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ABSTRACT

ELECTRON AND PHONON TRANSPORT IN NANOSTRUCTURED
EXFOLIATED GRAPHENE NANOPLATELETS AND ITS POTENTIAL IN
THERMAL ENERGY CONVERSION

By
Jinglei Xiang

Graphene nanoplatelets (GNP), produced from microwave assisted thermal exfoliation of
graphite intercalated compounds, possess exceptional electrical and thermal properties thanks to
the well preserved conjugation in the graphene basal plane as a result of this production method.
The potential of these intriguing physical properties can only be realized if these nanoparticles
are assembled on a macroscopic scale. However, numerous interfaces thus created between
nanoparticles could have a large impact on the physical properties of GNP based nanocomposites.
This research is dedicated to the investigation of the difference of electron and phonon transport
at the interfaces and how to make use of this unique distinction to nanostructure and assemble
GNP for thermoelectric application which requires a high electrical to thermal conductivity ratio
o/k as well as high Seebeck coefficient S of the material.

In the first part of the discussion, the effect of incorporating GNP into a polymer to
improve its electrical and thermal conductivity is discussed. It is found that there are distinct
property enhancements around percolation threshold in the nanocomposites originating from the
different mechanisms of electron and phonon transport across the GNP/polymer interface. In

order to take full advantage of the excellent in-plane physical properties of GNP, a highly



ordered, highly flexible binder free GNP paper was prepared by a simple filtration technology
and annealing that shows much enhanced electrical and thermal conductivity.

The second part of this research is dedicated to separation of electron and phonon
transport in GNP paper by various nanostructuring techniques in order to enhance o/« ratio. In
the first approach, monodispersed metal nanoparticle spacers were synthesized on the surface of
GNP particles. The Au/GNP hybrid film prepared by filtration shows decoupled electron and
phonon transport. As a result, the in-plane electrical conductivity increased by 70% while a 7%
reduction in thermal conductivity was observed in comparison to a neat GNP paper. In the
second approach, polyaniline (PANi) was synthesized by in-situ chemical oxidative
polymerization in the presence of GNP where GNP served as a template for nucleation and
growth of PANi. Depending on the composition and protonation ratio of PANi, o/k increased
from 2.5 for neat GNP paper to 4.7 for the as-made PANi/GNP and further to 11 for the
reprontonated PANi/GNP film. The optimal thermoelectric properties was achieved at a
protonation of 0.2 with approximately 40wt% of PANi in the nanocomposite, reaching an
electrical conductivity of 59 S/cm, a thermal conductivity of 12W/mK and a Seebeck coefficient
of 33 uV/K at 300K. In the third approach, three dimensional folding of a core-shell
nanostructure based on PANI/GNP paper was adopted to take advantage of the high anisotropic
conduction in a GNP paper, its high flexibility and foldability, but more importantly the strong
phonon scattering at the corner of the folds as compared to a much lower disruption in the
electron flow.

Taken together, the ability to produce and nanostructure these inexpensive graphene
nanoplatelets opens up numerous opportunities for the development of plastic thermoelectrics in

the future.
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Chapter 1 Introduction and Background

1.1 The rise of graphene:

Graphene consists of a single layer of atomic carbon arranged in a honeycomb lattice
structure. Although graphene has been known for over one hundred years, the recent attention
given to graphene is largely due to the Nobel Prize winning work by Geim and Novoselov in
2004 [1-5]. The graphene structure is the building block for graphitic carbon materials of all
other dimensionalities (such as 0D buckyball, 1D carbon nanotubes and 3D graphite). Ever since
its discovery, graphene or few-layer graphene (FLG) quickly attracts great interest from research
communities all over the world. It has been shown that graphene has exceptional electrical,
thermal and mechanical properties. For example, it is one of the strongest materials with a
Young's modulus exceeding 1 TPa [6]. An ideal graphene sheet has extremely high electrical
conductivity and it was shown that charge carriers behave like massless Dirac Fermions with
carrier mobility measured between 3000 and 10,000 cm®/Vs at room temperature [7,8]. Thermal
conductivity of graphene, measured by a non-contact optical method, is reported to reach values
of up to (5.3+0.48)x10° W/mK [9]. Research conducted in the past few years has shown great
promise for the use of graphene in multifunctional composites, electrochemical energy storage
and electronics, as well as in dye sensitized solar cells [10-13]. It is expected that this novel
lightweight nanomaterial will have a huge impact on our society given all these possible
technological applications demonstrated so far.

Large-scale, economical production of graphene or FLG is a significant challenge for its
wide spread application. Currently, there are four major routes to synthesize graphene or FLG.

First, graphene has been prepared by micromechanical cleavage from a highly oriented pyrolitic
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graphite (HOPG). This is also widely known as the "scotch tape" method in which a single sheet
of graphene is lifted from the HOPG because of the weak van der Waals interaction between
adjacent graphene sheets in bulk graphite [2]. Second, graphene has been grown by chemical
vapor deposition of hydrocarbons on a metal substrate (such as Ni and Cu) [14,15]. Third,
epitaxial graphene was grown on single-crystal silicon carbide by vacuum graphitization [16].
Last, a colloidal suspension of graphene sheets can be prepared by converting graphite to
graphite oxide (GO) followed by reduction with strong reducing agents. Among all these
methods, the "scotch tape" method is capable of producing high quality graphene, but the yield is
extremely low. It is not a suitable method to adopt if a large quantity of graphene is needed. The
chemical vapor deposition and vacuum graphitization methods are energy intensive, producing
single or FLG with a large size best suited for the electronics industry [17,18].

Production of graphene through reduction of GO is a popular route because of its high
yield. GO is produced by an oxidative treatment of graphite using a method developed by
Hummers, which is less time consuming and hazardous compared with earlier approaches [19].
In general, oxidation of graphite is accomplished by treating graphite with a water-free mixture
of concentrated sulfuric acid, sodium nitrate and potassium permanganate. It takes less than two
hours to complete the oxidation at a temperature less than 45°C given reasonable safety
precautions during the process. After oxidation, the interlayer distance between adjacent
graphene sheets expands as a result of accommodation of various oxygen functional groups such
as the epoxide, hydroxyl as well as carbonyl and carboxyl groups introduced during oxidation
[20]. Depending on the degree of drying, the interlayer distance varies from 0.63 nm for dried
GO to 1.2 nm for hydrated GO [21,22]. Oxidation transforms the highly hydrophobic graphene

basal plane to a more hydrophilic derivative. Therefore, it is also reasonable to think of GO as a



graphite intercalation compound with covalently bound oxygen and non-covalently bound water
molecules between graphene layers. The increased hydrophilicity of GO makes it easy to
disperse it in water with ultrasonication.

Much research has been done in reducing GO chemically to graphene [23]. One of the
most commonly reported methods is chemical reduction of GO in the presence of strong
reducing agents such as hydrazine monohydrate, sodium borohydride (NaBHy) etc. During the
reduction process, the yellow brown color of GO dispersion gradually turned black due to
elimination of oxygen functional groups and partial restoration of sp” carbon. The basal plane
becomes increasingly hydrophobic and eventually precipitated out forming irreversible
agglomerates as a result of strong van der Waals force between individual graphene. The
resulting graphene agglomerates appear to be insoluble in water and organic solvents, making
further processing rather difficult [24]. The restacking of graphene sheets can be effectively
prevented if a charged polyelectrolyte such as PSS (polystyrenesulfonate) or a small organic
molecule (e.g. pyrenebutyric acid) is present during the reduction process [25,26]. The
adsorption of the polyelectrolyte or small molecules on the basal plane of graphene surface due
to m electron interaction overcomes the strong van der Waals force between graphene sheets.
However, foreign stabilizers are not always desirable in many applications. Recently, Li et al
found that GO reduced by hydrazine can be electrostatically stabilized by the negatively charged
carboxylic acid group without using a polymer or a surfactant and the same functional group
which may not be easily reduced by hydrazine can facilitate the dispersion of reduced graphene
oxide (RGO) given careful control over the pH of the solution as well as the initial concentration

of GO [27].



Apart from colloidal reduction of GO to graphene using strong reducing agents, thermal
treatment of GO is another route to produce thin graphene nanosheets. Rapid heating to 1050°C
(>2000 °C/min) resulted in expansion and delamination of GO caused by vaporization of
intercalated water molecules and thermal pyrolysis of oxygen containing functional groups [28-
31]. The functionalized graphene sheets produced by this method have similar C/O ratio
(C/0:10.3 by elemental analysis) to graphene reduced in the presence of hydrazine. However, it
is expected that structural defects formed during the exfoliation process, leaving behind
numerous vacancies on the RGO sheet which might adversely affect its properties.

After the reduction, the change of color from yellow brown typical of GO to black
indicates partial restoration of electronic conjugation in the reduced material, making it
electrically conductive. Jung et al. measured the electrical conductivity of individually reduced
graphene oxide with three different reduction routes (i.e. vacuum annealing, hydrazine reduction
or a sequential combination of the two). It is found that an additional thermal treatment led to a
further reduction in the degree of functionalization and dramatically increased the electrical
conductivity. The reported range of electrical conductivity of these individually reduced GO is
only 33-85 S/m [32]. One of the reasons for this low level of conductivity is the remaining
oxygen groups clustering into rows and islands, resulting in graphitic regions intermixed with
islands of oxygen-functionalized species [33]. These point defects act as scattering centers,

changing the ballistic transport of electrons to a "hop-like" transport similar to electron tunneling.

1.2 An alternative material: exfoliated graphene nanoplatelets (GNP)
The unique properties of graphene are likely to be compromised because of the

irreversible structural damages incurred during oxidation and reduction process of GO. It is by



far almost impossible to restore the perfect sp> carbon in the basal plane of graphene once
graphite has been oxidized. Researchers are currently investigating alternative routes to produce
thin sheet of graphene while still maintaining the strong and robust carbon scaffold intact during
the production process. Research led by Drzal et al. has successfully produced exfoliated
graphene nanoplatelets (GNP) of tens of nanometers in thickness and 100-10000 nm in diameter
using a microwave assisted thermal exfoliation followed by pulverization [34,35]. The idea is
similar to splitting graphite oxide to produce functionalized graphene sheet. In this case, the
starting material is graphite intercalated compound (GIC). The intercalates are usually a
combination of nitric and sulfuric acids at certain proportion. The advantage of using microwave
irradiation instead of conventional furnace is that graphite is an excellent microwave absorber
and heats instantly. The rapid heating rate caused vaporization of intercalated acids giving rise to
a huge pressure that overcomes the interlayer van der Waals interaction. The volume of the

'

exfoliated graphite is several hundred that of the original GIC and is known as "worm". The
accordion-like worms that are several hundred micrometers were then broken down to smaller
nanoplatelets by controlled combination of ultrasonication and ball milling. The diameter of
GNP after ultrasonication for 2 h is reduced to approximately 15 pm known as GNP-15. GNP-15
can be further downsized to approximately 1 um or less with rotary ball milling for 72 h. The
thickness of individual nanoplatelets is less than 10 nm as measured by TEM. The surface area
of GNP was measured by Brunauer-Emmet-Teller (BET) using N, adsorption at 77K which is
approximately 20-40 m?*/g for GNP-15 and 100-130m?/g for GNP-1. Although these particles
consist of multiple layers of graphene, It still has an extremely large length-to-thickness ratio

which can be very desirable in many applications. Most importantly, the intercalation and

exfoliation process leave the basal plane of graphene intact as evidenced by very high C/O ratio



in X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. It is reasonable to expect
that the intrinsic properties of graphene such as electrical and thermal conductivity persist in
these nanoplatelets.

While the single or few-layer graphene has promising application in electronics industry
due to their unique band structure (zero bandgap) that can be tuned by applying a gate bias
[36,37], the band structure of as-produced GNP particles approaches that of the bulk graphite,
which might restrict its application in electronics. However, the ease of mass production at a
relatively low cost of these GNP particles might find its entry point to the market through
composites application, much earlier than all other graphene nanomaterials. Multifunctional
graphene-based polymer composites is one of the most exciting research topics during the past

decade because of their tremendous potential in various technological applications.

1.3 Multifunctional graphene-based polymer nanocomposites (electrical and
thermal properties)

Polymers and their composites have found wide spread applications in automobiles,
aerospace, consumer products, electronic packaging, etc. due to their low cost, light-weight,
good chemical resistance and high performance [38,39]. The properties of a polymer matrix can
be completely modified by adding micrometer or nanometer sized fillers. For example, the
insulating polymer can be made conductive with the addition of metal particles, carbon blacks,
carbon fibers or carbon nanotubes, which could be very useful for electrostatic charge dissipation,
EMI shielding, and bipolar plates in fuel cells applications [40,41]. On the other hand, the
thermal conductivity of polymers is very low, which poses great limitations in certain

applications that require fast heat dissipation such as in electronic packaging, engine components



in automobiles or in airplanes. Addition of thermally conductive metal particles, carbon fibers
and carbon nanotubes have been proved useful in increasing the thermal conductivity of the
resulting composites [42]. In addition, mechanical properties, gas permeability as well as fire
retardancy can also be greatly enhanced by incorporation of the fillers into the polymer host
[43,44].

The use of graphite based fillers can be traced back to Aylsworth [45,46] who first
developed and proposed exfoliated graphite as a reinforcement for polymers in the 1910s while
others proposed the dispersion of intercalated graphite in polymer resins by conventional
composite processing techniques [47]. It was only recently that carbon nanomaterials such as
carbon nanotubes and graphene nanosheets thanks to their exceptional physical properties started
to gain momentum in replacing conventional fillers to introduce multifunctionalities to polymer
hosts. However, the high surface area of these carbon nanomaterials also gives rise to a strong
van der Waals interaction between individual nanoparticles. Therefore, their maximum
contribution to the properties of composites can only be achieved if they remain reasonably
dispersed inside the polymer without significant agglomeration. Typically, thermoplastic
polymer composites were made by one of the three processing routes: solvent blending, in situ
polymerization and melt extrusion.

1. Solvent blending:

In this approach, graphene based fillers are dispersed in a suitable solvent such as water, acetone,
chloroform, tetrahydrofuran (THF), dimethyl formamide (DMF) or toluene. The polymer was
then added and solubilized. Ultrasonication was usually used to homogenize the dispersion of
nanofillers in the polymer host. It is also important to note that long time exposure to

ultrasonication can introduce defects to graphene sheets which might be detrimental to the



properties. During solvent blending, graphene sheets were coated with polymers and remained
separate. Solvent was then removed by evaporation at a temperature around or below the boiling
point of the solvent during which graphene sheets reassemble, sandwich the polymer to form
nanocomposites. However, several possible drawbacks associated with this approach is that the
nanofillers tend to agglomerate during slow solvent evaporation, resulting in inhomogeneous
distribution of graphene sheets in the polymer. In addition, residue solvent molecule might
remain on the surface of GNP, which cannot be easily removed. Various polymer composites
such as expanded graphite (EG)-PMMA[48], functionalized graphene-PS[49], graphene-
PVA[50], graphene-PVC[51], PVDF-reduced graphene [52] have been prepared using this

technique.

2. in situ polymerization

In this approach, graphene based fillers were dispersed together with monomers in the presence
of a solvent. Polymerization reaction took place with the addition of certain amount of initiators
at a controlled temperature for certain amount of time. This technique enables not only the
covalent bonding between functionalized graphene with the polymer matrix but also non
covalent bonding such as PMMA-GO [53], PP-GO nanocomposites [54]. For graphite-based
layered structure in a polymer matrix, this technique further facilitated the exfoliation of
expanded graphite into thinner platelets by intercalation of the monomers, forming well-
dispersed graphene in the polymer. While this approach has offered a good technique to achieve
a homogeneous dispersion of graphene inside the polymer host and possibly enhanced
interactions, it requires careful control over the conditions used in the synthesis of

nanocomposites such as reaction temperature, concentration of monomer vs. the initiator,



reaction time, as well as the pH of the solution. Examples of using in situ polymerization to
fabricate nanocomposites are EG-PMMA[55], graphene-PMMA[56], graphene-PS[57], EG-

nylon 6[58,59], and EG-PANi [60].

