demonstrates that increasing the oscillation amplitude results in higher nanoplatelet

concentrations. This figure also depicts the effect of surfactant concentration. At low and
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medium sonication power, and above the Critical Micelle Concentration (CMC), the exfoliation
yield appears to be independent of the amount of surfactant present in the system. However, the
graphene concentration produced at high sonication power (100% amplitude) increases
exponentially as the surfactant concentration increases beyond 10 wt%. The corresponding yield,
with respect to the initial amount of graphite increases by an order of magnitude, from 0.6 to 6%

at amplitudes of 35 and 100% respectively.
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Figure 3.2: GNP concentration as a function of surfactant concentration, at three amplitudes (t=4

h). The vertical line indicates CMC at 20°C [110].

Dimensional analysis allows us to better understand the effect of power input, sample volume,
and time on the graphene concentration produced by sonication. The performance of the system
is described here in terms of five experimental parameters: initial graphite concentration (C;),
exfoliated graphite concentration (C), sonication time (t), power based on digital output on the

sonicator (P), and solution volume (V). Figure 3.3 shows the experimental data in terms of the
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dimensionless groups resulting from the Buckingham IT theorem (details are shown in Appendix

B). The concentration (C) follows a power-law trend with respect to the dimensional group

P-t3.V53 irrespective of the surfactant concentration, at surfactant concentrations below 10 wt%

and constant initial graphite concentration, according to Equations (3.1)-(3.3):

5\ 0.240
35% Amplitude: C = 5.64 X 107> (PtV_§>

5\ 0.252
70% Amplitude: C = 5.53 X 107> (PtV_§>

51 0.289
100% Amplitude: C = 2.26 X 107° (PtV_§>

(3.1

(3.2)

(3.3)

The threshold where surfactant concentration becomes a variable in the production of GNPs is

clearly visible in Figure 3.3. Specifically, above 10 wt% surfactant and at 100% amplitude, the

concentrations of GNPs do not follow the trend lines described above, consistent with the

experimental results described on Figure 3.1 and Figure 3.2.
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Figure 3.3: Dimensional groups showing the effect of power, time, and volume on graphene
concentration. The trend lines represent the best fit for the data at each amplitude (summarized in
equations (3.1)-(3.3). The open data points represent concentrations obtained at surfactant

concentrations between 13-15 wt%.

3.3.2 Effects of sonication time, power and surfactant concentration on platelet size

The size of the GNPs being produced over the course of the exfoliation was studied with DLS.
Figure 3.4 shows the influence of power and time on the mean nanoplatelet size at 5 wt% F127
in water. Similar trends were observed for the other surfactant concentrations. As the amplitude
increases from 35% to 100% the particle size remains in the range of 200 to 300 nm.
Furthermore, according to the DLS results, no discernible trend can be observed in the mean

particle size variation over exfoliation time.
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Figure 3.4: Effect of amplitude on the average particle size, obtained from three replicates of

dynamic light scattering measurements at 5 wt% F127 in water.
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Figure 3.5: Effects of surfactant concentration on the average particle size obtained from three

replicates, at 100% amplitude.
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However, the average particle size increases, and the distribution becomes narrower when the

surfactant concentration increases beyond 10 wt%, as shown in Figure 3.5 and Table 3.1.

Table 3.1: Effect of surfactant concentration on the average particle size (t=4 h) and

polydispersity index (Pdl) at 100% amplitude.

Surfa(_:tant Aver_age Particle Pdl
Concentration (wWt%) Size (nm)
1 251 0.261
5 266 0.174
10 360 0.326
13 455 0.031
14 401 0.033
15 470 0.031

3.3.3 GNP microstructure

Figure 3.6 shows representative TEM images of platelets produced at 100% amplitude at 1, 5,
14, and 15 wt% F127 in water. The contrast of the objects relates to their thickness: low-contrast
images represent few-layer graphene (FLG) (Figure 3.7a, Figure 3.7b, and Figure 3.7¢e), whereas
high-contrast images indicate multilayer graphene (MLG) (Figure 3.7d, Figure 3.7g, and Figure
3.7h). Overall, TEM data suggest that a wide range of nanoparticle thickness is being produced
at all surfactant concentrations; however, it was observed that the occurrence of FLG

nanoplatelets are more prominent at lower surfactant concentrations.

Image analysis on the TEM images support the DLS observations. At 1 and 5 wt% F127 in
water, particle sizes range from about 200 to 400 nm, which is consistent with the DLS
measurements (Table 3.1). At higher concentrations, the nanoplatelets are typically larger in size

and multilayered.
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Figure 3.6: TEM images of GNPs produced at 100% amplitude and various surfactant

concentrations (t=4 h). (a)-(b) 1 wt% surfactant concentration. (c)-(d) 5 wt% surfactant
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concentration. (e)-(f) 14 wt% surfactant concentration. (g)-(h) 15 wt% surfactant concentration.

Scale bar is 100 nm everywhere, except 7g (200 nm).

Since TEM imaging can only provide 2D information, AFM observations were used to
complement the TEM images, and estimate the nanoplatelet thickness and thus obtain more
information on the 3D dimensions of the graphene flakes produced during sonication. Figure
3.7a and Figure 3.7b display characteristic imaging of graphene sheets exfoliated at a surfactant
concentration of 1 wt%, having a broad size distribution, ranging from from 70 to 350 nm. The
platelet thickness distribution ranges from 4 to 5 nm, which is approximately equal to 6-9
stacked graphene layers The number of graphene layers is based on a single atom layer thickness
of 3.4 A [41] [50] [45] [111] (theoretical) and layer spacing of 3.35 A [33] [35] [112]. Figure
3.7c and Figure 3.7d provide information on the size and thickness of the exfoliated material at a
surfactant concentration of 15 wt%. A much broader distribution of size and thickness can be
observed in this case. The lateral size (based TEM as they are considered more representative),
thickness, stacked layers of graphene, and aspect ratio of the graphene platelets is summarized in
Table 3.2. As in the case of TEM, it was consistently observed that, for both surfactant

concentrations, flakes that were larger in size were also thicker.

Table 3.2: Summary of nanoplatelet properties using TEM and AFM measurements (100%

amplitude and t=4 h).

Surfactant Lateral Size, nm | Thickness, nm | Number of Stacked Aspect
Concentration (TEM) (AFM) Graphene Layers Ratio
1 wt% 324 - 431 4-5 6-9 72 -108
15 wt% 294 — 540 8-77 13 ->100 7-65
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Figure 3.7: AFM images of GNPs at a surfactant concentration of 1 wt% and 15 wt% at 100%
amplitude (t=4 h). (a)-(b) 1 wt% surfactant concentration. (c)-(d) 15 wt% surfactant

concentration.

3.3.4 Specific surface area of GNPs

Figure 3.8 demonstrates the effects of surfactant concentration on the specific surface area (SSA)
of graphene platelets, as measured by BET. Theoretically, it has been reported that graphene
monolayers should have a specific surface area of 2630 m?-g* [113] while the surface area of
few-layer graphene samples ranges from 280-1550 m?-g* [114]. Compared to literature, the
specific surface area produced during exfoliation is lower and around 100 m2-g*. The smaller
particle size and higher aspect ratio at 1 wt% surfactant (Table 3.2) may account for the higher

SSA recorded at this concentration.
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Figure 3.8: BET measurements on exfoliated GNPs produced at 100% amplitude at various

surfactant concentrations.