3. Melt extrusion

Melt extrusion uses strong shearing forces to disperse the reinforcement phase at an elevated
temperature that liquefies the polymer. Compared with the previous two approaches, melt
extrusion has its unique advantage because of its environmental friendliness and versatility,
making it more commercially attractive. This strategy usually involves mixing graphene sheets
and melted polymer in a twin-screw extruder. The temperature, screw speed, screw rotation and
mixing time are the major parameters to adjust for optimal dispersion of the nanofiller in the
matrix. Several disadvantages associated with this approach is that it is confined by the viscosity
of the nanocomposites especially at a high filler loading which prevents uniform dispersion of
graphene nanosheets in the polymer, compromising the physical properties of the composites. A
variety of graphene reinforced composites prepared by this methods are EG-polyester[61], EG-
PPS[62], graphene-PP[63], graphene-PC[64].

The resulting physical properties of graphene reinforced nanocomposites vary widely
depending on the processing methods, concentration of fillers, aspect ratio, presence of
functional groups, inter-particle contact as well as the filler orientation in the polymer matrix.
The next section focuses on the electrical and thermal properties of conductive particle
(especially those filled by graphene) filled nanocomposites in general and discusses the

fundamental difference between the two.



1. 3. 1 Electron transport:

The addition of electrically conductive fillers into an insulating polymer matrix results in
a significant drop in its resistivity at a certain filler loading. This mechanism of electronic
transport in composite materials has been discussed previously and is described by a
phenomenon called percolation. When the number of conductive filler is enough to form
continuous linkage that span the entire specimen, the resistivity experiences a significant drop,
turning an insulator into a semiconductor at the percolation threshold [65]. Figure 1-1 illustrates
the percolation phenomenon as applied to conductive composites. In spite of the high electrical
conductivity of the individual filler, it is difficult to obtain composites with resistivity within five
orders of magnitude of the filler itself [66,67]. The resistance of the composite specimen
consists of three independent components: 1) contact resistance (constriction resistance), 2)

quantum mechanical electron tunneling resistance, and 3) intrinsic resistivity of the fillers.
Contact resistance, also known as constriction resistance (R.;), results from a resistance
associated with the constriction of electron flow through the contact of two conductive spheres.
R, derived from the ohmic conduction and electric fields can be expressed as:

p.
R, =21
d 1.1

where Pj is the intrinsic resistivity of the fillers, d is the diameter of the contact spot. Assume the

size of the conductive filler particle is D, when D/d is >10, equation (1.1) begins to diverge and a
very high resistance results even when the conductive particles are in close contact with each
other [68]. On the other hand, if the conductive particles are coated with a thin insulating film

during material processing, such as the residual organic film that may remain on the conductive
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powder surface after milling, or in a conductor-filled polymer composites, the polymer may
completely cover the surface of the filler. In both cases, tunneling resistance arises that increases
the resistivity of the composites. In particular, the magnitude of tunneling resistance (or the
probability of electrons to tunnel through a potential barrier) is directly related to the work
function of the conductor, the thickness of the insulating film, and the relative dielectric
permittivity of the film. Since tunneling is independent of the resistivity of the film itself, it is
believed that the organics, polymers, oxides with similar work functions, permittivity as well as
film thickness will have similar tunneling resistance. Dietrich has shown mathematically in his
pioneer work that described the tunneling resistivity on insulating film thicknesses and presented
a general tunneling curve based on TiO; film on Ti, which is considered applicable to all other

materials [69]. Generally speaking, quantum mechanical tunneling can occur for thin films on

the order of 10 nm or less. If the film thickness is known, tunneling resistivity (P¢) can be

estimated, therefore the tunneling resistance R; which is inversely proportional to the contact

area A can be described by:

R =Lt
A 1.2

The resistance of a contact R, is the sum of the two separate effects given by:

R _ 10 i IO t
c T 4 T

d A 13
However, determination of either the contact diameter d or the contact area A is the major
challenge in estimating the overall contact resistance primarily because both parameters are

dependent on the morphology, dispersion state and more importantly the elastic modulus of the
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conductive particles due to possible mechanical deformation as a result of the change in the
hydrostatic pressure and temperature at which the sample is kept at [65]. For carbon based
nanocomposites, contact resistance dominates when filler loading is high and physical contacts
are present while tunneling resistance becomes significant when filler loading is low and there is
an insulating polymer film coated on the fillers. Due to the temperature dependent differences
involved in the origin of constriction and tunneling resistances (i.e. contact resistance increases
with temperature while tunneling resistance decreases with temperature [70]), Jovic et al
reported a "phase transition" from predominately "contact conductivity" to "tunneling
conductivity" by measuring the conductivity temperature coefficient (CTC=do/dT) in an
epoxy/expanded graphite composites with intermediate filler contents when heated from room
temperature to 120°C [71]. While this phenomenon depends largely on the starting polymer
matrix, the filler loading as well as the processing history of composites, It did offer a nice
technique to separate the individual component's contribution to overall interfacial contact
resistance and determine which one is dominating from temperature dependence resistivity of the
composites.

In general, the electronic transport of a graphene based composites depends not only on
the intrinsic properties of graphene, but also on the interfacial contact resistance which is directly

related to the concentration, dispersion, and the interaction of the filler with the polymer host.
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Figure 1-1: Electrical percolation, as applied to conductive composites. The formation of the first
complete particle linkage results in a significant drop in resistivity at Vc. For interpretation of the
references to color in this and all other figures, the reader is referred to the electronic version of

this dissertation.

1. 3. 2 Phonon transport:

Heat transport involves movement of energy from one place to another by energy carriers.
For example, molecules in the liquid or gas phase bump into each other due to Brownian motion,
transferring their kinetic energy (thermal energy) at the same time. Energy can also be
transported by an ordered drift of molecules in certain direction such as advection. In polymers,
heat is predominantly transported by phonons, which are quantized modes of lattice vibration
[72]. The theoretical prediction of thermal conductivity (A) of polymers can be calculated by the

kinetic formula:

3 1.4
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where C, is the specific heat capacity, v is the average phonon velocity, | is the phonon mean
free path. In particular, I is a very small number (usually a few angstroms) for polymers because
of the numerous structural defects along the chains of the polymers that act as phonon scattering
centers, leading to a very low thermal conductivity. Thermally conductive composites can be
used in a variety of applications such as automobiles, aerospace, electronic circuit boards, heat
sinks, electronic packaging, protective clothing, etc. There has been plenty of research directed at
enhancing thermal conductivity of polymers by adding thermally conductive fillers such as
carbon blacks, carbon fibers, graphite, metal or ceramic particles [73-77]. However, it typically
requires a very high filler loading (30 vol%) to achieve a thermal conductivity suitable for
certain applications, which poses great challenges in composite processing as a result of
increased viscosity of the nanocomposites. Moreover, the mechanical properties and density of
resulting composites are altered after the introduction of a high loading of fillers.
Graphene-based nanomaterials recently have shown promising results in terms of
enhancing the thermal conductivity of composites [78,79]. Taking epoxy as the polymer matrix,
thermal conductivity of graphene filled epoxy has been reported to achieve different levels of
enhancement depending on the composition of the filler, the aspect ratio, the filler size
distribution, as well as its chemical compatibility with the matrix [80-83]. Due to the 2D platelet
morphology of graphene sheets, thermal conductivity of composites is also dependent on the
orientation of the filler in the matrix. Heat flow in the direction perpendicular to the platelet is
significantly restricted as compared to the heat flow in the direction parallel to the platelets
[84,85]. This unique anisotropic heat conduction in graphene sheets filled composites can be

very useful in directional thermal management for electronics and protective clothings.
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Theoretical prediction and modelling:

Two basic models have been used to represent the upper and lower bound for thermal
conductivity of composites, referred to as the parallel and the series model. In the parallel model,
each phase is considered to contribute to conductivity independently, proportional to its volume
fraction:

Kc :Kf¢f +Km¢m (15)

where K, Kf, Ky, are the thermal conductivity of the composite, filler, matrix, respectively, and

(Pr and @y, are the volume fractions of the filler and the matrix. This model assumes perfect

contact between the fillers in a percolated network and has some relevance to the case of
continuous fiber composites in the direction parallel to the fibers. However, it usually results in a
large overestimation with respect to experimental values. The series model, on the other hand,
assumes no contact between the filler and the matrix, thermal resistance of the composite is
considered the sum of the resistance from the filler and that of the matrix arranged in series.

Depending on the volume fractions, thermal conductivity is predicted by:

1
K, =
P+ ()

K K

(1.6)
The experimental values obtained usually falls between these two predictions, with the true value
being closer to the series model prediction. More complicated models have been proposed and
developed that take into account the filler geometry, aspect ratio, alignment, as well as the

interfacial thermal resistance for better description of thermal behaviors of various systems.
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Among all these parameters that play a role in heat transport in composites, the interfacial
thermal resistance (or Kapitza resistance) seems to be drawing most of the attention. Kapitza
resistance, named after the Russian physicist who discovered a temperature discontinuity at
metal-liquid interface, can be calculated theoretically or by means of computer simulation as a
result of the technical challenges involved in accurately measuring the interfacial heat flow in
nanocomposites directly [86,87]. Monte-Carlo based methods and molecular dynamics offer the
advantage of manipulating the interaction of nanofiller in the matrix on a molecular scale,
simulation results can later be fitted with experimental data to back calculate the parameter of
interest [88,89].

As suggested by the previous discussion on the mechanism of energy transport in
composites, It is believed that no matter electronic or phononic conduction, both are affected by
the existence of interfaces in the composites (i.e. mostly the matrix-filler, filler-filler interfaces).
However, the conduction mechanisms are quite different when it comes to interfacial phases
when electron tunneling occurs while phonon tunneling is still not fully verified or understood .
Therefore, failing to consider the effect of interfacial transport of phonons might explain the
discrepancies observed in the estimation of thermal conductivity by the parallel and series model

described above.

1.4 Bi-continuous paper like graphene based nanocomposites

Very different from the approach taken in the previous section to fabricate bulk
nanocomposites, a highly ordered, highly flexible paper-like nanocomposite can be prepared
using a very inexpensive way such as vacuum assisted self assembly. In this case, graphene

sheets were dispersed in an aqueous or organic solvent and then filtrated on a filter membrane to
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create a paper. For example, carbon nanotubes mat (buckypaper)[90], graphene oxide (GO)
paper[91,92], and reduced graphene paper [93-95] have been reported by various research groups.
The electrical conductivity can reach as high as 200 S/cm for aligned buckypaper [90] and 350
S/cm for reduced graphene paper [95]. A highly aligned, bi-continuous paper-based
nanocomposite can be prepared by vacuum infiltration of a polymer resin or simply immerse the
porous paper structure in a solution containing the polymer of interest followed by solvent
evaporation, leaving the polymer intercalated in the pores of the paper. Due to the already
established interconnectivity of the filler and its preferential alignment, the thermal and electrical
conductivity in the aligned direction can be much higher than if the fillers are randomly
distributed in the polymer matrix due to the reduced contact resistance [84,85,96,97]. Depending
on the initial dispersion state of graphene based fillers, the paper-like nanocomposites still
possess certain flexibility and mechanical robustness. While most of graphene paper reported in
the literature consist of reduced graphene oxide that has to go through an extra chemical
reduction that cannot fully restore the conjugation of graphene, the electrical and thermal
properties of the resulting paper is compromised. For GNP developed in Drzal's group, the
highly aromatic graphene basal plane remains intact during the intercalation-expansion
fabrication route, offering another ideal starting material for the preparation of flexible, robust

paper based structure that can be used in a variety of applications.

1.5 Background in thermoelectric energy conversion materials:
The multi-functionality that can be introduced to a polymer matrix by incorporation of
graphene nanosheets has opened up numerous opportunities in the field of renewable energy

generation and conversion. One of the promising technologies that could potentially benefit from
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the development of graphene based polymer nanocomposites is thermoelectric energy conversion.
The thermoelectric effect was first discovered in 1821 by Thomas Seebeck who reported that
heating a junction between two dissimilar metals produced a potential difference. The Seebeck

coefficient (S), is defined as the ratio of voltage generated per unit temperature change:

AV

S=——
AT (1.7)

Figure 1-2 is a schematic representation of the potential difference generated due to the diffusion
of charge carriers from the hot to the cold side of the sample. An equilibrium is reached when the
carriers drifting back due to a built in electric field balances the carrier diffusion induced by the
temperature gradient. Seebeck coefficient is determined by the dominant charge carriers present

in the materials and is positive for holes and negative for electrons.
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Figure 1-2: Schematic representation of Seebeck effect when a sample is subjected to a
temperature gradient, in this case, holes are the dominant carriers.

Another thermoelectric effect is discovered by a French watchmaker Peltier who found that
when a current is passed though a junction of different metals, heat can be either absorbed or

released at the junction depending on the direction of the current. The Seebeck effect and the
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Peltier effect are the theoretical foundations for the state of the art solid state heating and cooling
technology.

In order to illustrate how a thermoelectric device work, it is essential to understand the
basic configuration of a thermoelectric unicouple composed of a n-type and p-type material
connected in series. If a heat source is applied to one end of the couple, charge carriers become
energized and diffuse down toward the cold side causing a Seebeck voltage to be generated
across the couple, this thermally induced voltage gives rise to a current when a resistive load is
connected to the couple. On the other hand, a current passing through the unicouple causes the
electrons and holes to move away from one end of the couple, effectively cooling it down. A
thermoelectric module can be fabricated by connecting many unicouples electrically in series but
thermally in parallel so as to maintain the effective temperature difference. Figure 1-3 is a
schematic depiction of a thermoelectric unicouple that operates under either a power generation

mode (Seebeck effect) or refrigeration mode (Peltier effect).
[ HeatSouce | [ Cooledsuface |

® ®
O(? ‘® @? ‘®
0| | o @3
l "l

[ Heatsik | [ Heatreleased |

| |
R -—

I | |
—— W——= —
Figure 1-3: Schematic representation of a thermoelectric unicouple consisting of a p and n type
semiconductor materials connected electrically in series and thermally in parallel operating under
power generation mode (left) or refrigeration mode (right)

The conversion efficiency 1 of the thermoelectric device defined as the ratio between power W

delivered to the load to the heat supplied Q from the source can be expressed as:
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(1.8)

where Z is a material dependent parameter, 1, T}, and T are the average operating temperature,

hot side temperature and cold side temperature respectively. Parameter Z, also referred to as the
thermoelectric figure of merit is the quantity to be maximized for higher conversion efficiency.
The most commonly used dimensionless figure of merit ZT is obtained by multiplying Z by the

operating temperature T which is expressed as:

K (1.9)
where S is the Seebeck coefficient, ¢ is the electrical conductivity, k is the thermal conductivity
of the material. From the definition of Z, a good thermoelectric material should have a high
Seebeck coefficient, a high electrical conductivity and a low thermal conductivity. Apparently, in
addition to having a high Seebeck coefficient, a large electrical to thermal conductivity ratio o/«
is highly desired. Current research activities are primarily focused on inorganic semiconductors
and developing complex material structures that behave like phonon glass electron crystals (i.e.
allowing electrons to flow undisrupted while blocking phonon transport in the materials)[98-100].
Certain approaches such as impurity atom substitution [101], introduction of rattler
atoms[102,103] or use of low dimensional materials[104,105] have been shown to be successful
in reducing the thermal conductivity while causing less disruption to electrical conductivity.
However, the delicate nanostructures that are intentionally introduced to the bulk could be very

difficult to maintain due to their susceptibility to stoichiometry, temperature, pressure, sintering
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time and etc, making it almost impractical in large scale production. In addition, large
consumption of raw materials could also impose added risk and cost when faced with a
dwindling mining and production of rare earth metals.

Recently, research in polymer based thermoelectric materials have been on the rise
because of its intrinsic low thermal conductivity, light-weight, low cost as well as ease of large
scale production. During the course of this research, polymer composites based on carbon
nanotubes have also been proposed to show promising thermoelectric properties [106-109]. The
combination of a polymer matrix having low thermal conductivity and highly electrically
conductive fillers such as graphene nanoplatelets seems to be an interesting and viable route to

explore in terms of increasing the o/« ratio so as to achieve a higher figure of merit.

1.6 Motivation and objective of research:

Graphene nanoplatelets are produced by acid intercalation and thermal exfoliation of
graphite intercalated compounds. These nanoplatelets have excellent electrical, thermal and
mechanical properties as a result of preservation of the pristine aromatic character of the
graphene basal plane during production. However, the benefits of GNP can only be realized if
they can be assembled macroscopically or into a bulk. In this case, it is reasonable to assume that
the numerous contacts or the interfaces created play an important role in the performance and
behavior of the resulting nanocomposites. Based on this premise, this dissertation is dedicated to
the investigation of the difference in energy transport (electron and phonon in particular)
occurring at the interfaces and discusses several useful nanostructuring techniques to modify the
behavior of carrier transport in GNP-based nancomposites with a focus on developing an

inexpensive, lightweight, flexible nancomposites for thermoelectric application.
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In the first part of the research, the effect of incorporating GNP on the electrical and
thermal properties of an insulating polymer is studied and the distinction between conduction of
electrons and phonons across GNP/polymer interfaces is illustrated. A novel method based on
micro-Raman spectroscopy that investigates the effect of particle-particle junctions on phonon
transport is proposed.

With the previous learning in mind, as well as an aim to maximize the potential of
individual GNP particles, the second part of the research is based on a highly ordered, highly
flexible multilayer GNP paper prepared by vacuum assisted self assembly and focuses on the
modification and separation of electron and phonon transport by various nanostructuring
techniques in order to design a nanocomposite thermoelectric material with a high o/x ratio and
Seebeck coefficient. In particular, a facile, one-pot synthesis of metal nanoparticles on the
surface of GNP is proposed with microwave assisted heating and the effect of metal
nanoparticles on carrier transport is explored. In another approach, a conductive polymer
(polyaniline) was synthesized on the surface of GNP by in situ polymerization forming a core-
shell nanostructure. The effect of polymer interaction with GNP, the concentration as well as
protonation ratio of polyaniline on the thermoelectric properties of PANi/GNP nanocomposites
is discussed. The last part explores a novel approach that completely alters the way electrons and
phonons transport inside a PANi decorated GNP paper by a simple folding, the potential of
creating an electrically connected thermally disconnected structure from this approach for

thermoelectric application is discussed.
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Chapter 2 Investigation of GNP in Improving the Thermal and
Electrical Conductivity of Paraffin Wax and Its Use in Thermal
Energy Storage

2.1 Abstract:

This chapter serves as a primer to explore the physical properties of GNP and its effect on a
insulating polymer matrix (i.e. paraffin wax). In particular, nanocomposites consisting of GNP
and paraffin wax with high latent heat have great potential for high efficiency phase change
materials (PCM) for thermal energy storage application. Composite PCMs were made by mixing
two different kinds of GNP (GNP-1 and GNP-15) into paraffin wax. Direct casting and two roll
milling were used to prepare samples. The investigation on the thermal and electrical
conductivity of nanocomposites with these two nanofillers was performed. Higher thermal
conductivity of composite PCM can be achieved with nanofillers of larger aspect ratio, higher
particle alignment. The thermal physical properties of the nanocomposites were investigated by
differential scanning calorimetry and thermal gravimetric analysis. It was found that the latent
heat of the nanocomposites was not adversely affected by the presence of GNP and the thermal
stability improved. This chapter is based on a journal publication: Xiang, J., Drzal, L. T. (2011).
Investigation of exfoliated graphite nanoplatelets (xGnP) in improving thermal conductivity of
paraffin wax-based phase change material. Solar Energy Materials and Solar Cells, 95(7), 1811—

1818.

2.2 Introduction

Latent heat storage materials have been reported in the literature as useful for thermal
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energy storage applications because of their high energy density [1-3]. Heat is stored through the
phase transition within the material, such as solid-solid or solid-liquid transitions. Paraffin wax
has attracted numerous attentions for its low cost, moderate energy densities, low vapor pressure,
negligible supercooling and chemical inertness [4]. However, one of the intrinsic disadvantages
associated with paraffin wax and other organic PCM are their low thermal conductivity, which
severely limited the rate of absorbing and releasing heat from and to the environment. Various
high thermally conductive fillers (e.g. metallic fins [5], ceramic powder fillers, graphitic carbon
fibers [6], carbon nanofibers [7], graphite particles [8] and exfoliated graphite [9]) have been
reported to improve the effective thermal conductivity of phase change materials. However, one
usually needs a very high concentration of these traditional conductive fillers to achieve a
noticeable improvement in thermal conductivity, resulting in increased density of the composites,
processing difficulties and increased cost.

In this work, GNP-1 and GNP-15 were mixed with paraffin wax. The viscosity of
paraffin wax is low and is thus conducive to dispersing conductive particles uniformly in the
polymer matrix. The thermal and electrical conductivities of nanocomposites with nanofillers of
different sizes were investigated. Different samples were prepared to study the effect of particle
orientation on the conductivities of nanocomposites. Furthermore, the experimental results were
compared with effective medium theory first proposed by Nan [10] on carbon nanotubes to
estimate the interfacial thermal resistance. In addition, the effect of adding different GNP
particles on melting/crystallization enthalpies, latent heat and thermal stability of paraffin wax is

also discussed.
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2.3 Experimental:

Materials:

GNP-15 and GNP-1 were produced by the acid intercalation and microwave-assisted
exfoliation process described in the previous chapter. Paraffin wax (n-docosane) with melting
temperature of 53-57°C, xylenes (reagent grade) were purchased from Sigma-Aldrich and used

directly.

Sample preparation:
Casting:

Paraffin wax was melted at 80°C. GNP were then added to the liquid paraffin under
constant stirring at 1wt%, 2wt%, 4wt%, 6wt%, 8wt%, and 10wt%. At higher loadings
(i.e. >6wt%), xylenes were used as a solvent to dissolve wax first, reducing the melt viscosity
and facilitate the uniform dispersion of GNP. The liquid composite was sonicated for 1 h prior to
solvent evaporation. Samples were poured into a customized aluminum mold (shown in Figure
2-1a) and solidified at room temperature. Disk samples of 1°” in diameter and 5 mm in average

thickness were used for subsequent experiments.

Two roll milling:

In order to study the effect of particle orientation on thermal conductivity, composite
samples from cast molding was further processed by two roll mill (shown in Figure 2-1b) in
which extensive shear force and compression at the nip point of the rolls allow particles to align
within the plane. In two roll mill processing, the quality of the composite film depends on the
temperature of the rolls, a higher temperature yet still below the melting point of paraffin reduces
the chance of film shrinkage by giving the wax molecules enough thermal energy to undergo
stress relaxation while the film is still wrapped around the rolls. The speed of the roll is adjusted
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so that the front roll rotates faster than the rear roll. It is worth noting that the speed difference
between the rolls effectively creates enough shear force at the gap of the two rolls, facilitating
the dispersion of GNP and their alignment in the matrix. The composite materials were
processed in the rolls for 10 minutes before they were removed. The final product composite
sheet is around 0.4-0.5 mm in thickness. Both the through plane and in plane thermal
conductivity was measured. Figure 2-1c is the schematic representation of sample preparation

routes:

Figure 2-1: (a) Photograph of the customized aluminum mold; (b) Photograph of Bolling two roll
mill; (c) Scheme for the sample preparation routes: casting and two roll milling.
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Figure 2-1 (cont'd)
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2.4 Characterization:

Scanning electron microscopy (SEM)
To investigate the dispersion of GNP particles in paraffin matrix at different loadings,
disk samples prepared by casting and two roll milling were liquid nitrogen fractured. The

fractured surface was oxygen plasma treated for 5 minutes with a Radio Frequency power at
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550W. The treated sample was later gold coated with the Denton Vacuum sputter coater to
ensure that the sample is electrically conductive. A JEOL (JSM 6400) scanning electron
microscope with an accelerating voltage of 15kV was used to examine the fractured composite

surface at a working distance of 15 mm.

Thermal conductivity

The thermal conductivity of paraffin/GNP composites was measured with a Unitherm
(TM) Model 2022 (Anter Corporation, Pittsburgh, PA). The test was performed according to
ASTM E1530. For samples prepared by cast molding, the average thickness of the sample is 5
mm, and it can be directly used for through-plane thermal conductivity measurement. However,
for the samples prepared by two roll mill, the through plane thermal resistance is too small to be
measured due to the very small thickness of the composite thin film (0.4-0.5 mm). 4 or 5 sheets
were stacked in parallel so that the resistance falls in the range of the instrument. As for the in-
plane measurement, the sample was made by compressing the thin sheets released from the roll
mills in a closed rectangular mold to a desired thickness, and used a circular iron punch to
produce a 1°” disk sample from the cross section of the block (shown in Figure 2-2a,b). All the

samples were tested at 20 °C under an applied load of 20 psi.

Electrical conductivity

The resistivity of paraffin/GNP nanocomposites was measured with a Gamry instrument
under FAS2TM Femtostat plug system and potentiostatic mode. A rectangular portion was
fabricated by a Buchler Isomet™ low speed saw from the cast molded disk samples for the
measurements. The resistance of the sample was measured in the frequency range from 0.6Hz to
100kHz and resistivity of samples were calculated by taking the geometry of the sample into

account using equation (2.1):
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p=RxA/L o1

R is the resistance of the sample at 1Hz, A is the cross section area of the sample and L is the

length of the sample.

Differential scanning calorimetry (DSC)

A sample size of around 5-10 mg was loaded to the DSC sample cell and the data was

collected for the 2nd run at a scanning rate of 5°C/min. The solid-solid transformation in paraffin

wax, the melting temperature, the crystallization temperature, and the latent heat of paraffin were

analyzed by Universal Analysis 2000 Version 4.5A.

Thermogravimetric analysis (TGA)

A sample of 10-15 mg of composite samples was loaded to the Pt pan and the
experiments were conducted in nitrogen atmosphere. The temperature range scanned was from
25°C to 500°C with a 25°C/min ramp rate and a 4°C/min resolution upon thermal decomposition

events.
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Figure 2-2: (a) Schematics for in plane thermal conductivity measurement of the two roll milled
sample; (b) Photograph of the sample prepared from compressing the two roll milled sheets to a
desired thickness (1 inch) and a circular cross section of that was produced by a punch.
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2.5 Results and discussions:

2.5.1 Morphology

Figure 2-3(a) shows the fractured cross section of the 4wt% GNP-1/paraffin
nanocomposites prepared by casting. GNP are either embedded in the paraffin matrix evidenced
by the white lines protruding from the background or lying on the surface indicated by their
irregular but sharp edges different from the smooth and soft paraffin wax. At the same nanofiller
loading, GNP-15 particles in the nanocomposites are more easily recognized due to their larger
size shown in Figure 2-3(b). It is also found that unlike the morphology reported by Kalaitzidou
[11] in PP/GNP nanocomposites that most nanoplatelets tend to roll up or fold on itself during
sample preparation (melt extrusion), GNP in paraffin maintained their platelet shape as a result
of the low viscosity of the polymer matrix and thus the high aspect ratio of GNP is not negatively
affected in sample fabrication. In the samples prepared by two roll mill with GNP loading at
4wt%, 10wt% shown in Figure 2-3(c-d). It is very clear that particles assumed a preferential
alignment as indicated by the white lines in SEM. Figure 2-3(e-f) shows the magnified edge
views of the nanoplatelets, it is also evident that the individual nanoplatelet is thin with thickness
less than 10 nm and thus they have a very high aspect ratio. The distance between particles was
increased due to the expansion of material at the rolling nip point and it is the same compressive

and shearing force that contributed to the alignment of the particles.
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Figure 2-3: a: 4wt% GNP-1/paraffin by casting; b: 4wt% GNP-15/paraffin by casting; c: 4wt%
GNP-15/paraffin by two roll mill; d: 10wt% GNP-15/paraffin by two roll mill; e: enlarged edge
view of the nanoplatelets (scale bar 100 nm); f: enlarged edge view of one platelet (scale bar: 10
nm)

41



Figure 2-3 (cont'd)
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Figure 2-3 (cont'd)

2.5.2 Electrical conductivity of paraffin/GNP nanocomposites:
In order to find out the effect of dispersion of GNP on electrical conductivity of the
resulting nanocomposites, the resistivity of paraffin/GNP-1 and paraftin/GNP-15 samples were

measured and compared in Figure 2-4. For nanocomposites with GNP-15 as fillers, resistivity
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undergoes a sharp decrease from 10'° (ohm cm) to around 10° (ohm cm) at 1 vol% which
suggests that conductive paths were formed in paraffin. However, GNP-1 nanocomposites did
not percolate even at 2 vol%. Despite the fact that the absolute number of GNP-1 is almost 250
(15x15) times more than GNP-15 in the composites at the same loading level, the aspect ratio of
is much smaller (100 vs. 1000). It can be seen from SEM micrographs that the platelet like
morphology for larger nanoplatelets were maintained better than smaller ones, which suggests

the importance of filler morphology and aspect ratio on the electrical conductivity of

nanocomposites.
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Figure 2-4: Electrical resistivity of GNP/paraffin composite PCM

2.5.3 Thermal conductivity paraffin/GNP nanocomposites:

Thermal conductivity of paraffin/GNP nanocomposites prepared by casting at different
filler concentrations was measured and shown in Figure 2-5(a). The thermal conductivity
increased linearly for GNP-15 samples up to 2 vol% beyond which the data exhibits super linear

behavior. In GNP-1 composites, thermal conductivity also increased linearly with GNP loading,
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but the improvement is not as effective as GNP-15 although the absolute number of nanofiller
particles is much larger at the same loading level. Given the fact that GNP-15 is superior to
GNP-1 in improving the thermal conductivity of paraffin nanocomposites, two samples prepared
by two roll mill containing 2vol% and 5vol% GNP-15 in paraffin matrix were used for the
measurements. Both samples show higher thermal conductivity in the in-plane direction rather
than in the through-plane direction shown in Figure 2-5(b). Aligning the particles in its basal
plane direction effectively utilizes the high in-plane thermal conductivity of the graphite
nanoplatelets. However, thermal conductivity of the two roll milled sample is not as high as the

cast mold samples at the same loading level.
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Figure 2-5: (a) Through plane thermal conductivity of GNP/paraffin prepared by casting; (b)
Through-plane (left column) and in-plane (middle column) thermal conductivity of GNP-
15/paraffin prepared by two roll mill and through-plane thermal conductivity by casting (right
column).
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Figure 2-5(cont'd)

3.5 b
£ 3
‘;-’ 2.5
2
Z 2 - = two roll mil
S through plane
©
S 1.5 ® two roll mill in
O plane
< 1
= cast through
E 05 - plane
|_
0 .
2 5
GNP-15 volume %

2.5.4 Thermal interface resistance:

It is obvious that the formation of a continuous chain structure of highly thermally
conductive GNP particles inside the polymer is not making a large contribution to the heat
conduction of the composites. In fact, similar phenomenon where thermal percolation is not
observed or even a slight drop in thermal conductivity in the vicinity of electrical percolation
threshold has been reported by other research groups in carbon nanotubes based nancomposites
[12-14]. This interesting effect can be explained by two counteracting processes: incorporation of
GNP particles into the matrix introduces new interfaces between the filler and the matrix giving
rise to a thermal interfacial resistance (Kapitza resistance). On the other hand, noticeable
increase in the number of GNP particles creates a highly conducting phase in the matrix

contributing to a better heat conduction. The fact that thermal conductivity only shows a slight
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increase in GNP/paraffin possibly indicates that the latter process still dominates. Many
researchers have attributed the lack of thermal percolation to the presence of a high thermal
interfacial resistance resulting from a weak coupling between the filler and the polymer matrix.
In order to find out different parameters that might result in a large interfacial resistance, Xu et al.
used molecular dynamics simulation to investigate heat conduction in carbon nanotubes based
nanocomposites and the author proposed two major approaches to improve interfacial thermal

conductivity (i.e. phonon spectrum matching and better interfacial coupling) as shown in Figure

2-6 [15].
Phonon using nanofillers with similar
spectrum phonon spectrum
matching

Interfacial
conductance Geometrical | ncreasing contact area

overap of o
phonon medes| Detween nanofillers

Interfacial
coupling

Coupling molecular linkage between
strength polymer and nanofillers

Figure 2-6: overview of the dominate factors in interfacial thermal conductance in carbon based
nanocomposites as well as possible techniques to reduce interface resistance. Adapted from ref.
15.