3.4 Discussion

The experimental results presented above allow us to better understand the effects of sonication
power and non-ionic surfactant concentration on the mechanism of graphite exfoliation in
aqueous media. As summarized in Table 3.3, higher ultrasonic power densities are beneficial to
the exfoliation yield and the production of GNPs correlates almost linearly within the range of
power inputs examined (160-420 W-L1). On the other hand, power changes did not have an

effect on the mean platelet size, as assessed with DLS.

Surfactant concentrations below CMC (app. 1 wt%) result in less exfoliated material than
concentrations above CMC (Figure 3.2). This observation can be explained by considering that
micelles in the solution can serve as reservoirs of free surfactant that can replenish molecules
adsorbed on the surface of the platelets during exfoliation. Above CMC the amount of surfactant

had negligible effect on the exfoliation yield, and GNP size, within the concentration range 1-10
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wit%. However, surfactant concentrations higher than 10 wt% at maximum power density (100%
oscillation amplitude) improved the exfoliation yield by 3-fold or more, and resulted in increased

GNP mean size by about 50%.

Overall the detailed parametric study and modeling based on dimensional analysis of this system
has revealed that the threshold above which the concentration of the GNPs increases
dramatically is between 70 and 100% amplitude and at or above 10 wt% surfactant. At these
conditions, it is evident that a change in exfoliation mechanism takes place, resulting in higher
yields of MLG, having aspect ratios of 7-65. Conversely smaller yields of FLG with aspect ratios
about 72-108 are obtained at more moderate power inputs, and lower surfactant concentrations.
Below we attempt to provide an explanation for these observations by examining the exfoliation

mechanisms and the role of surfactant during the exfoliation process.

Table 3.3: Influence of experimental parameters on the exfoliation performance characteristics.

Experimental Graphene . Platelet size Aspect ratio
parameter concentration

Sonication time 1 unaffected (no data)
Power input 1 unaffected (no data)
Surfactant_ unaffected (< 10 wt%) | unaffected (< 10 wt%) l
concentration 1 (> 10 wt%) 1 (=10 wt%)

3.4.1 Graphite exfoliation mechanism — Effect of power input

In literature, the liquid phase exfoliation of graphite is usually assumed to be the result of layer

by layer extraction of graphene from graphite, a mechanism called “delamination” [73] [115].
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Gould et al. [116] identified three types of division in layered bulk systems: “stretching”, which
represents equal separation of all layers, “cleavage”, which involves division into two sub-bulks,
to form two new layered systems, and “exfoliation”, which stands for the removal of one layer
from the top of a bulk (Figure 3.9). In our liquid exfoliation system, stretching is rather
improbable, as it would require very long diffusion times for the liquid medium molecules to

penetrate within the layers of the graphite and achieve separation of all layers.

a b
R G = o ARG AN $ 7 7,

Figure 3.9: Graphene layers after (a) exfoliation and (b) cleavage [116]

Theoretical calculations performed by Gould et al. [116] show that exfoliation is a less energy-
intensive process than cleavage. Specifically, the energy of interaction between the surfaces that
are being separated varies with the inverse second power of separation (D) in the case of
cleavage and with log(D)D in the case of exfoliation. Therefore, exfoliation, which involves
separation of a single (or few layers) from the layered bulk appears to be prominent at the lower
power densities and low surfactant concentrations, where low concentrations of FLG were
obtained experimentally. As the power input to the system increases, the cleavage mechanism,

which is a more energy-intensive process is promoted. Due to the nature of the mechanism, the
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resulting GNPs will be multilayered and possibly larger in overall size. This conceptualization
appears to explain our findings that at the highest power input, higher yields of multi-layered
graphene particles are produced, whereas few-layer GNPs are more pronounced at the lower and
medium power settings. Our results suggest that a threshold of power input must be reached

before the cleavage mechanism begins to contribute significantly to GNP production.

3.4.2 Surfactant Concentration Effects on Graphene Concentration

In addition to the existence of a power input threshold, the concentration of surfactant plays a
very important role. At maximum power density (100% oscillation amplitude) and surfactant
concentrations higher than 10 wt% improvements in concentration and increases in the average
particle size of the GNPs are observed. To the best of our knowledge, such a phenomenon has
not been reported previously in the literature, possibly because graphite exfoliation by sonication
is usually performed at surfactant concentrations around the CMC [19] [25]. In the sections
below we interpret the effects of surfactant based on power/viscosity effects, as well as

stabilization phenomena.

3.4.2.1 Effect of surfactant on the viscosity of the exfoliated medium

It is well known that increasing the surfactant concentration has a significant effect on the
viscosity of the liquid medium. At the temperature of the experiments (20 °C), Pluronic F127
reaches a gel point around 17 wt% in water. Consequently, surfactant concentrations
approaching gelation exhibit an exponential increase in viscosity. This effect is presented in
Figure 3.10, which is a compilation of data from the literature [117] [118] [119] [120] and
demonstrates that the viscosity of the aqueous phase varies exponentially in the concentration

interval 1-15 wt%. The effect of surfactant concentration on viscosity is especially strong at 10
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wt% or higher concentrations. It is, therefore, plausible that the increase in viscosity may have an
effect on the exfoliation mechanism, by mediating more efficient transfer of shear forces from

the medium to the graphite particles, thereby further promoting cleavage.
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Figure 3.10: Viscosity of water-surfactant solution at various surfactant concentrations [117]

[118] [119] [120].

The hypothesis that viscosity changes can correlate with exfoliation performance is examined
below. Specifically, the data obtained at 100% sonication amplitude at different surfactant
concentrations and times (Figure 3.11) were replotted after performing a viscosity normalization
step. It was found that when all data were normalized with respect to one viscosity value, data
disparity did not improve. Interestingly, when only results obtained at surfactant concentrations
higher than 5 wt% were normalized, the data began to merge into a single band. The most
narrow band was observed at viscosities around 6.5 cP, a value that corresponds to a surfactant
concentration of approximately 10 wt%. As seen in Figure 3.11, at that viscosity the

concentration lines begin to overlap. It is therefore possible that a viscosity threshold of
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approximately 10 wt% exists, above which viscosity related effects begin to contribute to the

exfoliation process.

At this point it must be acknowledged that the effect of viscosity is non-linear and, likely,
complex. As power dissipation becomes more intense at elevated viscosities, changes in
temperature profiles inside the system may ensue, further complicating the viscosity effect. This

should therefore be a topic of further detailed investigation.
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Figure 3.11: GNP concentration produced at maximum power density (100% oscillation

amplitude) with a viscosity normalization.

3.4.2.2 Effect of surfactant on GNP stabilization

The effect of surfactant must also be considered in terms of its ability to stabilize the exfoliated
GNPs. The amount of surfactant adsorbed on a GNP as a function of surfactant concentration

was studied by means of TGA. As seen in Figure 3.12, the amount of surfactant that adsorbs on
the nanoplatelets increases significantly with increasing surfactant concentration and sonication

amplitude. Whereas the dependence is approximately linear at 70% amplitude, it becomes
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exponential at 100% amplitude. Overall, the amount of surfactant retained with the GNP is
significant, as it ranges between 0.08-0.28 g F127/g of dry nanoplatelets at 70% amplitude and

between 0.22-0.56 g F127/g of dry nanoplatelets at 100% amplitude.
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Figure 3.12: Thermogravimetric analysis on exfoliated GNPs, performed at various surfactant

concentrations (t=4 h).

It has been shown that, at low concentrations (1 wt% or below), Pluronic F127 adsorbs on the
surface of hydrophobic materials in the form of brushes of height approximately equal to 9 nm
[121]. The adsorbed amount of F127 in a monolayer conformation has been calculated to be
0.543 mg m2 on carbon black [122] and 1.8 mg m2 on single-walled carbon nanotubes [123].
According to Figure 3.8 and Figure 3.12, the amount of adsorbed surfactant at 1 wt% F127 is of
the order of 1.7 mg m (0.22 g F127/g of GNP, As;=130 m?/g), which supports the assumption
that at this concentration the adsorbed F127 molecules form a monolayer on the surface of

GNPs. At much higher concentrations, micelles are more likely to adsorb and cover the surface
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of the GNPs rather than individual molecules [78] [124]. This assumption is also supported by
our TGA and BET calculations, as follows. The micelles of F127 have been shown to have a
radius of 9.2 nm and association number of 39 [122]. Assuming close packing of micelles at
higher concentrations and a specific surface area of 90 m?.g* of GNP (Figure 3.8), a ratio of 0.28
g F127/g GNP is calculated. This value is very close to our TGA results for 10 wt% surfactant.
TGA results also suggest that at concentrations higher than 10 wt% surfactant molecules adsorb
much more densely on the GNP surface. The possibility that adsorbed surfactants assume higher-
order configurations on GNPs at such high concentrations should not be discounted, although
information on the packing of F127 molecules on the surface of graphene is currently not
available in the literature. It is, therefore, possible that a fraction of larger particles formed at
100% amplitude and >10 wt% surfactant concentrations becomes stably suspended due to this
higher density of adsorbed surfactants which cause stronger associations with the medium, and
thus a higher resistance to sedimentation. This would increase significantly the concentration of

GNPs that remain suspended in the supernatant and result in a larger mean particle size.

The observation that higher concentrations of surfactant cause an increased clustering of
adsorbed micelles on the surface of GNPs may have multiple consequences. For example, part of
the size difference between particles produced at lower vs. higher surfactant concentrations must
be attributed to the adsorption of micelles, which are expected to increase the overall GNP size
by a substantial amount. As mentioned earlier, a monolayer of adsorbed F127 molecules may
have a thickness of approximately 9 nm, whereas the size of a micelle is close to 19 nm.
Moreover, as the adsorption of micelles creates a higher density of hydrophilic groups on the

surface of the nanoplatelets, hence a stronger association with the surrounding medium, the
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diffusion rate of GNPs will be slower, thereby causing them to appear larger in a DLS

measurement.

3.5 Conclusion

Poloxamer based surfactants have been shown to produce high concentrations of graphene
through the ultrasonication exfoliation of graphite. The concentration is dependent on the
amplitude (power) of the sonicating tip and length of exfoliation where larger amplitudes and
longer exfoliation times increase the concentration of GNPs (0.26-3.01 mg-mL™). At lower
surfactant concentrations (<10 wt%) average particle sizes were found to range from 250-360
nm. Increasing the surfactant concentration (>10 wt%) enables the stabilization of larger
particles (~500 nm) due to micelle association and the formation of multilayer surfactant
adsorption on the nanoplatelet surface. Coupling high amplitudes with high surfactant
concentrations produces exponentially increased nanoplatelet concentrations. Thus, it is believed
that both exfoliation and cleavage mechanisms are responsible for the exfoliation of graphite
where cleavage becomes more prominent at maximum power. The quality of the nanoplatelets
was affected by the surfactant concentration where larger surfactant concentrations produced
thicker GNPs. Thus, the aspect ratios were estimated to range from 72-108 and 7-65 at surfactant
concentrations of 1 wt% and 15 wt%, respectively. This work demonstrates that Pluronic® F127-
assisted ultrasonication exfoliation water can produce high concentrations of stable GNP

dispersions in an environmentally friendly manner.
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Chapter 4. Exfoliation via Shear Mixing

4.1 Introduction

The production of large quantities of graphene is a sought-out process hindered by the low
efficiencies of current methods. Bottom-up methods are excellent at creating pristine single layer
graphene molecules. These methods, such as chemical vapour deposition, are highly controllable
in terms of sheet size and thickness, making them great approaches for producing graphene
usable within electronics. However, the production rates are typically very low, making them
difficult to implement industrially [125] [126] [127]. In top-down methods, production rates can
be higher but the wide range of sheet thicknesses produced limits their applications in
electronics. Liquid phase exfoliation and covalent modification methods have shown promise for
generating highly concentrated solutions of graphene [54] [60] [61] [62] but with long
processing times. Liquid phase exfoliation typically uses ultrasonication as the exfoliation source
which requires 24 h [61] to 400 h [54] [60] depending on the liquid media to produce appreciable

amounts of graphene.

However, ultrasonication is not scalable because of the large amounts of energy that would be
required from industrial sized instruments. Recently, application of high shear forces through the
use of shear mixers [58] and microfluidization [59] have been investigated as scalable methods
of graphite exfoliation. The production rates for each method are exceptional, reaching as high as
1.44 g-h'tand 9.3 g-h%, respectively, with larger production rates upon scale-up. Shear
exfoliation is similar to liquid phase exfoliation as aqueous liquids can be used to facilitate the
exfoliation of graphite and provide a stable dispersion of graphene thereby eliminating the use of

harmful organic liquids. However, research in aqueous systems using non-ionic surfactants is
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limited as ionic surfactants [58] [59] and organic solvents [58] [128] have been the main focus
for exfoliating agents. As previously stated, liquid phase exfoliation in non-ionic surfactant
systems performed better than ionic surfactants providing better stability and higher
concentrations of graphene nanoplatelets [61] [62] [73] [77]. Furthermore, characterization of the

graphene nanoplatelets produced in different exfoliation conditions is limited in the literature.

Herein, a detailed study is conducted on the effect of a wide-range of operating conditions and
concentrations of a non-ionic surfactant system on the yield and properties of the resulting
graphene nanoplatelets produced by shear mixing. The acquired data prove that this method of
exfoliation can produce high concentrations of good quality graphene nanoplatelets with the

potential for easy scalability.