With the above two approaches in mind, we proposed the following discussion for
GNP/paraffin nanocomposites studied here. Heat transport in graphene nanoplatelets takes place
by phonons of varying frequencies. Phonons are transported from one platelet to another via the
polymer in between. Since there is a difference in acoustic properties, the phonon spectrum will
be different in these two materials. In addition, due to the weak van der Waals interaction

between paraffin and GNP, it is believed that only low frequency phonon vibration modes are
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available to carry heat energy. The high frequency phonons, which also carry heat energy, need
to interact with other phonons before they can be transferred to low energy vibration states to
couple with the polymer matrix according to a theoretical study conducted by Luo et al. [16]. As
a result of this combined effect of phonon mismatch as well as weak coupling with the matrix,
strong phonon scattering occur at the interfaces that corresponds to a high thermal interface
resistance reducing the efficiency of heat transfer in nanocomposites. This process would be
more prevalent in nanocomposites containing finer filler particles due to a greater density of
interfaces because the chance of phonon scattering at the interface is greater as in the case of
GNP-15 and GNP-1 composites.

In terms of nanofiller alignment, random orientations of GNP in paraffin especially at
higher GNP loading for the cast molded samples led to significant overlapping among particles
which increased the geometric overlap of phonon modes due to a larger physical contact area. On
the other hand, two roll mill process not only aligned the particles in the matrix, but also broke
GNP aggregates and separated them, disrupting the percolating networks and introducing more
phonon scattering at GNP/paraffin interfaces.

As already mentioned previously, thermal interface resistance presents a significant
barrier for phonons to transport from one conductive filler particle to another surrounded by a
polymer matrix, it is interesting to predict the thermal interface resistance from experimental data.
Many models have been proposed to predict the thermal conductivity of nanocomposites, but
few have taken the interfacial resistance into account. Nan proposed a model based on carbon
nanotubes and assumed an interfacial barrier layers between the nanotubes and the polymer, a
Maxwell-Garnett type effective medium approach was used to predict the thermal interface

resistance [10]. For the case of isotropically oriented ellipsoidal particles including platelets, the
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thermal conductivity ratio Ke/ K., (defined as effective thermal conductivity vs. matrix thermal

conductivity) can be expressed by Equation (2.2):

Ke _3+f(B+5)
K. 3-18

m

_ 2K =Ky,
ﬁX - Klgl+Km 9ﬁ2

K 2.2)
K

m

where f is the volume fraction of graphite platelets, Assume individual GNP is coated with a

. . . g g .
very thin interfacial thermal barrier layer, Kll and K33 are the equivalent thermal

conductivities along transverse and longitudinal axes of a nanoplatelet, and can be expressed in

Equation (2.3):

K9 = Kg K9 = Kg
" 2a, K, ¥ 2a K 2.3)
1+tK : 1+dK :

a, = Rka (2.4)

where Ry is the thermal interface resistance. The model described above assumes that the

nanofiller particles are completely surrounded by the polymer matrix and they do not touch each
other. Since the percolation threshold for GNP/paraffin composites is approximately 1 vol% as

suggested by electrical resistivity measurement, the experimental data used for curve fitting are
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limited to those below 1 vol%. Assume the diameter and thickness of the GNP-15 particles are

15 um and 10 nm and the in-plane and through-plane thermal conductivities are 3000 W/m K
and 10 W/mK. The thermal interface resistance of approximately7 to 9% 10 m’K/W produces

the best fit with experimental results. This Ry value is very close to the interfacial resistance

across the carbon nanotube matrix reported by Cahill and Keblinski group which is about

8.3x10°*m*K /W [17]. Figure 2-7 shows the curve fitting result using this model

assuming various interfacial resistances.
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Figure 2-7: Thermal conductivity of paraffin/GNP-15 fitted with effective medium theory below
electrical percolation.
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2.5.5 Effect of GNP particles on other thermophysical properties of nanocomposites:

Differential scanning calorimetry was used to investigate the effect of GNP on thermo -
physical properties of paraffin nanocomposites and its capacity to store thermal energy. Both the
melting and cooling behaviors of paraffin/GNP were recorded, two peaks were observed from
the DSC analyses which correspond to solid-solid transformation and melting/crystallization of
paraffin wax. The relevant enthalpies were calculated by integration the peaks above the base
line given by the software itself.

The temperatures that characterize the melting and crystallization peak are not affected
significantly by addition of GNP particles. The melting and crystallization enthalpies for paraffin
nanocomposites at low GNP concentration did not deviate from neat paraffin very much as
opposed to the samples at high loading levels when the composite’s ability to absorb and release
heat is degraded because of the increasing replacement of paraffin wax with GNP particles.
However, the presence of more GNP in the paraffin matrix did not negatively affect the thermal
physical properties of wax itself. This can be further supported by compensating the presence of
GNP in the composites and recalculating the melting and crystallization enthalpies for paraffin
wax alone in the nanocomposites using Equation (2.7). It is found that for both nanocomposites,
the heat absorbing and releasing capacity during heating and cooling for paraffin did not degrade

but improve slightly with GNP loadings.

AHcomp
AH,,, = —2m

wax 1— XG (2.7)
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where AHcomp is latent heat of composite PCM with GNP. AH,, is latent heat of wax in

PCM. X is the weight fraction of xGnP. Table 2-1 and Table 2-2 collected data from paraffin

nanocomposites containing 0Owt%, 2wt%, 4wt% and 8wt% GNP-15 or GNP-1.

Table 2-1: Heating and cooling characteristics of GNP-15 composite PCM (average of three
samples)

Sample Melt Melting Melting Cryst. Cryst. Cryst.
names peak(°C) enthalpy of enthalpy of peak(°C) enthalpy of enthalpy of
composite  wax (J/g) composite  wax (J/g)
J/g) J/g)
Neat 54.54 185.9 185.9 51.73 186.8 186.8
2wt% 54.82 188.6 192.4 51.27 189.9 193.7
4wt% 55.13 183.5 191.1 51.87 185 192.7
8wt% 54.9 171.9 186.8 51.63 172.9 187.9

Table 2-2: Heating and cooling characteristics of GNP-1 composite PCM (average of three
samples)

Sample Melt Melting Melting Cryst. Cryst. Cryst.
names peak(°C) enthalpy of enthalpy of peak(°C) enthalpy of enthalpy of
composite  wax (J/g) composite  wax (J/g)
J/g) J/g)

Neat 54.54 185.9 185.9 51.73 186.8 186.8
2wt% 54.33 186.05 189.85 52.09 187.15 191
4wt% 53.97 180.4 187.9 52.22 180.2 187.7
8wt% 54.35 176.65 192 51.94 178.1 193.5

2.5.6 Thermal gravimetric analysis:

Since graphite is known for its chemical inertness and resistance to thermal degradation,
thermal decomposition of paraftin nanocomposites upon addition of GNP was analyzed by TGA
in N; shown in Figure 2-8. It is shown in the analysis that thermal decomposition of paraffin
nanocomposites gradually shifted to higher temperature with increasing GNP. Although the

interaction between GNP and paraftin is weak, they still interact with the surrounding matrix and
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improve the overall stability of composite PCM. The remaining weight at 500°C, at which

temperature paraffin wax was completely thermally decomposed but GNP were unaffected, was

close to the initial loadings Owt%, 2wt%, 4wt% and 8wt% respectively.
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Figure 2-8: (a) TGA analysis of GNP-1/paraffin nanocomposites in N». (b) TGA analysis of
GNP-15/paraffin nanocomposites in N
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Figure 2-8(cont'd)
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2.6 Conclusions:

GNP of two different sizes (GNP-1 and GNP-15) were successfully mixed with paraffin
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wax to make a composite phase change materials (PCM) of high latent heat and high thermal and
electrical conductivity. In particular, GNP-15 nanocomposites prepared by casting show lower
electrical percolation and higher thermal conductivity than GNP-1 counterparts possibly because
of the large difference in the aspect ratio of the two nanofillers. The distinctive property
enhancements was also observed at the electrical percolation where electrical conductivity
increased by many orders of magnitude while thermal conductivity remained almost the same.
Lack of thermal conductivity in the nanocomposites can be explained by different mechanisms

for electron and phonon transport across the polymer/GNP interface. In particular, phonon




transport is dependent on the physical properties (phonon spectra) of the two components as well
as their coupling strength, a high interfacial resistance due to phonon scattering is the major
reason for inefficient heat transfer. In comparison, electron transport across interfaces takes place
by electron tunneling where physical contact between filler particles is not required. The
interfacial contact resistance is believed to account for the much lower than expected
improvement in thermal conductivity of the nanocomposites. The interfacial thermal resistance
estimated by Nan’s model to be 7 to 9x10®m*K/W, was found to be comparable to that of carbon
nanotubes. For the purpose of thermal energy storage, DSC results show the latent heat of
paraffin nanocomposites were not degraded by adding GNP. Latent heat of paraffin alone and the
thermal stability of the composite PCM measured by TGA actually improved slightly in the

presence of GNP.
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Chapter 3 Thermal Conductivity of a Monolayer of Exfoliated
Graphene Nanoplatelets Prepared by Liquid-Liquid Interfacial Self-
Assembly

3.1 Abstract:

A monolayer film composed of exfoliated graphene platelets GNP was extracted from a
chloroform-water interface and supported on a glass substrate. The nanoplatelets are
interconnected at the edges without overlapping forming a very densely packed structure with
uniform thickness. Micro-Raman spectroscopy with a 50 mW 532 nm laser generating heat at the
center of the sample was used to probe the thermal conductivity of the GNP monolayer at
different power levels. The Raman G peak shift of graphite was used to record the local
temperature rise in the monolayer. The cross sectional area of heat conduction is determined by
the thickness of individual platelets. A UV-Vis spectrometer was used to measure the absorption
of light by the monolayer. Depending on the interface density, thermal conductivities are
estimated to be 380 W/m K and 290 W/m K for monolayers with average particle size of 10 um
and 5 um, respectively. This chapter is based on a journal publication: Xiang, J., Drzal, L. T
(2010) Thermal Conductivity of a Monolayer of Exfoliated Graphite Nanoplatelets Prepared by

Liquid-Liquid Interfacial Self-Assembly. Journal of Nanomaterials, 2010,1-6.
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3.2 Introduction

This chapter discusses a novel approach to visually inspect the heat conduction in a
percolated network of pure GNP, providing insights into the effect of interfacial resistance on
thermal conductivity.

Earlier work has shown that graphene supports 2D phonon propagation giving rise to a
remarkably high thermal conductivity in its basal plane [1]. It is difficult to use conventional
techniques such as 3o, laser flash, and thermal bridge to measure thermal conductivity of this
very delicate system such as single layer graphene without causing physical damage during
sample preparation and handling. Confocal micro-Raman microscopy, a non-destructive, optical
technique has been successfully used to extract thermal properties of thin films [2,3]. Balandin et
al. successfully measured thermal conductivity of a mechanically cleaved single layer graphene
ribbon with Raman spectroscopy that uses the Raman G peak of graphene as a probe for local
temperature determination at the laser spot. The measured thermal conductivity of graphene is
4400-5300 W/m K [4]. Similarly with Raman spectroscopy, Geim et al used temperature readout
obtained from the intensity ratio of Stokes to anti-Stokes signal to study the thermal properties of
a large circular shaped graphene membrane also obtained from micromechanical cleavage and
they concluded thermal conductivity to be 600 W/m K [5]. These single layer graphene were all
suspended over a micro trench with their edges connecting to either bulk graphite or gold heat
sinks. Recently, Ruoff et al reported a CVD grown graphene monolayer suspended or supported
over a holey Au/SiN substrate. The thermal conductivity of graphene was measured by
monitoring the graphene G peak shift with laser heating. The measured conductivities for
suspended and supported graphene are 2500+1100/-1050 W/m K and 370+650/-320 W/m K

respectively [6]. It was surmised that the huge difference is due to the phonon leakage and
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scattering at the substrate-graphene interface. More recently, Balandin et al investigated the
dimensional crossover of thermal transport in few-layer graphene (FLG) using the same
technique, they showed that the room temperature thermal conductivity changes from 2800 W/m
K to 1300 W/m K as the number of atomic planes in FLG increases from 2 to 4 [7].

Despite the numerous literature that focus on the thermal conductivity of graphene and
few-layer graphene, there is no report that investigates the thermal conductivity of a monolayer
film consisting of individual graphene nanoplatelets. Here, a monolayer film of GNP was
extracted from a liquid-liquid interface following the procedures reported by Biswas [8] and
deposited on a substrate for thermal conductivity measurement by confocal Raman spectroscopy
that shed light on the effectiveness of those highly conductive nanoplatelets in heat conduction.
In a monolayer, individual GNP is lying flat on the glass substrate and densely connected to each
other resembling a percolated conductive network in a nanocomposite except that the
nanoparticles are highly ordered with well defined contacts instead of a random distribution of
particles with uncontrolled contacts. Heat spreads in a 2D plane in the monolayer and the

efficiency of heat conduction of such monolayers was studied.

3.3 Experimental details:

Materials:

Two kinds of GNP produced from different graphite sources were measured and their
surface areas were determined by Brunauer-Emmet-Teller (BET) using N, adsorption at 77K to
be 20-40 m?/g and 200-220 m%/g, and are referred to as low surface area (LSA) GNP and high

surface area (HSA) GNP in later discussion. Chloroform, used for liquid-liquid interface
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extraction of a monolayer of GNP was purchased from J.T. Baker and used directly without

purification.

Extraction of a Monolayer GNP at the Liquid-Liquid Interface:

A monolayer of densely packed GNP particles was prepared on the glass substrate
following the procedure by Biswas [8]. To summarize the process, GNP were dispersed in
chloroform at 0.1 mg/ml. The supernatant of the suspension was obtained by 10 min
centrifugation at 5000 rpm. Then water was added to the supernatant solution followed by high
power sonication. GNP particles then quickly adsorbed at the chloroform-water interface and a
monolayer was extracted on a glass slide. The samples were dried in air and then annealed at

250 °C for 2 h. The area of GNP coated region is 3 cm x 2.5 cm.

UV/Vis Spectroscopy:

The optical transparency of the monolayer coated glass slide was measured by UV-Vis
spectrometer (Perkin Elmer Lambda 900) to determine the amount of light absorbed by the
monolayer. The amount of light transmitted was measured and the light absorbed by GNP

monolayer was calculated from subtracting the percentage transmitted from the total light source.

Scanning Electron Microscopy
A JEOL JSM-7500F scanning electron microscope was used to examine the morphology
of the monolayer on the glass slide. The sample was not gold coated and the imaging was done at

5kV at working distance of 4.5 mm.

Confocal Raman Spectroscopy:
A LabRAM ARAMIS laser Raman spectrometer (Horiba Scientific) with 532 nm 50mW

DPSS laser was used to probe the G band of GNP particles. To determine the temperature

62



dependence of G peak, an INSTEC (STC 200) heating stage was used to heat the sample and a
very low laser power was used to collect the Raman signal to avoid laser induced heating.
Monolayers of both LSA and HSA GNP were prepared on the microscopic glass slides for
subsequent measurements. The laser was focused on the center of the monolayer and a filter that
controls different amount of laser coming through the objective lens was used to induce different
levels of heating in the samples. A D1, D06, D03, DO filter was used in each experiment that

corresponds to 10%, 25%, 50% and 100% laser power. Both the 50x and 100x objective lenses

were used for each sample measured. The laser spot size rp was 0.24 um and 0.19 pm for the 50x
and 100x respectively which were determined using I'o=AMnNA, where NA is the numerical

aperture value of 0.9 and 0.75 for the x100 and x50 objectives.

3.4 Results and discussions:

3.4.1 Scanning electron microscopy:

The formation of a stable monolayer of GNP particles that were closely connected
without overlapping was driven by the gain in interfacial energy that enables the nanoplatelets to
be adsorbed to the oil-water interface [9-11]. Since these graphene nanosheets are highly
hydrophobic on their basal planes while the oxygen functional groups on the edges render them
hydrophilic, it is expected that a meniscus will be generated around the particles and ‘like’
menisci overlap to generate large attractive capillary force to form a close packed structure at the
liquid-liquid interface [11,12]. While the magnitude of this lateral capillary force is negligible for
spherical particles with diameter less than 10 pm [13], Bowden et al showed that, for planar

shaped particles at the liquid-liquid interface, the lateral capillary force is quite significant even
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for particles with thicknesses of few nanometers [11]. Depending on the starting material and
intercalation and exfoliation conditions, the average thickness of individual nanoplatelets may
vary which will be reflected in the optical transparency measurement.