4.2 Experimental Section

4.1.1 Materials

Natural graphite powder (purity 95%) was supplied by Eagle Graphite and purified (99%) with

anhydrous ethyl alcohol and acetone. Pluronic® F127 was purchased from Sigma Aldrich and

used as received. Milli-Q quality water was used in all of the experiments.
4.1.2 Methods

Graphite (G) was exfoliated using a Silverson L5M-A shear mixer equipped with a 3 cm
diameter square hole stator. Various surfactant concentrations were used for the exfoliation
process and prepared by dissolving Pluronic® F127 in Milli-Q water to a total volume of 180
mL. Since the dissolution of Pluronic® F127 in water is more favourable at lower temperatures,

the mixture was left to equilibrate for 12 h at 4 °C. Graphite powder (5 wt%) was added to the
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surfactant solution and stirred until adequately mixed. The graphite-surfactant solution was
placed in a temperature controlled bath to maintain temperature at approximately 20 °C (room
temperature). Graphite exfoliation was initiated after lowering the rotor three quarters down (off
centered) into the solution volume and setting the rotation speed. The solution was left to
exfoliate for 1 hour with samples taken in 10 minute intervals. These samples were centrifuged at
1800 g for 30 minutes and the supernatant was used for characterization through UV-VIS

spectroscopy and DLS.

4.1.3 Instrumentation and Analysis

UV-VIS spectroscopy was performed on a Varian Cary 100 Scan spectrophotometer. The
selected wavelength range was from 400 to 800 nm and the cuvette path length was 0.01 m. The
absorbance was converted to concentration using the Lambert-Beer law. The supernatants of the
centrifuged samples were diluted 10-20 fold with Milli-Q water to ensure the absorbance was

within the instrument’s range.

The extinction coefficient used in these experiments was analytically determined using the
Lambert-Beer law with two different methods (Appendix C). First, the absorbance of a known
volume was measured using UV-Vis and sequentially dried using a vacuum oven. After drying,
the adhered surfactant was removed in an inert atmosphere using TGA and the mass of the dry
material was measured. Thus, the concentration of graphene nanoplatelets was determined by
dividing the mass of the dry material by the sample volume. Plotting the absorbance against the
nanoplatelet concentration provided the extinction coefficient as the slope of the trend line. In the
second method, a known mass of dry, surfactant free material was dispersed in a known volume

of NMP. After, the absorbance of the solution was measured using UV-Vis and then plotted
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against the concentration similar to the previous method. Both methods were in agreement and
were averaged to produce an extinction coefficient of 732 mL-mg*-m™ (A=660 nm) (Figure C.1
and Figure C.2). This is lower than results reported in literature [54] [104] [105] [106], though
the extinction coefficient appears to be dependent on the system in which the nanoplatelets were

exfoliated [107].

The samples were further diluted (15-fold) with Milli-Q water and estimates of the particle size
distribution of the graphene nanoplatelets were obtained through Dynamic Light Scattering
(DLS) measurements, using a Malvern Instruments Zetasizer Nano ZS (A=633 nm). The
polydispersity index (Pdl) in DLS measurements describes the width of a particle size
distribution and is calculated from a Cumulant analysis [108]. Thus, true monodisperse solutions
inherently have Pdl values of 0. However, the classification of monodisperse ranges from 0.0-0.1
whereas polydisperse ranges from 0.1-0.7 [109]. Values > 0.7 indicate samples that are not
suitable for DLS [108]. Data obtained through DLS, however, must be interpreted with caution
as the reported particle size, calculated from the Stokes-Einstein equation, is that of the spherical
equivalent of GNP. Furthermore, the DLS intensity averages are affected more by larger
particles than smaller particles. Thus, it must be taken into account that the larger particles will

have a greater affect on the particle size distribution when interpreting the Pdl.

Prior to thermogravimetric analysis (TGA), the solutions were filtered through a 0.2 [Im pore
size Sterlitech Nylon membrane filter and washed to remove any excess surfactant. The powder
was collected and sequentially dried in a vacuum oven at 60 °C for 12h. Thermogravimetric
analysis was carried out using a Q500 TGA instrument from TA instruments. Samples were

heated from room temperature to 400 °C at 20 °C-min* under a 50 mL-min* nitrogen gas flow.
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Isothermal conditions were maintained at 400 °C for 45 minutes before ramping up to 450 °C at

20 °C-min‘! to ensure all of the surfactant was degraded.

BET measurements were conducted using an Autosorb-1 by Quantachrome instruments to obtain
the specific surface area of the graphene platelets. Samples obtained from TGA were degassed at
300 °C for 4 h and then analyzed using multipoint BET physisorption with nitrogen relative

pressures (0.1-0.3 at 77 K).

TEM images were obtained using a Hitachi H-7000 instrument operated at 75 kV. Dry graphene
powder was first dispersed in NMP at 0.1 wt% using an ultrasonic bath for 1.5 h. The sample

was then deposited on 300 mesh copper grids and dried before analysis.

The graphene nanoplatelet-NMP solution was spray coated onto a silicon wafer in preparation
for atomic force microscopy (AFM) measurements. To prevent ring effects from occurring, the
silicon wafers were spray coated while laying on a hot plate to increase the evaporation rate of
NMP. Measurements of graphene platelet thickness were carried out using a Veeco Di
NanoScope llla AFM, with an AppNano ACT N-type silicon probe (force constant k=37 N-m™,

radius of curvature=6 nm, resonance frequency f=300 kHz) in tapping mode.

4.4 Results

4.2.1 Effect of Surfactant Concentration on Graphene Nanoplatelet Concentration and

Size

Consistent with the results presented in Chapter 3, a linear relationship exists between the
graphene concentration and exfoliation time. Shear exfoliations were conducted at different

surfactant concentrations to determine the effect of surfactant concentration on the concentration
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of graphene. Due to excessive frothing, the system was unable to be operated at 15 wt% F127.
Thus, only surfactant concentrations at 1, 5, and 10 wt% were investigated. Overall, the three

surfactant concentrations showed similar trends with respect to time.

Increasing the surfactant concentration from 1 wt% to 10 wt% resulted in slightly lower
graphene nanoplatelet concentrations. After 1 hour of exfoliation, the graphene concentration
was 0.055 mg-mL?, 0.046 mg-mL™, and 0.036 mg-mL™ at 1 wt%, 5 wt%, and 10 wt% F127 in
water, respectively (Figure 4.1). Equivalently, the yields, with respect to the initial graphite
concentration, after 1 hour of mixing were 0.20 %, 0.17 %, and 0.13 % at 1 wt%, 5 wt%, and 10

wit%, respectively.
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Figure 4.1: Effect of surfactant concentration on the graphene nanoplatelet concentration in a

shear exfoliation process at 6000 rpm.

Overall the surfactant concentration did not affect substantially the graphene nanoplatelet

concentration in the shear exfoliated system. However, it should be noted that in the batch
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sonication system the important differences were seen at surfactant concentrations above 10

wt%, which were not tested in the present case.

Figure 4.2 shows the average particle size as a function of sampling time at surfactant
concentrations of 1 wt%, 5 wt%, and 10 wt%. Particle size increased from ~250 nm at 1 wt%
surfactant solution to ~450 nm at 10 wt% surfactant solution. Table 4.1 displays the particle size
distribution for the conditions in Figure 4.2. Appendix F visually displays the particle size
distributions (Figure F.1, Figure F.2, and Figure F.3). However, the particle size was not affected
by the surfactant concentration at lower surfactant concentrations, as there is a negligible
difference between 1 wt% and 5 wt%. On the other hand, increasing the surfactant concentration
up to 10 wt% results in roughly double the particle size. Such phenomenon was also witnessed in
batch sonication systems, where a threshold existed beyond which the particle size began to
increase with increasing surfactant concentration, as explained in Chapter 3 and is likely the

result of larger particles remaining in suspension in the presence of higher amounts of surfactant.
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Figure 4.2: Mean particle size determined from three separate measurements for each individual
surfactant concentration. Surfactant concentrations were examined at 1 wt%, 5 wt%, and 10 wt%

at 6000 rpm.

Table 4.1: Average particle size and polydispersity index for various surfactant concentrations

conditions exfoliated at 6000 rpm and t=1 h.

Surfactant Concentration | Average Particle Size (nm) Pdl
(Wt%)
1 267 | 0.253
5 205 | 0.140
10 454 | 0.271

This hypothesis is supported by the TGA analysis, which shows that the amount of adsorbed
surfactant on the surface of the platelets increases with initial surfactant concentration (Figure

4.3)
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Figure 4.3: Thermogravimetric analysis on graphene nanoplatelets showing the amount of

adsorbed surfactant as a function of initial surfactant concentration (t=1 h).

Adsorption of poloxamer is a phenomenon affected by the concentration. As the concentration of
surfactant in solution approaches CMC, more of the surface of a hydrophobic material is covered
by the polymer. In addition, as micelles form they begin to associate with themselves leading to a
higher packing order on the hydrophobic surface. Therefore, an increase in the amount of
surfactant adsorbed on the graphene platelets as the bulk concentration of surfactant increases is

to be expected.

4.2.2 Effects of Rotor Speed on the Graphene Nanoplatelet Concentration

It is known that the concentration of exfoliated graphite is dependent upon the shear forces
applied to graphite particles, which in turn are generated by the spinning of the rotor. Thus, it is
expected that controlling the rotation speed of the rotor will also control the amount of graphite

that is exfoliated. Figure 4.4 confirms that as the rpm of the shear mixer is increased the
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concentration of exfoliated graphite increases as well. For these experiments, surfactant
concentrations of 1 wt% were used due to a slightly better performance over other concentrations
(Figure 4.1). After 1 hour of exfoliation, the concentration of exfoliated graphite was 0.05
mg-mL?, 0.24 mg-mL™, 0.27 mg-mL, and 0.36 mg-mL™* at rotation speeds of 1500, 4500,
6000, and 8000 rpm, respectively. Equivalently, the yields, with respect to the initial graphite
concentration, were 0.096 %, 0.48 %, 0.54 %, and 0.72 % at rotation speeds of 1500, 4500, 6000,

and 8000 rpm, respectively.
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Figure 4.4: Graphene concentration as a function of shearing time at various rotor speeds ina 1

wt% surfactant solution. The concentration is dependent on the rpm of the rotor.

To understand the relationship between rotor speed and the resulting concentration of exfoliated
graphite, a dimensional analysis was performed using the following six parameters: exfoliated

graphite concentration (C), initial graphite concentration (C;), rotor speed (N), shearing time (t),
rotor diameter (D), and solution volume (V). However, in these experiments the initial graphite

concentration, rotor diameter, and solution volume were kept constant. The experimental data are
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plotted, using the resulting dimensional groups in Figure 4.5. This figure clearly shows that there
is a difference in low rotor speeds (1500 rpm) and higher rotor speeds (>4500 rpm). Data
obtained at high rotor speeds lay on the master curve according to which the exfoliated graphite

concentration depends upon the product of rotation speed and time according to equation 4.1.
C = 1.24 x 1073 (Nt)%061 4.1)

While the concentration of exfoliated graphite is also proportional to time at the lowest rotor
speed of 1500 rpm, the data do not match the master curve and are described by a different
relationship. This difference demonstrates that the system is lacking in rotor speed to efficiently

exfoliate the graphite particles, below a rotation speed threshold.
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Figure 4.5: Dimensional analysis of the parameters involved in the exfoliation of graphite by
shear mixing. The data are fitted according to a power-law scaling relation, shown in equation

(4.1).
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It is well known that graphite consists of individually stacked layers of graphene that are held
together by van der Waals forces. For exfoliation to occur, the applied forces must overcome the
van der Waals attraction forces through parallel motion (e.g. peeling - scotch tape method) or

perpendicular motion (e.g. shear exfoliation).

Since the shear force is directly relatable to the rotor speed, higher rotor speeds (i.e. higher shear
forces) will produce more exfoliated graphite in a given time period. However, there exists a
threshold in the shear force where the efficiency of the exfoliation process substantially
increases. Paton et al. demonstrated that a minimum shear rate is required to produce high
concentrations of exfoliated graphite in NMP [58]. Concentrations obtained after 1 minute of
mixing were compared to various shear rates where the shear rate was determined by y =

niND /AR where AR is the rotor-stator gap. The data suggested that a minimum shear rate of 10*
st was required to exfoliate graphite. Thus, at conditions of 1500 rpm, diameter of 25 mm, and a
rotor-stator gap of 5 mm, the exfoliation system conducted in this experiment is at a shear rate of
approximately 5000 s. The system can produce relatively small quantities of exfoliated graphite
but the shear rate is not high enough to efficiently exfoliate the graphite particles. At conditions
of N>4500 rpm, the shear rates approach shear rates of 15000 s where shear forces are much
greater than the van der Waals forces. Increasing the rotor speed past 4500 rpm results in larger
exfoliated graphite concentrations due to faster processing and throughput of material at the
rotor. Hence, the separation of the data collected at 1500 rpm from the master curve is caused by

insufficient shear rates thereby decreasing the production rate of exfoliated graphite.
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4.2.3 Graphene Nanoplatelet Morphology

While DLS results described above offered insight on the average particle size, they operate
under a spherical model assumption, and thus do not provide any information on the actual 3D
dimensions and aspect ratio of the graphene nanoplatelets. TEM imaging offers a more exact
representation of graphene nanoparticles and can be used to complement DLS measurements.
The size, shape, and dimensions of graphene nanoplatelets produced from shear mixing at 6000
rpm was studied using TEM. Figure 4.6 demonstrates that the dimensions of the platelets
produced at surfactant concentrations of 1 wt% and 5 wt% agrees with the DLS results. The
particle sizes did not drastically vary between the two surfactant concentrations, and lateral

measurements ranged from 240 to 440 nm; matching well with the peak averages from DLS.

The images agree with literature reports in terms of size and contrast [58] [129]. Low contrast
indicates low thickness, which would be a result of layer by layer extraction of graphene
nanoplatelets, representing monolayer to few-layer structures. This structure would be expected
when layer-by-layer exfoliation takes place. Mixtures of few-layer graphene nanoplatelets
(Figure 4.6a and Figure 4.6¢) and multilayer graphene nanoplatelets are present; the latter are
evident by the high contrast in Figure 4.6b and Figure 4.6d. In addition, folding [61] [73] occurs
within nanoplatelets produced by shear mixing [58] [130] (Figure 4.6¢ and Figure 4.6d).
However, folding was present in a high degree which is not uncommon, owing to the conditions

encountered during shear mixing [58] [130].