Figure 3-1(a,b) shows the SEM images of the two glass substrates coated with LSA and
HSA GNP monolayers. From SEM micrographs, individual platelets come into contact with each
other at the edges (indicated by arrows in the figures) so well that there is no noticeable gap left
between them thanks to the more regular geometry of the platelet edges. In some portions of the
glass substrate, gaps can be observed between nanoplatelets but every single one is connected to
the adjacent particle without overlapping for both the LSA and HSA monolayers which proves
both interfacial energy minimization and the strong edge interaction among nanoplatelets. With
multiple inspection of different parts of the monolayers, it is concluded that the LSA monolayer
has an average particle size of around 5-10 pm. In the HSA monolayer, however, more gaps
exist among individual platelets and the average size of the platelet is within 1-5 pm. It is
obvious from the SEM images that the interface density in the HSA monolayer is higher than the

LSA monolayer.

64



Figure 3-1: (a) SEM image of a LSA GNP monolayer film supported on a glass substrate. (b)
SEM image of a HSA GNP monolayer film supported on a glass substrate.
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3.4.2 Optical Transmission and Absorption of GNP Monolayers:

The optical transparency of those monolayers was determined by scanning a blank glass
slide and a GNP coated slide to eliminate the effect of reflective loss from the slides. Since the
reflection of the graphite nanosheets is negligibly small [14], it is not accounted for in this
calculation. The amount of light absorbed was calculated by subtracting the light transmitted

through the glass slide:
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Figure 3-2: Percent transmission of light for LSA and HSA monolayers scanning from 350 nm to
1000 nm. Inset is the photo of LSA and HSA coated monolayers supported on glass substrates as
well as the blank slide.
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Figure 3-3: Raman G band shift of GNP with temperature and linear curve fitting with Microsoft
Excel. Two measurements were conducted indicated by blue and red marks.

A (absorption) = 1-T (transmission). Figure 3-2 shows the percentage transmission of light for
both the LSA and HSA monolayers from 350 nm to 1000 nm. The optical transparency for the
LSA and HSA monolayer is 20.5 % and 49.6 %, respectively at the 532 nm. The absorption is
then calculated to be 79.5 % and 50.4 % for the LSA and HSA monolayers. The fact that the
HSA GNP went through better intercalation and exfoliation contributes to the production of
much thinner nanoplatelets, which boosts the optical transparency. The thickness of the
individual HSA GNP and LSA GNP were previously measured to be around 10 nm and 20 nm

respectively by AFM [8].
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3.4.3 Confocal Micro-Raman Spectroscopy Analysis:

The laser induced heating of the graphene nanoplatelets causes a red shift of the G band
because of bond softening. The G band shift is believed to be linearly dependent on the
temperature of the sample [15]. A heating stage was used to heat individual GNP and the Raman
signal was collected at a very low laser power. Two measurements were taken at each
temperature up to 473K. The slope of the temperature dependence of G peak was determined to
be -0.021 ecm™'/K shown in Figure 3-3. However, in the monolayer samples, heat absorbed by
GNP propagates to the edge of the platelet and the large thermal interface resistance is expected
to scatter the phonons (lattice vibrations). This is in stark contrast to constructing a graphite or
Au heat sink around an individual nanoplatelet. A phonon being transported along the monolayer
encounters numerous interfaces that reduce the heat conduction efficiency. It is necessary to
focus the laser on the center of the monolayer to ensure that heat spreads uniformly in a circular
geometry. In fact, if the laser beam was focused on the edge of the sample, the local temperature
will increase much higher due to the presence of a boundary that impedes heat dissipation.
During the experiment, the edges of the monolayer sample was kept at ambient temperature at
around 300K, additional heat sinks were not used because of the huge surface area of the
monolayer compared with the laser spot size. The Raman G-peak shift was collected at different
laser power levels (i.e. 100%, 50%, 25% and 10%) with the selection of a proper filter. Figure 3-
4(a,b) shows the G-peak shift at different power levels for both the LSA and HSA monolayers.
The presence of oxygen functional groups on the edges of GNP are likely to alter the carbon
bonding from sp” to sp’ type and this gives rise to a D band in the Raman signal (1350 cm™).

Due to the difference in the size of the nanoplatelets in LSA and HSA monolayer, the HSA
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sample has more edge areas exposed to the laser and this provides a possible explanation to a

higher D band observed in HSA samples.
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Figure 3-4: (a) Raman G peak shift of the LSA monolayer at different laser power levels. (b)
Raman G peak shift of the HSA monolayer using different laser power levels.
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3.4.5 Calculation of the Thermal Conductivity of GNP Monolayer:

The temperature rise at the center of the monolayer caused by the Gaussian-shaped laser
heating is proportional to the absorbed laser power and inversely proportional to the efficiency of
heat conduction. The volumetric laser heating is q,=qo/t exp(-r*/ry>) with 1o being the laser spot
size, r being the radial position measured from the center of the laser beam. Here, qo is the
absorbed laser power per unit area at the laser spot and t is the thickness of monolayer thickness
which is the same as the thickness of individual platelets. The glass substrate (k=1 W/m K)
interacts with the phonons and causes phonon leakage which reduces the thermal conductivity.
The temperature distribution of the supported monolayer can be obtained by the steady state

form of the heat diffusion equation in cylindrical coordinate following Cai’s approach [6]:

e R TUR AR @

where g is the interfacial thermal conductance per unit area between the monolayer and the

substrate as well as the air molecules. « is the thermal conductivity of the monolayer, T}, is the

ambient temperature. From the Gaussian-shaped laser heating, the total absorbed power by the

monolayer Q is:
Q= tf q,2zrdr = q,zr,’ (32)

1/2
Let 0= T-T, and Z= (g/ Kt) I', equation (3.1) can be converted to a nonhomogeneous

Bessel’s equation:
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0’0 106 q 22
+-L g =—exp(——
The solution to the above equation is:
Q(Z)zCIIO(Z)+C2K0(Z)+9p(Z) (3.4)

where Iy(z) and Ky(z) are the zero-order modified Bessel functions of the first and second kind.

The particular solution 6,(z) can be obtained using the variation of parameters method and is
found to depend on qo/ g [16]. The temperature rise in the monolayer measured by Raman laser

1S:

T@(Z)exp(—zzzz)zdz

0 — 0
) T 7’ 35
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The measured thermal resistance defined as R=0 ,,/ Q can be calculated from equation

3.2 and 3.5. Given the temperature dependence of Raman G peak, the temperature rise 0 ;, and

absorbed power Q is found to be linearly related as is shown in Figure 3-5(a,b) and the slope of

which yields Riga equal to 1.12x10* K/W and 1.61x10* K/W respectively for the LSA
monolayer with 50x and 100x objectives. Similarly, Rysa equals to 2.31x10* K/W and 3.54x10*

K/W for the HSA monolayer with 50x and 100x objectives. The ratio of the two R values is
found to be dependent only on g/k. With one of the R values measured with either objective, g*/«
can be further obtained. After a curve fitting procedure for g/ and g/, it is found that g=50
MW/m’K and Krsa=380 W/m K for the LSA monolayer while g=30 MW/m?K and Kusa=290
W/m K for the HSA monolayer. Due to the difference in GNP size, the HSA monolayer has a
higher interface density than the LSA monolayer which might cause the reduction in overall

efficiency of heat conduction due to strong phonon scattering at the particle interfaces.

3. 5 Conclusions:

A densely packed monolayer of GNP was successfully extracted from a chloroform-
water interface driven by interfacial energy minimization and attractive capillary interactions.
Confocal micro-Raman spectroscopy was used as a heater and a thermometer to probe the heat
conduction efficiency of monolayers made from GNP of different sizes and thicknesses. The
presence of interfaces in the monolayers significantly affects thermal conductivity, reducing the
thermal conductivity in this assembly of graphene nanoplatelets by almost an order of magnitude

lower than the highest reported value in the literature measured by the same technique. However,
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the in-plane thermal conductivities of both monolayers are still high with negligible cross plane
conduction making it a promising candidate for applications that require fast heat dissipation to

reduce hot spots.
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Chapter 4 Thermal Conductivity of Exfoliated Graphene
Nanoplatelet Paper

4.1 Abstract

Instead of making a monolayer GNP film with only a few tens of nanometer in thickness, a novel
method was proposed to make multilayer GNP film. In particular, these highly hydrophobic
nanoparticles were dispersed and stabilized in a DI water/polyethyleneimine (PEI, a cationic
polyelectrolyte) solution. A free standing, mechanically robust paper of GNP was prepared by
vacuum filtration. The effect of GNP size, polyelectrolyte coating and paper porosity on thermal
transport properties was investigated. It was found that thermal annealing improved thermal
conductivity by decomposing the PEI molecule that was adsorbed on the GNP particles while
still maintaining the porosity of the paper. Mechanically compressing the sample effectively
reduced the pore volumes within the paper and increased the contact area among individual
platelet. The strong alignment effect and larger contact area was evidenced by a 80% increase in
in-plane thermal conductivity (207 £ 12 W/m-'K) and a through-plane conductivity of only 1.7
1+ 0.12 W/m-K. This flexible, lightweight, low-cost, paper material made of GNP particles is a
promising candidate for applications requiring 2D heat conduction. This chapter is based on a
journal publication: Xiang, J., Drzal, L. T. (2011). Thermal conductivity of exfoliated graphite

nanoplatelet paper. Carbon, 49(3), 773-778.

4.2 Introduction:
Free-standing paper-like graphitic materials have great technological importance to
modern society because of their chemical inertness, good mechanical properties, and

impermeability to gases and fluids. Early work has shown that these exfoliated graphite flakes
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can be rolled into flexible thin sheets and used as gaskets [1-4], flow field plates in fuel cells”,
and electrodes for Li ion batteries [5]. The discovery of carbon nanotubes leads to densely
packed CNT mats prepared by vacuum filtration and their superior strength and electrical
conductivity are useful in many applications [6-8]. More recently, it is shown that graphite oxide
can be exfoliated in water to yield hydrophilic, oxygenated graphene oxide nanosheet that can be
assembled macroscopically to a paper-like structure through flow directed assembly [9]. Ruoff et
al also shows that these graphite oxide nanosheets can be chemically reduced to graphene with
hydrazine in the presence of a strong base such as KOH to restore the outstanding mechanical
and electrical properties of graphene [10].

However, there are very few reports on thermal transport properties of those papers.
Hone reported the thermal conductivity of densely packed CNT paper to be a few tens W/m-K,
[11] much lower than conventional inorganic materials for heat dissipation although individual
carbon nanotube is believed to have very high thermal conductivity [12]. A. Balandin et al.
recently used micro-Raman spectroscopy, a non-contact, optical method to determine the thermal
conductivity of single layer graphene, they concluded k=4400-5300W/m-K, among the highest in
nature [13]. Yet, it remains elusive how well a paper-like material composed of individual
graphite nanosheet conducts heat and how to tailor the thermal conductivity of these papers for
various purposes.

To make a paper with GNP particles, these highly hydrophobic nanoparticles were
dispersed in a polyethyleneimine/water solution. The cationic polyelectrolyte induces steric and

electrostatic stabilization [14] between the nanoplatelets [15] and a paper was prepared by

*Grafcell (http://www.graftechaet.com/GRAFCELL/GRAFCELL-Home.aspx)
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subsequent vacuum filtration and drying. The thermal conductivity of the as-made GNP paper
consisting of individual platelets of different sizes and made with various processing steps (e.g.
thermal annealing, cold pressing) was measured and related to the heat conduction in this paper-

like structure.

4.3 Experimental

Materials:

GNP were prepared as usual by exfoliating the H,SO4/HNOj5 intercalated natural graphite
(GIC, A3772) purchased from Asbury Graphite Mills, Inc, NJ. Microwave exfoliation proves
superior to conventional thermal treatments due to the fast heating process and high energy
density, which vaporizes the acids within the layers of graphite causing a significant and rapid
expansion of the graphite gallery. The measured surface area is 20-40 m*/g for GNP-15 and 100-

130 m?/g for GNP-1.
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Figure 4-1: Typical Raman spectrum of GNP particles showing D peak, G peak and 2D peak.

The Raman spectrum of the GNP particle is shown in Figure 4-1, the small D band and a sharp G
band confirms the sp” type bonding of the carbon atoms in the basal plane. It is thus believed that
the intercalation process and subsequent pulverization processes did not oxidize the surface of
the GNP which might degrade the electrical and thermal conductivity of an individual platelet

[16].

GNP paper preparation:
Polyethyleneimine (PEI) was purchased from Aldrich. (branched, M,=25,000). PEI
solution was prepared containing 0.1wt% of the polymer in DI water. 0.1g GNP was dispersed in

100ml PEI solution and bath sonicated for 30 mins under constant stirring. The suspension was
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kept stirring for 24 h before the excess polyelectrolyte was washed away by filtering through the
0.2 pum Durapore PVDF filter paper and re-dispersed in water at 1mg/ml. The pH of the
suspension was adjusted to around 5-6 to induce positive charges on the polyelectrolyte [17].
The GNP-15 particles, due to larger effect of gravitational sedimentation, settled in few days,
while the GNP-1 particles could be stabilized in the suspension for weeks.

An ANODISC membrane (0.2 um, Whatman) was used for paper making by vacuum
filtration. A controlled multi-filtration process (5 ml at a time) was used to minimize the
disordered layering structure caused by water flow. 50 ml of the suspension was filtered to make
one paper. The paper was then suction dried for 1h and then put into a vacuum oven and dried at
60° C overnight before peeling the GNP paper off the membrane. This paper was then referred to
as “as-made” in later discussions. The free-standing paper was then thermally annealed at a

furnace at 340° C for 2h and is identified as “annealed”. The annealed paper was then cold-

pressed at 100 psi at room temperature for 1h and is identified as “annealed and cold-pressed”.

Scanning electron microscopy:

A JEOL JSM-7500F was used to image both the top surface and cross section of the GNP
paper. The as-made, annealed and cold pressed papers prepared from both GNP-1 and GNP-15
were examined. For the cross sectional imaging, a portion of the GNP paper was mounted by
epoxy and maintained at a position perpendicular to the polishing surface by a Buehler Sampl-
Klip. Then the sample surface was polished and O, plasma treated for 45 mins at a RF power of

225W and gold coated for 2 mins before imaging.
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Thermogravimetric analysis (TGA):

To investigate the effect of thermal annealing on sample thermal conductivity, a sample
of 10-15 mg of GNP paper before and after annealing was loaded to the Pt pan and the
experiments were conducted in a nitrogen atmosphere. The temperature range scanned was from
25°C to 700°C with a 10°C/min ramp rate and a 4°C/min resolution for thermal decomposition

events.

Flash lamp laser diffusivity (Netzsch 447 NanoFlash)

The thermal diffusivity (o, m?/s) of the 1°* diameter GNP paper was measured by a LFA
Nanoflash 447 Light flash system. Both the in-plane and through-plane thermal diffusivity were
measured for the as-made, annealed, and anneal and cold pressed samples. To calculate the
thermal conductivity of the samples, the apparent densities (p: kg/m’) of the samples were
measured by dividing the mass over the volume, and the specific heat capacity (C,.J/kg K) was

measured by DSC (Q2000, TA instruments). The thermal conductivity (x) is calculated

according to the equation: k=X pX Cp .

4.4 Results and discussions:

4.4.1 Morphology

To create a more ordered layer structure, a multi-filtration process (5 ml at a time) is
necessary. During each filtration, water easily flows through the pores within the paper and the
highly hydrophobic nanoplatelet floats at the water-air interface forming a very densely packed
structure to minimize the interfacial energy. The first few layers were stacked more orderly

because of the uniformity of water flow rate through the tubular shaped pores in the filter paper.
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However, as the thickness of the paper builds up, the flow of water became more chaotic since
more pores are blocked by the planar shaped GNP particles. It is thus recommended that the total
filtration volume do not exceed 100 ml (at a concentration of 1 mg/ml) for maintaining the
layered structure within the paper. Figure 4-2 shows schematic representation of filtration and
the photos of the as-made self-standing, and mechanically robust GNP paper after being peeled

off the filter paper.

GNP in water GNP in PEl/water

oSt
PEI

= self aggregated GNP

=== PEl coated GNP

-

Figure 4-2: Schematic representation of the GNP paper making process by vacuum assisted self
assembly and actual photos of GNP paper peeled off the ANODISC filter paper after drying.

Zadl
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In order to examine the stacking condition of the GNP particles in the paper-like structure,
FESEM images of the cross sections of GNP papers are shown for both the as-made samples and

the annealed and cold-pressed samples shown in Figure 4-3.