Based on the images it appears that the surfactant concentration did not affect the quality of the
graphene flakes as both few-layer and multilayer graphene nanoplatelets were generated at both

surfactant concentrations. This is consistent with the DLS findings, which showed that increasing
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the surfactant concentration from 1 wt% to 5 wt% did not have any effect on the size of the

graphene nanoplatelets.

Figure 4.6: TEM images of graphene nanoplatelets produced at 6000 rpm at two different
surfactant concentrations (t=1 h). (a)-(b) 1 wt% surfactant concentration. (c)-(d) 5 wt% surfactant

concentration.

Estimation of the platelet thickness is not possible based on TEM. Atomic force microscopy
(AFM) measurements were performed to determine the sheet thickness and obtain more

information on the size distribution of graphene flakes produced during shear mixing. Between

59



the two surfactant concentrations, a range of sheet thickness and size was observed. Figure 4.7a
is a measurement of graphene nanoplatelets exfoliated at a surfactant concentration of 1 wt%.
From the image, the thickness was measured at 11 nm. Figure 4.7b demonstrates the nanoplatelet
size and thickness of a flake exfoliated at a surfactant concentration of 5 wt%. The thickness of
the nanoplatelet was measured to be 6 nm. The lateral size (based on TEM as they are considered
more representative), thickness, stacked layers of graphene, and aspect ratio of the graphene

platelets are summarized in Table 4.2.

Table 4.2: Summary of nanoplatelet properties using TEM and AFM measurements (rotation

speed=6000 rpm and t=1 h).

Surfactant Lateral Size, nm Thickness, Number of Stacked Aspect
Concentration (TEM) nm ( AFM) Graphene Layers Ratio

1 wt% 230 - 440 11 17 21-40

5 wt% 299 — 555 6 10 50-92

The number of layers from each system were calculated based on a single atom layer thickness
of 3.4 A [41] [45] [50] [111] (theoretical) and layer spacing of 3.35 A [33] [35] [112]. Similar to
DLS results, surfactant concentrations of 1 wt% had on average larger particle sizes than at 5

wt% (based on Figure 4.7).
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Figure 4.7: AFM images of graphene nanoplatelets at a surfactant concentration of 1 wt% and 5

wt% at 6000 rpm for 1 h. (a) 1 wt% surfactant concentration. (b) 5 wt% surfactant concentration.

Paton et al. demonstrated average thicknesses around 7-8 [58] layers in sodium cholate solutions
while Karagiannidis et al. observed an average thickness of approximately 18 layers using
microfluidization in sodium deoxycholate (SDC) [59]. In addition, Karagiannidis et al. showed
that with more cycles through the microfluidizer the distribution of the platelet thickness shifted

towards a lower thickness.

4.5 Conclusions

Shear mixing is a promising, scalable and industrially relevant method to produce high
concentrations of graphene nanoplatelets. Shear exfoliation in Pluronic® F127 accomplished
nanoplatelet concentrations comparable to ultrasonication and followed a simple scaling factor
with rotor speed. Increasing the rotor speed increased the shear forces applied to the graphite
particles resulting in a higher concentration of graphene nanoplatelets (0.05-0.36 mg-mL™). The
particle sizes of the nanoplatelets were slightly affected by the surfactant concentration, which
enabled the stabilization of larger particles (200-450 nm). Regardless, the quality of the
nanoplatelets was largely unaffected by the surfactant concentration and were found to be >10
layers in thickness, with estimated aspect ratios of 25 to 40 and 52 to 72 produced in surfactant

concentrations of 1 wt% and 5 wt%, respectively. This work demonstrates that Pluronic® F127 -
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assisted shear exfoliation in water can produce concentrations of GNPs that are similar to those
reported in organic media, and therefore provides a more environmentally friendly alternative to

organic solvents.
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

This work studied the characteristics of liquid-phase exfoliation of graphite in water with the aid
of the non-ionic surfactant Pluronic® F127. Two types of exfoliation processes were examined:
ultrasonication and shear mixing. The effect of surfactant was explored over a wide range of
concentrations: below CMC (approximately 1 wt% at 20 °C) up to 15 wt% (close to the
surfactant’s gelation point at 20 °C). Ultrasonication results showed that the nanoplatelet
concentration can be controlled through the amplitude (power) of the sonicating tip where higher
amplitudes increase the nanoplatelet concentration up to 3 mg-mL™. On the other hand, shear
mixing can control the nanoplatelet concentration through the rotor speed. Increasing the rotor
speed increases the shear forces in the systems and enhances the exfoliation of graphite
achieving GNP concentrations up to 0.36 mg-mL™ after one hour of mixing. Using dimensional
analysis, a master curve that relates the GNP concentration to the processing parameters was
generated (C~Ci-V-N-t-D®) and demonstrated a rotor speed threshold above 1500 rpm. The
scaled data indicates excellent potential for scalability and followed the general equation of C =

1.24 x 1075 (Nt)0-661,

The concentration of the surfactant played a role in the production of graphene nanoplatelets.
Lower surfactant concentrations (<10 wt%) had smaller average particle sizes (~250-350 nm,
Pdl~ 0.15-0.300) due to less association of micelles resulting in poorer stabilization of larger
nanoplatelets. Higher surfactant concentrations (>10 wt%) form multilayer adsorption of
micelles on the nanoplatelet surface enabling the stabilization of large nanoplatelets (~400-500

nm, PdI~0.03).
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Both methods are capable of producing nanoplatelets with few-layers to multilayers but
ultrasonication demonstrated a greater ability to generate near monolayer nanoplatelets.
However, ultrasonication produced a larger range of nanoplatelet thickness than shear mixing.
Using TEM and AFM, the resulting GNPs were determined to have aspect ratios of 7-108 and

21-92 in ultrasonication and shear exfoliation systems, respectively.

The scale-up of graphite exfoliation processes that could meet the demands for commercial
applications still remains a big challenge. Of the many methods proposed, liquid phase
exfoliation through shear mixing can meet this challenge, as it offers the ability to produce high
concentrations of graphene nanoplatelets with the potential to be scaled-up to industrial levels.
Above a minimum rotor speed, the parameters lay on a relatively simple master curve, which can
be applied to larger scale systems. On the other hand, ultrasonication is not scalable, in spite of

the fact that it can also produce high concentrations of graphene nanoplatelets.

5.2 Future Work

This work produced some intricate findings with respect to the use of Pluronic® F127. At high
concentrations and high amplitudes in ultrasonication, a drastic increase in graphene nanoplatelet
concentration was observed. The result was unexpected with unknown exact cause. It is possible
that the viscosity of the system is affecting the exfoliation process. This hypothesis can be easily
tested using thickeners to increase the viscosity of the system at lower surfactant concentrations.
If nanoplatelet concentrations are comparable to what was observed in this work, then further

studies should be conducted on the effect of viscosity on the exfoliation method to explain the
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increased nanoplatelet concentration. Higher nanoplatelet concentrations are desirable and

remain the penultimate goal of liquid phase exfoliation research.