Figure 4-3: (a) SEM micrographs of cross section of the as-made GNP-15 paper (scale bar: 10
um), (b) annealed and cold pressed GNP-15 paper (scale bar: 10 um), (c) as-made GNP-1 paper
(scale bar: 5 um), (d) annealed and cold pressed GNP-1 paper (scale bar: 1 um).
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Figure 4-3(cont'd)

86



Figure 4-3 (cont'd)

It is noted in Figure 4-3a that the bottom side of the paper (the side attached to the filter
paper) has a better layered structure than the top part due to the changing flow conditions of the
water. Figure 4-3(a,c) shows the porosity of the as-made paper, the layering is more obvious in
GNP-15 due to the larger platelet size. The thermal annealing process facilitates the
decomposition of polyelectrolyte adsorbed on the surface of GNP and the same process will lead
to a slight disruption of the layered structure inside the paper as a result of decomposition of PEI
from the interior of the paper. It is necessary to cold-press the sample to restore the structure and
alignment of the paper, eliminate porosity, and increase contact areas among GNP shown in

Figure 4-3(b,d).

87



4.4.2 Thermogravimetric analysis of GNP paper

The TGA curves for GNP paper before and after annealing are shown in Figure 4-4. It is
obvious that there is a slope change at around 300°C which marks the decomposition of PEIL. At
around 600 °C when GNP is starting to oxidize, the difference in the weight retained before and
after annealing is 1.5wt% and 2.5wt% for GNP-15 and GNP-1 papers respectively which also
corresponds to the amount of PEI coated on the GNP surface. In addition, the thermal annealing
process effectively “cleans” the GNP by removing the water molecules adsorbed on the surface

and the edges as is seen by the initial weight loss below 250 °C for the as-made samples.

100 ~
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1.5wt%

98 +

Weight (%)
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96
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—— GNP15 annealed
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T
0 100 200 300 400 500 600 700
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Figure 4-4: (a): TGA weight loss curves of GNP-15 paper before and after annealing, (b) TGA
weight loss curves of GNP-1 paper before and after annealing.
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Figure 4-4 (cont'd)
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4.4.3 Thermal diffusivity and thermal conductivity of GNP paper under various treatments

A 17’ disk was punched out from the 36 mm diameter GNP paper for both the through-
plane and in-plane thermal diffusivity measurement. Results for through-plane, in-plane thermal
diffusivity and conductivity were compared for GNP-1 and GNP-15 paper for the as-made, the
annealed, and the annealed and cold-pressed samples in Figure 4-5(a-d). The specific heat
capacity of GNP particles in all the experiments was measured to be 710 J/kg K. Table 4-1

shows the densities of different samples.
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Table 4-1: Density variation of GNP paper under different conditions

Density (p: g/cm3 ) as-made annealed annealed &cold pressed
GNP-15 paper 0.73+0.08 0.73+0.08 1.15+0.2
GNP-1 paper 0.71+0.03 0.71+0.05 1.3+0.2

For the through-plane measurement, the 1°° GNP paper was placed in the sample holder
covered by a ring shaped mask to block any leakage of light from sample edges. The entire
bottom surface of the sample was irradiated and the heat propagated to the top surface was
collected by the IR camera. The Cowan + pulse model provided by the software package
(Netzsch Proteus) was used to calculate the thermal diffusivity. It is believed that the existence of
thermally insulating polymers (PEI) either on the GNP surface or at the interfaces hinders
phonon transport, increasing the thermal interface resistance which is believed to play a major
role in nanoscale heat transfer. Thus, the heat treatment above the decomposition temperature of
polymer would remove most of the PEI, improving the “thermal contact” among platelets and
evidenced by a 20% improvement in thermal diffusivity and hence the conductivity given the
fact that the density of the sample remains the same before and after annealing for GNP-15 and
GNP-1 paper. However, after the cold pressing process, the density of the sample increases
because most of the pores created during filtration and annealing were eliminated, but the
compressive stress effectively aligns the particles within a plane perpendicular to the force
direction as shown in the SEM images. In addition, the nanointerfaces among individual platelet
scatter phonons and further impede the heat transfer from particle to particle. The dual effects of
both strong alignment and multiple nanointerfaces results in a through plane thermal

conductivity less than 2 W/mK. Also, there is noticeable difference in the heat conducting
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capability of GNP-15 and GNP-1 papers. The mere fact that the number of nanointerfaces in
GNP-1 paper are a few hundred times greater in number than for the larger GNP-15 illustrates
that the boundary phonon scattering will reduce thermal conductivity significantly.

The in-plane diffusivity and conductivity were measured using a method that employs a
mask to collimate the laser beam and heat an approximately 5 mm diameter spot at the bottom of
a 17’ disk sample. Heat will flow through the thickness of the sample and spread out in the plane.
Another mask with embedded annulus of 9 to 12 mm in diameter was placed on the sample to
allow heat radiation to be collected by the IR detector. In this case, the large anisotropy of the
graphitic material (GNP) in heat conduction would affect the in-plane measurement, i.e. the time
for the heat to reach the slit in the mask will depend on both the radial diffusion time and the
axial diffusion time. Thus, the through-plane diffusivity of the sample was measured first and
input to the in-plane analysis and used in the axial part of the heat flow calculation. Then an
iterative scheme is used to separate the axial and radial diffusivities. The model that considers all
this is “anisotropic + heat loss”. For both GNP-15 and GNP-1 samples, a modest 10%
improvement in thermal diffusivity and conductivity were observed due to thermal annealing.
For the cold-pressed samples, a dramatic enhancement in thermal conductivity from 71 W/m-K
to 207 W/m-K for GNP-15 paper implies that the strong alignment of particles and solid “thermal
contact” induced by large compressive stress improves thermal conductivity and reduces thermal
contact resistance. The same trend applies to the GNP-1 sample, but the GNP size reduction
from 15 pm to 1 pm introduces multiple interfaces that reduce phonon transport significantly. As
a result, the thermal conductivity is only 10 percent of the GNP-15 for all the samples measured

at three different conditions. Despite the promising results reported here, it is still worth noting
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that there are some commercial exfoliated graphite products with thermal conductivity as high as

1500W/m-K.”

45
a ] GNP

4.0 | GNP15

3.5 1

3.0 1

2.5

2.0 +
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Figure 4-5: (a) Through-plane thermal diffusivity of GNP-1 and GNP-15 papers. (b) Through-
plane conductivity of GNP-1 and GNP-15 papers. (¢) In-plane diffusivity of GNP-1 and GNP-15
papers. (d) In-plane conductivity of GNP-1 and GNP-15 papers. (note: left column represents
GNP1, right column represents GNP15)

* Graftech International (http://www.graftech.com/MARKETS/Lighting-Thermal-
Management.aspx)
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Figure 4-5(cont'd)
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4.5 Conclusions:

GNP stabilized by PEI were successfully dispersed in water and a paper-like structure
was prepared by flow directed self assembly. Thermal diffusivity and conductivity of both GNP-
15 and GNP-1 papers were measured at three different conditions. Annealing that helps
decompose the polymer enhances thermal conductivity possibly due to the reduction of thermal
interface resistance. However, the dominant factor in nanoscale heat transfer is the density of
nanointerfaces within the paper which gives rise to phonon boundary scattering. Cold pressing
restores the strong alignment of individual particle, improves the thermal contact by eliminating

the pores in the paper. After annealing and pressing, the GNP papers are very anisotropic in heat
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conduction, which is very promising for applications that require moving heat in a particular
direction (e.g. 2D heat spreader) or to reduce the maximum temperature at a “hotspot” by

spreading heat laterally for protective purposes.
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Chapter 5 Electron and Phonon Transport in Gold Nanoparticle
Decorated Graphene Nanoplatelet Nanostructured Paper

5.1 Abstract:

Monodispersed Au nanoparticles were synthesized on the surface of GNP in the presence of
polyethyleneimine (PEI) with microwave assisted heating. A highly structured layered Au/GNP
“paper” with good flexibility and mechanical robustness was prepared by vacuum assisted self
assembly. The thermal and electrical conductivity of the hybrid paper with and without the Au
nanoparticles were investigated after different experimental processing conditions including
thermal annealing and cold compaction. Annealing effectively removed the adsorbed PEI
molecules and improved thermal contact between Au/GNP particles while cold compaction
reduced porosity and induced stronger alignment of the Au/GNP within the hybrid paper. Both
approaches led to improvement in electrical and thermal conductivity. It was also found that
adjacent GNP particles were electrically connected by metal nanoparticles but thermally
disconnected. It is believed that phonons are scattered at the Au/GNP interfaces while electrons
tunnel across this interface, resulting in a separation of electron and phonon transport within this
hybrid paper. This chapter is based on a journal publication: Xiang, J., Drzal, L. T. (2011)
Electron and phonon transport in Au nanoparticle decorated graphene nanoplatelet

nanostructured paper. ACS applied materials & interfaces, 3(4), 1325-1332.

5.2 Introduction:

Chapter 4 discussed in detail the electrical and thermal transport of a highly ordered GNP
paper prepared by vacuum assisted self assembly. It was found that both annealing and cold

compaction is beneficial in improving the electron and phonon transport in the paper as a result
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of reduced contact resistance. This chapter continues to investigate this paper-like structure but
with an aim to separate the carrier transport within the GNP paper for thermoelectric application
which requires a decoupled electron and phonon transport. In particular, metal nanoparticles such
as gold was deposited on the surface of GNP and a hybrid Au/GNP paper was prepared.
Decoration of GNP with metal nanoparticles changes to some extent the nature of GNP-GNP
interfaces from a surface contact to a point to point contact, the question this chapter attempts to
answer is how these nanoparticles would change the electron and phonon transport within this
hybrid paper.

The graphene-metal hybrid systems have already been discussed in the literature to have
various engineering applications such as fuel cell catalysis [1-5], electrochemical sensing [6, 7]
and electrochemical energy storage [8,9]. Methods to synthesize metal nanoparticles on the basal
plane surface of graphene have been explored quite extensively. Among those, solution and
supercritical liquid approaches have the advantage of covering the entire surface area of
graphene nanosheets with nanoparticles. For example, one common method is to chemically
functionalize the graphitic surface in order to introduce anchoring sites for the metal precursors.
The metal precursor is then reduced in the presence of a reducing agent to produce nanoparticles
that covalently attaches to the basal plane of the graphene [10-12]. The disadvantage of this
approach is the disruption of the sp® bonded carbon atoms in the basal plane which leads to
reduced transport properties of graphene because of additional scattering sites [13]. Another
widely adopted technique involves non-covalent encapsulation of the graphitic surface with a
surfactant or a polymer and subsequent growth of nanoparticles on the surfactant in the presence
of a reducing agent [14, 15]. This technique induces minimum chemical perturbation of the basal

planes, preserving the conjugated system for undisrupted carrier transport. Other techniques of
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metal nanoparticle decoration on graphitic nanostructure include electro-deposition [16],
evaporation [17], and solventless bulk synthesis [18]. While these methods have some processing
advantages over solution-phase techniques, they are usually quite expensive and energy
intensive. In order to synthesize nanoparticles using the solution-phase approach with a narrow
size distribution, several factors need to be controlled carefully which include the concentration
of metal salt and reducing agent [19,20], the presence of a protecting agent [21], the reaction
time [22] and reaction temperature [23].

Here, monodispersed gold nanoparticles were synthesized on individual GNP in the
presence of polyethyleneimine with microwave assisted heating. Previous publications have
reported on the deposition of Au nanoparticles on graphene nanosheets through simultaneous
reduction of graphene oxide and Au(Ill) by microwave heating and sonolysis [24,25]. This
chapter demonstrates a fast, one-pot, aqueous synthesis of Au nanoparticles directly on pristine
graphene nanosheets. Polyethyleneimine, a hydrophilic polymer with primary, secondary and
tertiary amino groups and an overall positive charge in the neutral aqueous solution, adsorbs on
the highly hydrophobic GNP surface and stabilizes the GNP particles in water. The adsorption of
PEI on GNP effectively induces both electrostatic and steric stabilization. In addition, PEI
contains one of the highest densities of amino groups among all polymers, donating electrons
that help reduce metal ions [26-28]. Gold nanoparticles were chosen here because of their strong
resistance to oxidation and excellent thermal and electrical properties. Gold nanoparticle
decorated GNP was prepared into a paper form by vacuum assisted self-assembly. The electrical
and thermal conductivity of the Au/GNP paper was characterized under different conditions such
as annealing and compaction similar to Chapter 4. The impact of gold nanoparticles on both

electron and phonon transport in this hybrid paper is discussed.
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5.3 Experimental:

Preparation of exfoliated graphene nanoplatelets (GNP)

GNPs were produced from a commercial graphite intercalated compound (Asbury Mills,
NJ). Thermal exfoliation was carried out in a microwave oven followed by mechanical size
reduction with a combination of ultra-sonication and ball milling to produce nanoplatelets with
the desired aspect ratios. GNP-15 particles are used throughout the experiment and are simply

referred as GNP.

Decoration of GNP with Au nanoparticles

Polyethyleneimine (PEI) was purchased from Sigma Aldrich. (Branched, M,=25,000).
The GNP particles were dispersed in a PEI/water solution containing 0.3wt% and 0.6wt% PEI.
The suspensions were bath sonicated for 1 h and kept stirred overnight to ensure sufficient
interaction between PEI and GNP. Tetrachloroauric acid (HAuCls-3H,0) purchased from Sigma
Aldrich (> 99.9% trace metal basis) was then added into the suspension and mixed thoroughly.
The suspension was irradiated with microwave radiation for a short period of time and then
centrifuged at 6000 rpm and washed with copious amount of water to produce Au nanoparticle

decorated GNP. The resulting Au/GNP product was dried under vacuum at 70 °C overnight.

Preparations of AuU/GNP hybrid paper (as made, annealed, anneal and cold compacted):

The Au/GNP hybrid paper was prepared by vacuum filtration with an ANODISC 47 mm
filter membrane. (0.2um, Whatman) The hybrid paper was then washed with water and dried at
60 °C under vacuum overnight before being removed from the filter. These were identified as

“as-made” samples. The paper identified as “annealed” sample was placed in a furnace and
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annealed at 340°C in air for 2 h to decompose the PEI. The “annealed and cold compacted” paper
was mechanically compressed in a hydraulic press at 100 psi at room temperature for 1 h. For

comparison, a neat GNP paper without Au nanoparticles was prepared in the same way.

Flash lamp thermal diffusivity measurement by Nanoflash 447 (Netzsch Instruments)

For through-plane thermal diffusivity measurement, the 1 inch disk sample was placed in
the sample holder covered by a ring shaped mask to block any leakage of light from sample
edges. The entire bottom surface of the sample was irradiated and the heat propagating to the top
surface was collected by the IR camera. The “cowan + pulse” model provided by the software
package (Netzsch Proteous) was used to calculate thermal diffusivity. The in-plane diffusivity
was measured using a method that employs a mask that collimates the laser beam at a 5 mm
diameter spot at the bottom of the 1 inch disk sample. Another mask with embedded annulus of 9
to 12 mm was placed on the sample allowing heat propagating radially to be collected. The “in-
plane, anisotropic + heat loss” model incorporated in the software was used for subsequent

diffusivity calculation.

Electrical conductivity characterizations of hybrid papers:

In-plane electrical conductivity was measured with a Keithley 2400 SourceMeter in a
four point configuration with a probe spacing of 1 cm on thin rectangular films. Electric current
was scanned from 20 mA to 100 mA with 20 mA intervals. Voltage drops on the sample were
recorded and plotted against the current to obtain the resistance. The through-plane conductivity
of thin film samples was measured by using 2 instead of 4 leads. Electrical resistance of the

sample was obtained by calculating the slope of the voltage vs. current data. Taking the
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geometry of the samples into account, the in-plane electrical conductivity and through-plane

resistivity (see supporting information) were calculated.