Furthermore, the sequential addition of surfactant lacks significant research as the current
amount of data is unable to explain the increase in nanoplatelet concentration over batch
experiments. Based on batch exfoliation data, one would expect to observe smaller nanoplatelet
concentrations in sequential addition since the surfactant concentration in the system is, on
average, lower than batch systems. Studying the effects of sequential addition at other
amplitudes and more surfactant concentrations can provide insight to the reason behind an
increase in nanoplatelet concentration. Optimizing this process can provide higher nanoplatelet

concentrations leading to better production rates.

The size of the initial graphite material is also a matter of concern where starting with graphite
particle sizes on the micrometer scale may provide better results. It is possible that less time
would be required to breakdown the bulk material to the nanoplatelet sizes obtained in this
thesis. Thus, the process would be more devoted to the exfoliation of MLG to FLG and provide a
system with more FLG on average. Additionally, the exfoliation of the GNPs should be
investigated to determine the applicability of utilizing a stepwise process for better production of
FLGs. It was shown that higher amplitudes are more likely to promote cleavage exfoliation
mechanisms while at lower amplitudes exfoliation mechanisms are more predominant.
Therefore, introducing a processing route where high amplitudes are used to induce high
production rates followed by a reduction in amplitude to promote exfoliation mechanisms may
result in higher production rates of FLG. FLG are advantageous over MLG due to better aspect

ratios which in turn are more applicable as strengthening fillers in polymers. Thus, production
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methods that efficiently produce high concentrations of FLG are desirable for industrial

applications.

Regarding the scale-up of liquid phase exfoliation via shear mixing, more experimental
conditions are required. Specifically, varying the volume, initial graphite concentration, and rotor
diameter should be investigated. Larger volumes increase the production rate but it is unknown if
the exfoliation is efficient under larger loads. Additionally, starting with a higher initial graphite
concentration could generate larger production rates simply due to more processable material.
However, the limit of this parameter is unknown and using higher graphite concentrations may
be unnecessary. Lastly, the rotor diameter has a direct influence on the shear rate of the system.
Larger diameters increase the shear rate and increased shear rates produce higher concentrations
of graphene nanoplatelets. Combining all the parameters in the dimensional analysis are

necessary for trustworthy scale-up relationships.
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Appendix A: CTAB vs. Pluronic® F127

Preliminary investigations involved testing of one cationic and one non-ionic surfactant, CTAB
and Pluronic F127. CTAB was selected based on comparative studies of GNP concentrations in
literature and to verify our exfoliation methods. The GNP concentrations obtained by
ultrasonication in the presence of these surfactants were measured by UV-VIS spectroscopy and
compared. Various concentrations and amplitudes were explored for the two surfactants over the
course of a 4-hour sonication. Due to differences in surfactant solubility limits CTAB was
studied under much lower concentrations (0.04 wt%) than Pluronic F127 (15 wt%). Both
surfactants demonstrated were analyzed using the Lambert-Beer law with an extinction
coefficient of 732 mL-mg?*-m™ (=660 nm) to determine the GNP concentration. (Figure A.1).
In the presence of CTAB, GNP concentrations up to 0.11 mg/mL where produced, whereas
Pluronic F127 dispersions resulted in concentrations as high as 3.01 mg/mL. 0.1 wt% Pluronic
F127 dispersions exhibited concentrations similar to those of CTAB dispersions (~0.05 mg/mL)
after 4-hours under similar conditions (Figure A.1 [131]). Based on these preliminary results,
Pluronic F127 was chosen as a more suitable surfactant for the investigations presented in this

thesis.
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Figure A.1: Batch exfoliation comparing CTAB to Pluronic® F127 at two surfactant

concentrations.
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Appendix B: Exfoliation via Ultrasonication with

Sequential Addition of Surfactant
B.1 Introduction

Ultrasonication-assisted exfoliation of graphite in organic liquids is inherently a batch process.
When water is used as the medium, surfactant can be added to the suspension at the beginning of
the process, or sequentially. In batch exfoliations operating at CMC, the exfoliation naturally
consumes some of the available surfactant through adsorption on the exfoliated platelets; the
resulting low surfactant concentration would be susceptible to mass transfer limitations [62].
Notley hypothesized that continuous, or sequential, addition of surfactant during the exfoliation
process enables the system to remain close to the critical micelle concentration (CMC)
throughout the process, thus resulting in high graphene yields [62]. This Appendix tests this
hypothesis by implementing a sequential addition process, based on the exfoliation system

described in Chapter 3, under a wide range of processing conditions, to test this hypothesis.

B.2 Experimental Section

B.2.1 Materials

Natural graphite powder (purity 95%) was supplied by Eagle Graphite and purified (99%) with
anhydrous ethyl alcohol and acetone. Pluronic® F127 was purchased from Sigma Aldrich and

used as received. Milli-Q quality water was used in all of the experiments.
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B.2.2 Methods

Graphite (G) was exfoliated using a Microson Ultrasonic Cell Distruptor equipped with a 3 mm
diameter sonicating tip. Surfactant concentrations were prepared prior to exfoliation by
dissolving Pluronic®F127 in Milli-Q water. Since the dissolution of Pluronic® F127 in water is
more favourable at lower temperatures, the mixture was left to equilibrate for 12 h at 4 °C.
Graphite powder (3.16 g) was added to Milli-Q water and stirred until adequately mixed. The
initial volume of water varied from 15 mL to 60 mL depending on the desired final concentration
of surfactant. The final volume was 60 mL in all experiments. The graphite solution was placed
in a temperature controlled bath to the maintain temperature at approximately 20 °C (room
temperature). Graphite exfoliation was initiated after lowering the sonicating tip halfway down
into the solution volume and setting the amplitude between 35 to 100%. The solution was left to
exfoliate for 4 hours with addition of surfactant in specified intervals. At final surfactant
concentrations of 0.05 and 0.025 wt% surfactant was added every 30 and 60 minutes. For final
surfactant concentrations <0.1 wt%, surfactant was added every 15 minutes. Stock surfactant
concentrations and volume of injections for each experiment are listed in Table B.1. Progression
of surfactant concentration in the exfoliating solution is shown in Figure B.1 using the following

equation:

VinjectionNinjection Cstock

()

C =
surfactant V V
initial I injectionNinjection

where Csurfactant IS the concentration of surfactant in the exfoliating solution, Vinjection is the
volume of stock surfactant added per injection, Ninjection IS the number of injections, Cstock IS the

concentration of the stock surfactant solution, and Vinitia 1S the intial volume of the exfoliating
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solution. Exfoliated samples were taken in 1 hour intervals. These samples were centrifuged at
1800 g for 30 minutes and later used for characterization through ultraviolet-visible spectroscopy

(UV-VIS) and dynamic light scattering (DLS).

Table B.1: Conditions of addition of surfactant for various final surfactant concentrations.

Final Surfactant Stock Solution Concentration Injection Volume (mL)
Concentration (wt%) (Wt%)
0.025 4 0.1
0.05 4 0.1
0.1 4 0.1
5 15 1.25
15 20 (cooled below gel point) 2.815
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Figure B.1: Progression of surfactant concentration through exfoliation process. (a) Exfoliations

performed below CMC. (b) Exfoliations performed above CMC.

B.2.3 Instrumentation and Analysis

UV-VIS spectroscopy was performed on a Varian Cary 100 Scan spectrophotometer. The

selected wavelength range was from 400 to 800 nm and the cuvette path length was 0.01 m. Each
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sample taken from a 4h exfoliation was measured and the absorbance was converted to
concentration using the Lambert-Beer law with an absorption coefficient of 732 mL-mg*-m™
(A=660 nm). The supernatants of the centrifuged samples were diluted 10-20 fold to ensure the
absorbance was within the instrument’s range. The extinction coefficient used in these

experiments was determined as described in Chapter 3.

The samples were further diluted (15-fold) with Milli-Q water and estimates of the particle size
distribution of the graphene nanoplatelets were obtained through Dynamic Light Scattering
(DLS) measurements, using a Malvern Instruments Zetasizer Nano ZS (A=633 nm). The
polydispersity index (Pdl) in DLS measurements describes the width of a particle size
distribution and is calculated from a Cumulant analysis [108]. Thus, true monodisperse solutions
inherently have Pdl values of 0. However, the classification of monodisperse ranges from 0.0-0.1
whereas polydisperse ranges from 0.1-0.7 [109]. Values > 0.7 indicate samples that are not
suitable for DLS [108]. Data obtained through DLS, however, must be interpreted with caution
as the reported particle size, calculated from the Stokes-Einstein equation, is that of the spherical
equivalent of GNP. Furthermore, the DLS intensity averages are affected more by larger
particles than smaller particles. Thus, it must be taken into account that the larger particles will

have a greater affect on the particle size distribution when interpreting the Pdl.
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B.3 Results

B.3.1 Effect Sequential Addition of Surfactant on GNP Concentration and Size

Similar to the observations made during batch exfoliations, the GNP concentration increases
with increasing amplitude however, at extremely low surfactant concentrations this effect is not

as significant. (Figure B.2a). Increasing the surfactant concentration resulted in an increase in the

GNP concentration, throughout the experiment (Figure B.2b).
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Figure B.2: Graphene concentration as a function of surfactant concentration below CMC. (a)

Varying surfactant concentrations. (b) Varying amplitudes.

At the low surfactant concentrations, below CMC, shown in Figure B.2, sequential addition
exfoliations could achieve graphene concentrations up to 0.61 mg/mL at a surfactant

concentration of 0.1 wt%. However, increasing the surfactant concentration to above CMC
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produced concentrations up to 5.51 mg/mL (Figure B.3). Recall that in batch systems (Chapter
3), the graphene concentration was 3.01 mg/mL, obtained in 4 h. Through extrapolation, the

batch system would reach the same plateau of 5.51 mg/mL after 7 h of continuous sonication.
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Figure B.3: Comparison between batch and sequential addition systems above CMC.

These results demonstrate that the sequential addition may be more effective in producing higher
graphene nanoplatelet concentrations at shorter processing times. This suggests that constantly
replenishing the surfactant available in the dispersion may be more effective in stabilizing the
GNPs that are produced during sonication. It should be noted that the initial volume of the
exfoliating sample in sequential addition conditions is lower, thereby providing a larger power

density to the system.

At lower surfactant concentrations, the particle size, as measured by DLS, is not affected by the
type of sonication system (Figure B.4). At each hour interval, the particle sizes remain constant,

between 200-400 nm for both sequential addition and batch systems. Similar to batch systems,
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neither the sonication time nor the amplitude change the measured particle size. However, at
higher surfactant concentration, the particle size is dependent on the type of sonication system.
Sequential addition systems produced smaller particle sizes (approximately 350 nm) which were
closer to what was measured at surfactant concentrations of 10 wt% in batch systems. Table B.2

displays the average particle size and particle size distribution.
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Figure B.4: Comparison of the average peak particle sizes between batch and sequential addition

systems.
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Table B.2: Effect of surfactant concentration on the average particle size (based on the 4 hourly

samples in Figure B.4) and polydispersity index.

Average
Exfoliation Condition Particle Pdl
Size (nm)
5 wt% F127, 70% amplitude, Batch 255 0.270
5 wt% F127, 70% amplitude, Sequential addition 331 0.195
5 wt% F127, 100% amplitude, Batch 266 0.174
5 wt% F127, 100% amplitude, Sequential addition 297 0.165
15 wt% F127, 100% amplitude, Batch 470 0.031
15 wt% F127, 100% amplitude, Sequential addition 357 0.066

B.4 Conclusion

Sequential addition of surfactant generates higher graphene nanoplatelet concentrations (5.51
mg-mL1) compared to batch systems (3.01 mg-mL™). The average particle size and particle size
distribution was not significantly affected by the sonication conditions and the surfactant
concentration. The sequential addition provides a promising route to achieve higher GNP yields,
without suffering from complications due to high viscosity, and should therefore merits further

investigation.
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Appendix C: Extinction Coefficient
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Figure C.1: Extinction coefficient determined using a known volume of GNP solution and the

subsequent dry mass of GNPs from the same dispersion.
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Figure C.2: Extinction coefficient determined using a known mass of GNPs and dispersing into

known volume of NMP.
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Appendix D: Dimensional Analysis
D.1 Ultrasonication

Five parameters were considered to describe the performance of the system: exfoliated graphite
concentration (C), initial graphite concentration (Ci), sonication time (t), power density based on
digital output on the sonicator (P), and solution volume (V). Thus, there are 5 variables and 3
dimensions present in the dimensional analysis. Two dimensionless terms were generated using
the Buckingham IT theorem where C;, t, and \V were selected as repeating variables: IT;= C-Cji?,
and T1.= P-t%-Ci- V53, These terms were used to develop a relationship between C, Ci, t, P, and

V: C~P-t3-V/55,

D.2 Shear Exfoliation

There are 6 variables and 3 dimensions present in the dimensional analysis using the
Buckingham IT theorem. The three repeating variables that were selected were Ci, t, and D where
3 dimensionless terms (ITy, ITz, and IT3) were generated: ITi= C-Ci%, IT,=V-D3, and I13=N-t.
Combining the dimensionless terms provides a relationship between C, Ci, t, N, D, and V:
C~Ci-V-N-t-D3. However, in the set of experiments the initial graphite concentration, rotor

diameter, and solution volume were kept constant, thereby reducing the relationship to C~N-t.
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Appendix E: Particle Size Distribution for
Ultrasonication, obtained by DLS
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Figure E.1: GNP Particle size distribution obtained by ultrasonication in the presence of

Pluronic® F127 at t=4 h, as a function of surfactant concentration at 100% amplitude.
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Appendix F: Particle Size Distribution for Shear
Exfoliation, obtained by DLS
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Figure F.1: GNP Particle size distribution at 1 wt% surfactant concentration in a shear

exfoliation system (t=60 min, 6000 rpm).
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F.2: GNP Particle size distribution at 5 wt% surfactant concentration in a shear

exfoliation system (t=60 min, 6000 rpm).
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F.3: GNP Particle size distribution at 10 wt% surfactant concentration in a shear

exfoliation system (t=60 min, 6000 rpm).
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