5.4 Results and discussions:

5.4.1 Morphology

Dispersion of GNP particles in water proves difficult and results in an immediate floating
and aggregation of the particles at the air-water interface because of the highly hydrophobic
nature of the basal plane. Polyethyleneimine, a cationic polyelectrolyte, adsorbs on the GNP
surface due to a thermodynamic driving force to reduce the hydrophobic interface between GNP
and the polar solvent and minimize the interfacial energy. At pH <10, the positively charged
polymer chain also induced electrostatic repulsion that contributed to good dispersion of the
nanoplatelets. As the tetra-chloroauric acid dissolved in water was mixed with the GNP
suspensions, the AuCly” ions complex with the positive functional groups of PEI adsorbed on the
GNP surface (chloride ligands were replaced by amine groups of PEI). The adsorbed PEI chains,
in this case, serve as templates for subsequent Au nanoparticle growth on the surface of GNP.
The addition of H' ions also lowered the pH of the solution to around 6, inducing more positive
charges on the chain of PEI and more electrostatic attraction with AuCly [29]. The reduction of
Au’" to Au’ was then carried out in a microwave oven where the heating rate was fast enough to
cause a rapid temperature increase in the solution due to the high polarity of water molecules,
creating a high concentration of radicals which facilitated the electron transfer from the radicals
of PEI to the metal precursor. As soon as the solution was supersaturated with metal atoms, Au
atoms formed nuclei. The critical size of the nucleus as well as nucleation activation energy

control the nucleation rate and depend on the surface tension of the nuclei-solvent interface when
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the radius of nuclei is small [30, 31]. Therefore, a higher surface tension corresponds to a larger
critical nucleus size and a lower nucleation rate, which should be avoided in synthesizing
monodispersed small nanoparticles. Upon formation of the nucleus, polyethyleneimine, with a
lower surface tension than Au atoms, adsorbed on the surface of the metal atoms reducing the
nucleation energy barrier and critical nucleus size. As a result, more primary particles with low
surface energy were formed leading to generation of smaller secondary particles whose growth
and coarsening were also affected by surface tension [32]. Figure 5-1 represents the typical
procedures and the interactions between the metal ions and the active sites on GNP particles and

subsequent formation of nanoparticles on GNP.

g add PE; microwave

@il PEI

1+ Chloroauric acid

Au nanoparticle
Figure 5-1: Schematics of experimental procedures and the interactions between the metal ions

and the active sites on PEI coated GNP and formation of Au nanoparticles

From SEM micrographs shown in Figure 5-2, it was found that the size and loading of
the Au nanoparticles synthesized by this technique correlated with the concentration of PEI in

the solution. The size of the nanoparticles was reduced while the loading increased with higher
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concentration of PEI in the solution. With a higher concentration of PEI in the solution, the
number of nuclei with a lower surface energy increased which leads to formation of more
primary and secondary particles. In addition, more PEI chains would adsorb on to the surface of
GNP acting as templates for Au nanoparticle growth. There is no obvious agglomeration of Au
nanoparticles on the surface of GNP, which is also believed to be the result of PEI encapsulation
that stabilizes the nanoparticles in the solution electrostatically. Figure 5.3 shows the size and
distribution of Au nanoparticles on the GNP surface at 0.3wt% and 0.6wt% PEI concentrations.
This is obtained by analyzing representative SEM images of magnifications at 80k or higher in
Image-Pro, a commercially available software. (See Supporting Information). It is clear that the
whole spectrum shifts to a smaller size range while the number of nanoparticles increased for
samples prepared in 0.6wt% PEI. The size of the Au nanoparticles prepared at 0.3wt% PEI is

10.842.4 nm while they are reduced in size to 8.3+2.1 nm at 0.6wt% PEL
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Figure 5-2 (a): Low magnification SEM image of Au nanoparticle decorated GNP prepared at
0.3wt% PEI concentration (scale bar: 1 pm). b: High magnification SEM image of Au
nanoparticle decorated GNP prepared at 0.3wt% PEI (scale bar: 100 nm) c: Low magnification
SEM image of Au nanoparticle decorated GNP prepared at 0.6wt% PEI concentration (scale bar:
1 pm). d: High magnification SEM image of Au nanoparticle decorated GNP prepared at 0.6wt%
PEI concentration (scale bar: 100nm)
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Figure 5-2(cont'd)
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Figure 5-3: (a) Size and distribution of Au nanoparticles on GNP prepared at 0.3wt% PEI
concentration. (b) Size and distribution of Au nanoparticles on GNP prepared at 0.6wt% PEI
concentration.
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Figure 5-4: Schematics of the experiment showing the Au nanoparticle decorated GNP dispersed
in water for subsequent vacuum assisted self assembly.

Figure 5-4 shows the vacuum assisted self assembly process to prepare Au/GNP hybrid
paper. To create a more ordered multilayer structure within the paper, it is important to do multi-
filtration (5 ml at a time) instead of filtration all at once. After the filtration process, it was found
that the bottom few layers in contact with the filter membrane is more ordered than the top layers
as a result of a non-uniform pressure difference in the paper during filtration as thickness builds
up. Therefore, 30 — 40 ml of Au/GNP suspension at 1 mg/ml concentration was filtered to
achieve a better aligned structure within the hybrid paper. Figure 5-5 shows the photos of the as-
made papers after being removed from the filter membrane. The as-made paper is very flexible

and shows certain mechanical robustness under bending.
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O=36mm

AWGNP hybrid

Figure 5-5: Photos of the as-made GNP paper showing flexibility and mechanical robustness
under bending and the Au/GNP hybrid sample used for thermal diffusivity measurement (1 inch
diameter)

Figure 5-6: (a) Representative cross sectional SEM image of “as-made” GNP paper (scale bar: 5
um). (b) as-made Au/GNP hybrid paper prepared at 0.3wt% PEI (scale bar: 5 um).
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Figure 5-6(cont'd)

The cross sections of both as-made GNP and Au/GNP papers for SEM observation were
prepared by epoxy embedding shown in Figure 5-6. The neat as-made GNP paper shows a highly
aligned structure while preserving certain porosity introduced during filtration. However,
porosity is higher in the Au/GNP hybrid paper. The observed difference in morphology is
attributed to the presence of Au nanoparticles on GNP. The Au nanoparticles act as spacers,
creating more gaps between individual nanoplatelets when they were assembled into a paper.
Due to the more open structure of the hybrid ‘paper’, epoxy can easily penetrate into the gaps as
shown in Figure 5-6b. However, a highly ordered and highly condensed structure was formed
after annealing and cold compaction. The increase in porosity for Au/GNP hybrid sample can
also be supported by a reduction in the apparent density of the paper which is shown in Table

5.1.

112



Table 5-1: Average densities of GNP and Au/GNP hybrid papers measured as-made, annealed,
annealed & cold compacted (standard deviation < 0.05g/cm”).

Annealed & cold

. . 3 _
Density (p: g/cm”) As-made Annealed compacted
GNP paper 0.62 0.62 L
o
Au/GN;’E(I(;.:';wt Z 0.58 0.57 1.5
o
Au/GNl}’E(I(;ﬁWt Yo 0.58 0.58 1.5

5.4.2 Thermal diffusivity and thermal conductivity of Au/GNP hybrid paper

Thermal diffusivity of the samples prepared at different experimental conditions (as-
made, annealed, annealed and cold compacted) were measured. Given the density of the sample,
and the specific heat, which was measured by differential scanning calorimetry, thermal
conductivity of the sample can be obtained: k=a p C, where « is thermal conductivity with a
unit of W/m°K, a is thermal diffusivity with a unit of mm?/s, and C, is specific heat with a unit
of J/g°K.

As shown in Figure 5-7a, the through-plane thermal diffusivity of all the samples
followed the same trend with a slight increase after thermal annealing and a reduction after cold
compaction. Previous study (Chapter 4) showed that the enhancement brought by annealing was
due to the thermal decomposition of polyethyleneimine at 300 °C [33 and Supporting
Information]. It is believed PEI adsorbed either on the GNP surface or on the Au nanoparticles
scatter the phonons in this paper-like structure, contributing to a larger thermal interface
resistance which is a major impediment to phonon transport. A thermal annealing treatment
removed most of the PEI in the paper, presumably reducing the interfacial resistance as
suggested by a 20% improvement in through-plane diffusivity. However, upon annealing and

cold compaction, thermal diffusivity decreased for all the samples. Compaction of the sample
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effectively eliminated large pores within the paper created during filtration and the nanoplatelets
were more aligned due to the compressive stress. The better orientation of the nanoplatelets
reduced the through-plane phonon transport due to the intrinsically low thermal conductivity of
GNP with multiple layers of graphene held together with weak Van der Waals forces and the
high probability of interface scattering between individual nanoplatelets. It is also found that the
through-plane diffusivity of the Au/GNP hybrid paper is lower than the neat GNP paper. Gold
nanoparticles on GNP are likely to interfere with GNP from making contact with each other and
the paper becomes more porous. As a result, thermal diffusivity reduced with an increasing
concentration of Au nanoparticles on the GNP surfaces.

Cold compaction densifies the “loose” porous nanostructure. Despite the fact that macro
sized pores collapse upon compaction in neat GNP paper, there are still numerous slit pores
inside it that would interfere with the transport of electrons and phonons. With the hybrid paper,
Au nanoparticles on the surface of GNP now have a much higher probability of contact with
each other, serving as bridging agents or mini columns which might facilitate propagation of
phonons within the paper structure. Nonetheless, the experimental results for “annealed and cold
compacted” samples indicated a reduction in the through-plane diffusivity for the Au/GNP
hybrid paper. In this case, a phonon is forced to go through a Au nanoparticle to go from one
GNP to another, which slows down the heat transfer, thus the thermal diffusivity. The same trend
can be observed for thermal conductivity of the samples. In particular, the cross sectional area of
heat conduction is reduced due to the presence of Au nanoparticles. As a result, the through-
plane thermal conductivity of the Au/GNP hybrid sample is lower than the neat GNP paper after

annealing and cold compaction. The result is shown in Figure 5-7b. The reported through-plane
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thermal conductivity for the highly oriented pyrolytic graphite measured by pump-probe
thermoreflectance technique is 6.1 W/m°K [34].

The in-plane thermal diffusivity and conductivity are shown in Figure 5-7(c,d). Thermal
annealing caused decomposition and removal of PEI from within the sample, improving the
“thermal contact area” by reducing interface resistance. A moderate increase of around 10% was
observed for samples measured after annealing. Cold-compaction of the samples restores the
orientation of the nanoplatelets, making the paper more anisotropic in heat conduction. It is
worth noting that both thermal diffusivity and conductivity of the Au/GNP hybrid samples are
lower than the neat GNP paper, which is in accord with the trend observed from through-plane
measurements. It is believed that those Au nanoparticles are more likely to serve as phonon
scattering centers than mini heat conduction channels within the hybrid samples. Recent work by
Wang et al used a thermal bridge configuration to measure the in-plane thermal conductivity of
supported few layer graphene nanosheets and concluded that the conductivity is 1250 W/m°K at
room temperature is comparable to bulk graphite [35]. The value reported here is lower because
of the strong interface scattering which is absent in either individual graphene nanosheets or bulk

graphite.
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Figure 5-7: (a) Through-plane thermal diffusivity of GNP and Au/GNP paper. b: Through-plane
thermal conductivity of GNP and Au/GNP paper. c: In-plane thermal diffusivity of GNP and
AUu/GNP paper. d: In-plane thermal conductivity of GNP and Au/GNP paper. Note: left column
represents GNP15, middle column represents GNP15/Au(0.3wt% PEI), right column represents
GNP15/Au(0.6wt% PEI)
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Figure 5-7(cont'd)
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Figure 5-7(cont'd)
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5.4.3 Electrical properties of Au/GNP hybrid paper

The self assembly of GNP with and without Au nanoparticles did have an impact on the
thermal conductivity of the samples. In particular, the gold nanoparticles that were expected to
provide additional heat channels through the plane of the paper structure to improve the heat
conduction turned out to be ineffective. To investigate if the same phenomenon observed in
phonon transport also applies to electrons, both the through-plane and in-plane electrical
conductivity of these papers were measured and reported in Figure 5-8.

From Figure 5-8a, the in-plane electrical conductivity of the papers increased with

annealing and cold compaction. The improvement can be explained by the effective
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decomposition of electrically insulating PEI from the samples through thermal annealing and
significant reduction of pore volumes through cold compaction, both contributing to decreasing
electron tunneling resistance. In particular, the GNP paper decorated with Au nanoparticles of
different size and distribution density showed higher conductivity than the neat GNP paper.
Hybrid GNP papers with individual nanoplatelets decorated with smaller and higher coverage of
Au nanoparticles exhibited higher in-plane electrical conductivity. Upon cold compaction, the
collapse of macro pores in the sample brings more Au nanoparticles into immediate contact,
effectively bridging previously isolated nanoplatelets. It is worth noting that the in-plane
conductivity reaches a value as high as 1500 S/cm for Au/GNP (0.6wt% PEI) hybrid paper,
which is almost 70% higher than the neat GNP paper (880 S/cm) at the same condition. It is
worth noting that the in-plane electrical conductivity is measured to be 2x10* S/cm for bulk
graphite [36], one order of magnitude higher than the value reported here for Au/GNP hybrid
sample.

The through-plane electrical resistivity of the papers was measured by a two-point
method (see Supporting Information) on the samples that have been annealed and cold
compacted. The result is shown in Figure 5-8b. The results from as-made and annealed samples
are not reported because the measured electrical resistance fluctuates a large amount possibly
due to the open porous structure inside the sample. The measurements on the annealed and cold
compacted samples were stable enough thanks to the dense and compact structure of the paper.
The Au nanoparticles effectively bridged adjacent GNPs, creating mini channels for the cross
plane electron transport as evidenced by the drop in the through-plane resistivity. It is thus
evident that although the through-plane conductivity is small due to a greater anisotropic

electronic conduction induced by cold compaction, the Au nanoparticles did facilitate the
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electron transport within the paper structure, making individual nanoplatelets more electrically
connected. As a comparison, the through-plane resistivity for bulk graphite is 0.1~1 ohm cm, a

few orders of magnitude lower than the highly ordered layer structure reported here [36].
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Figure 5-8: (a) In-plane electrical conductivity of anneal & cold compacted GNP and Au/GNP
paper. (b) Through-plane electrical resistivity of anneal & cold compacted GNP and Au/GNP

paper.
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Figure 5-8(cont'd)
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The findings reported here indicate that electron and phonon transport are affected
differently by the presence of Au nanoparticles within the hybrid sample. Phonons travel at
different frequencies in two materials of different densities (e.g. Au and graphite). Non-
equilibrium molecular dynamic studies show that when a large mismatch in the phonon
vibrational density of states (VDOS) exists in two distinctive mediums, direct coupling and
propagation of phonons across the interface will be reduced. As a result, the thermal energy can
only be transferred across the interface indirectly through anharmonic scattering which enables
phonon-phonon interactions and gives rise to a high thermal interface resistance [37]. Despite the
fact that Au nanoparticles could bridge the small gaps between individual nanoplatelets, the

anharmonicity in VDOS in gold and carbon result in strong interface scattering that reduces the
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efficiency of heat transfer. However, the improvement observed in electrical conductivity
suggests that the Au nanoparticles allow more electrons to tunnel through, making the hybrid
paper structure more electrically connected as compared with the neat GNP paper.

A few literature citations point out that few-layer graphene shows improved electrical
conductivity when Au precursor were spontaneously reduced to Au nanoparticles driven by the
redox potential difference between the Au’" and the graphene nanosheets [38-40]. As a result,
the few-layer graphene was p-type doped with electrons being transferred away from it to the
metal precursor. The mere increase of the carrier concentration (i.e. holes) contributes to an
increase in the electrical conductivity. However, the microwave assisted synthesis of
nanoparticles in PEI matrix reported here did not involve transfer of electrons from individual
graphite nanoplatelets to Au’" ions. The fact that electrons mainly come from polyethyleneimine
instead of GNP eliminates the possibility that the individual nanoplatelets would be p-type
doped. Therefore, the enhancement in electrical conductivity observed here originates from the
reduction in the interface resistance instead of doping, i.e. more electrons can find routes with
least resistive pathways within the hybrid paper structure because of the highly electrically

conductive Au nanoparticles.

5.5 Conclusion:

Gold nanoparticles of a uniform size distribution were successfully synthesized on
exfoliated graphene nanoplatelets by microwave assisted heating in a polyethyleneimine/water
solution. It is believed that fast super-saturation of metal atoms with low surface tension is
desired for producing monodispersed small nanoparticles. A self-standing, mechanically robust

Au/GNP nanostructured multilayered ‘paper’ was prepared by vacuum assisted self assembly.
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Thermal annealing to decompose and remove PEI improves both electrical and thermal
conductivities. Paper porosity was significantly reduced by cold compaction which produces
closer contact between individual nanoplatelets. Au nanoparticles on the surface of GNP reduce
phonon transport by introducing more scattering sites at the interface due to a vast difference in
the density of states for phonons in gold and GNP and by reducing the total cross sectional area
for heat conduction. However, the Au nanoparticles act as electron super highways that make
nanoplatelets more electrically connected. The decoupled transport phenomenon observed here

provided valuable insights into designing GNP paper based thermoelectric materials.
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Supporting information

TGA (decomposition of PEI)

TGA curve of the neat polyethyleneimine decomposed in air is shown in Figure 5-9. It is noted
that PEI begins a major decomposition event at around 300°C. In addition, the TGA curves of the
as-made GNP paper, annealed GNP paper and as-made Au/GNP hybrid prepared at 0.6wt% PEI
are shown in Figure 5-10. PEI decomposition can be observed in both the as-made GNP and
Au/GNP hybrid samples. While for the annealed GNP sample, major decomposition event
occurs at the oxidation temperature of GNP itself, indicating that PEI is removed from the

sample.
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Figure 5-9: TGA curve of neat PEI in air
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Figure 5-10: TGA curves of annealed GNP paper, as-made GNP paper and as-made Au/GNP
paper in air.

Size distribution of Au nanoparticles on GNP by Image-Pro

The size distribution data shown in Figure 5-3 was obtained by analyzing the SEM images in
Image-Pro, which is a software commercially available. The general procedures are described
below: select a SEM image with a magnification of at least 80k, adjust the contrast until the Au
nanoparticles stand out from the background. Let the software pick out the Au nanoparticles
according to the pre-determined selection criterions (e.g. diameter > 4nm, 1<aspect ratio<l.5).
The average diameter of each nanoparticle on the analyzed SEM is shown and the histogram is
plotted according to this information. Figure 5-11 is a representative SEM that was analyzed by

the software. Figure 5-12 is the statistics of the nanoparticle distribution.

126



796

. i\
b0 d44 453

Yo7
f0R 104%
1080, |

Figure 5-11: Example SEM images analyzed by Image-Pro to determine the distribution of
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Figure 5-12: Particle size distribution obtained from Figure 5-11.

Two point through-plane electrical resistivity measurements of thin film (<100pm)

The reported through-plane electrical resistivity is measured by the two point probe method
because of the inherent geometric constraints of working with a thin film. However, the
configuration is different from the in-plane four point probe measurement where a tip probe is in
contact with the sample, giving rise to a very large contact resistance. In order to eliminate the
effect of contact resistance, strips of adhesive copper foils were used to cover the top and bottom
surfaces of the sample to spread the electrical current. Figure 5-13 shows cross sectional

schematics of the measurement:
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Figure 5-13: Schematic representation of through-plane resistivity measurement of thin film
sample

It is noted that the resistance measured include the resistances of the copper tapes, the contact
and the resistance of the sample. To account for the effect of copper and the contact, a gold foil
with similar geometry to the samples (100um in thickness, 99.99%, Sigma Aldrich) was used to
estimate copper and contact resistance because the resistance of the gold foil in this case is
negligibly small. The measured resistance is 0.26 ohm which is around 10% of the measured
sample resistance. Therefore, the data reported is modified by subtracting 0.26 ohm from the

measured sample resistance to obtain the electrical resistivity.
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Chapter 6 Templated Growth of Polyaniline on GNP and Its
Thermoelectric Properties

6.1 Abstract:

Polyaniline (PANi)/exfoliated graphene nanoplatelets (GNP) nanocomposites were prepared by
in situ polymerization of aniline monomer in the presence of GNP for thermoelectric
applications. PANi has a strong affinity for GNP due to m electron interactions, forming a
uniform nanofibril coating. A paper-like nanocomposite was prepared by controlled vacuum
filtration of an aqueous dispersion of PANi decorated GNP. The Seebeck coefficient of the
resulting nanocomposite changes with initial concentration of aniline in the solution as well as
the protonation of PANi, reaching as high as 33 pV/K for nanocomposites containing
approximately 40wt% of PANi and with a protonation ratio of 0.2. The presence of GNP
improved the electrical conductivity of the nanocomposites to 59 S/cm. As a result,
thermoelectric figure of merit ZT of the nanocomposites is 2 orders of magnitude higher than
either of the constituents, exhibiting a significant synergistic effect. This chapter is based on a
journal publication: Xiang, J., Drzal, L. T.(2012). Templated growth of polyaniline on exfoliated

graphene nanoplatelets (GNP) and its thermoelectric properties. Polymer, 2012 (in press)

6. 2 Introduction:

Previous research (Chapter 5) has shown that it is possible to separate the electron and
phonon transport in gold nanoparticle modified GNP paper nanocomposites. Given the high
price of gold nowadays, this method proves the concept but is not practical for real application.

Instead of using metal nanoparticles to serve as spacers, a conductive polymer can be similarly
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deposited at the interfaces of GNP to preferentially reduce thermal conductivity. Figure 6-1 is a
schematic representation of replacing Au with a polymer. This chapter is dedicated to the

investigation of thermoelectric properties of this novel nanocomposite.

Metal nanoparticles Polymer
~mm——w GNP M GNP

Figure 6-1: A schematic representation of replacing the Au nanoparticle spacers in the highly
ordered GNP paper with a layer of polymer.

Thermoelectric materials have great potential in applications such as power generation
and solid state heating/cooling, realizing direct conversion between thermal energy and electrical
energy without involving moving mechanical components or hazardous working fluids [1,2]. The
efficiency of thermoelectric materials is dependent on a dimensionless figure of merit ZT,
defined by (S’c/«)T (S, o, k, T are the Seebeck coefficient, electrical conductivity, thermal
conductivity and absolute temperature, respectively and S’ is the power factor) The major
challenge in designing a good thermoelectric material is to separate the interdependence of
parameters in ZT. For example, improving electrical conductivity by increasing carrier
concentration usually results in a reduction in Seebeck coefficient, while improving the carrier

mobility is generally considered as the most effective way to increase both electrical
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conductivity and Seebeck coefficient [3,4]. Until now, inorganic semiconductors and their
compounds have received the most attention because of their high power factor [5,6]. Recently,
there has been research underway directed at developing low dimensional nanomaterials or their
composites to replace bulk components to achieve a higher ZT [7]. However, the relative high
cost of raw materials and lack of scalability of production has created a great need for
inexpensive, easy to process materials for emerging novel applications.

Polymer based thermoelectrics are gaining ever increasing interest because of their low
cost and low thermal conductivity [8-10]. In particular, conductive polymers such as polyaniline
has been extensively studied and are known for their environmental stability and facile acid base
doping and de-doping characteristics [11-13]. The thermoelectric properties of polyaniline have
also been extensively studied [14-17]. However, the performance is usually limited by its low
power factor which presents a significant challenge for polymers to compete with inorganic
semiconductors. To further improve the thermoelectric properties of conductive polymers,
Grunlan et al. first proposed a segregated-network polymer composite where highly conducting
CNTs were introduced to the emulsion polymer matrix to create electrically connected but
thermally disconnected pathways in an effort to decouple the electron and phonon transport [18].
This composite approach was then adopted in conductive polymer systems and a synergistic
effect was observed [19-23], counterintuitive to what was commonly believed that a simple
mixture of two components will not lead to an enhancement in performance [24,25].

Given the fact that the performance of carbon nanotubes based thermoelectric materials is
still low with a highest reported room temperature ZT in the range of 10°-107, a very large area
of active material is needed to generate the same amount of power as the conventional bismuth

telluride module. Therefore, the high cost of producing high quality carbon nanotubes in a
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commercial scale might still be the bottleneck for wide spread application of CNT based
nanocomposites.

While PANi can be successfully grown on the surface of carbon nanotubes due to their
structural similarity [26,27], the actual interaction area between individual CNT and PANi could
be very small due to the extremely small diameter of the nanotubes. Rapid synthesis of PANi in
the presence of GNP by in situ polymerization was carried out at various concentrations of
aniline. The 2D platelet morphology provides a much larger "interaction surface area" with PANi
than CNT and possibly enables a templating effect for ordered growth of individual PANi
nanofiber. Due to the strong affinity of PANi for the basal plane of GNP, a uniform coating of
PANi can be formed. It is also mentioned in several literature citations that the Seebeck
coefficient of conjugated polymers is related to its electrical conductivity, which is primarily
determined by the dopant used and doping strength [28,29]. Protonation (deprotonation) of PANi
on the surface of GNP was altered by exposing the as-made PANi/GNP to different acid/base
concentrations. A highly ordered composite film was prepared on a filter membrane which
showed good flexibility and mechanical robustness upon drying and compaction. The
thermoelectric properties (Seebeck coefficient, thermal and electrical conductivity) of the
PANi/GNP nanocomposites with various composition of polymer and various degree of

protonation are discussed.

6.3 Experimental:

Production of exfoliated graphene nanoplatelets
GNP are produced by exfoliating the graphite intercalated compounds (Asbury Inc.) in a

conventional kitchen microwave oven following the procedures described previously. The

137



intercalation and exfoliation does not damage the sp” carbon scaffold in the basal plane, therefore
maintaining the undisrupted carrier transport. The GNP particles used in this experiment are

GNP200 with an average diameter of 5um and BET surface area of about 200 m*/g.

Synthesis of PANi/GNP core-shell nanostructure (as-made)

120 mg of GNP200 was dispersed in 60 ml 1M HCI with slight sonication. Certain
weight of aniline (My,: 93.13g/mol from Sigma Aldrich) was added to the suspension and
sonicated for 60 mins at 5°C. Ammonium persulfate (My,: 228 g/mol from Sigma Aldrich) as the
oxidant was pre-dissolved in 5 ml 1M HCI at 5°C and added within 1 min to the aniline chloride
solution with GNP particles. The solution was further bath sonicated for 15 mins and the reaction
was kept for 24 h under magnetic stirring. The reaction product was washed with centrifugation
with 1M HCI and ethyl alcohol many times. A polyaniline/GNP thin film structure was then
formed on a PVDF (Durapore, 0.22um) filter membrane by vacuum assisted self assembly. The

film was then dried in a vacuum oven at 60°C for 48h.

Synthesis of neat emeraldine salt polyaniline

Ammonium persulfate (APS, 0.05 mole, 11.5g) was dissolved in 200 ml 1M HCI at 0-
5°C. Aniline (20 ml, 0.219 mole) was dissolved in 300 ml 1M HCI at 0-5°C. APS was added to
the solution of aniline hydrochloride within 1 min. The solutions were mixed by strong stirring
for 2 mins followed by continuous stirring at around 0-5°C for 24 h. The reaction product was
filtered and washed with several portions of 1M HCI first and ethanol to get rid of un-reacted
products and oligomer. The dark green sample cake was vacuum dried at 60°C for 48 h and is

known as the emeraldine salt form of polyaniline.
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Achieving polyaniline with different levels of protonations:

To achieve a higher protonation of PANi, the as-made PANi coated particles were
suspended in 0.1M HCI for 2 h with stirring. The re-protonated powder was then filtered on a
PVDF membrane to form a thin film and subsequently dried in dynamic vacuum at 60°C. A
deprotonated PANi/GNP was prepared by suspending the particles in 0.1M NH4OH solution for
2 h. The resulting powder was filtered on PVDF membrane to form a thin film and subsequently

dried in dynamic vacuum at 60°C.

Seebeck coefficient and thermal conductivity measurement:

Thermal conductivity, Seebeck coefficient measurements were conducted on the thin film
nanocomposite in a Janis model ST-100 cryostat cooled with flowing liquid nitrogen. Due to the
small thickness of the sample (usually around 100 pm), the metal-film resistor cannot be
attached to heat the sample, therefore a polyimide backed strain gauge (350 Q) was used as a
resistive heater. A silver-filled epoxy was used to fix the gauge to the side of the film, the other
end to a "L-shaped" copper block, and two thin copper strips along the length of the sample. (See
Figure 6-2) Two thermocouples made from copper and constantan wires were soldered directly
to the copper strips. The Seebeck coefficient (S) and thermal conductivity (k) were measured
simultaneously by passing a current through the metal film resistor (I), thereby generating a
temperature gradient (AT) in the sample. The Seebeck coefficient was then calculated according

to equation (6.1) when the system reached steady-state.

AV

g = — "
AT (6.1)
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where AV is the thermoelectric voltage measured using the copper leads of the thermocouples.
Thermal conductivity was calculated according to equation (6.2):
V h I h

I
K=———

where Vi, | and s are the measured voltage across the resistor, distance between thermocouples

and the cross sectional area of the sample. Measurements were conducted under vacuum (<107
torr) to minimize heat conduction and convection through the surrounding medium. A fused
quartz sample was used as a calibration standard for thermal conductivity and the data reported
here have been corrected for parasitic and radiation heat losses. Labview software was used for

automated data acquisition.
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Figure 6-2: Schematic representation of the experimental setup for measuring the Seebeck
coefficient and thermal conductivity of thin film sample. Inset is the photo of the actual sample
mounted to the "L-shaped" copper block.

Electrical conductivity measurement (room temperature):
In-plane electrical conductivity was measured with a Keithley 2400 sourcemeter in a four
point configuration with a probe spacing d of 1 cm on thin rectangular film. Electrical resistance

was measured and the conductivity of the rectangular film was calculated by equation (6.3):
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s(S/cm)y= —
V-W-t (6.3)
where d is the probe spacing in c¢m, i is the current in mA, v is the voltage in mV, w is the width

of the film in cm, and t is the film thickness in cm.

Scanning electron microscopy:
A scanning electron microscope (Auriga 39, Carl Zeiss Microscopy, LLC ) was used to
image PANi/GNP nanocomposites with an accelerating voltage of 2 kV and a working distance

around 2 mm. The sample was placed on a aluminum holder.

X-ray photoelectron spectroscopy:

XPS results of PANi/GNP with different levels of protonation were obtained from a
Physical Electronics PHI 5400 ESCA system with a Mg Ka x-ray source (1253.5eV photons).
All samples were mounted on standard sample holders by means of double-sided adhesive tapes.
Regional scans of N 1s and Cl 2p spectra were collected to investigate the presence of various

nitrogen species and chlorine species in order to estimate the protonation ratio of polyaniline.

Raman spectroscopy:
A LabRAM ARAMIS laser Raman spectrometer (Horiba Scientific) with 532 nm 50mW
DPSS laser was used to inspect the samples. Neat PANi powder, the as-made GNP film as well

as PAN1/GNP film were used for the measurement.
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TGA analysis:
A thermogravimetric analyzer (TA instruments Q500) was used. 10-15 mg of PANi/GNP
sample was loaded into a Pt pan. The sample was heated at 10°C/min at a resolution of 4°C/min

to 700°C in air.

6.4 Results and discussions:
6.4.1 Synthesis of PANiI/GNP and characterizations:

Direct dispersion of GNP particles in 1M HCI is difficult because of the highly
hydrophobic basal planes. Bath sonication is essential prior to the addition of the oxidizing agent
to help break down the agglomerates of GNP in the aqueous solution so that more GNP surface
area is accessible for PANiI nucleation. A few minutes into the reaction, nucleation started and
the color of the solution turned dark at which point sonication can be turned off. The nuclei of
PANIi grew on the basal plane of GNP due to strong n-m interaction, which helped overcome the
van der Waals attraction and facilitated dispersion of GNP in the aqueous solution. PANi
continued to grow on the nuclei during synthesis until all monomer dissolved in the solution was
reacted. The amount of PANi coated on the surface of GNP is directly related to the initial
concentration of aniline in the solution. In particular, a higher concentration of aniline in the
vicinity of GNP led to the formation of more PANi nuclei and a longer growth period. In all the
experiments, the as-synthesized PANi/GNP hybrid particles after the reaction dispersed well in
the aqueous solution possibly due to the slight positive charges carried by the polymer backbone
as a result of proton doping on the imine nitrogen [30]. The film prepared at SOmM aniline

exhibited a dark brown color to it after vacuum drying while it was much lighter in color for film
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prepared at 30mM aniline. Figure 6-3 depicts the synthesis of PANi/GNP hybrid particle by in-
situ polymerization and the resulting paper-making process by vacuum assisted self-assembly.
Detailed morphology of the PANi/GNP samples as well as PANi synthesized in the
absence of GNP were revealed by scanning electron microscopy shown in Figure 6-4(a-f). Neat
polyaniline has an interconnected granular feature with PANi nanofibers growing from the
surface. This distinctive morphology with the formation of needle-like nanostructure could result
from a heterogeneous nucleation and growth since the later formed PANi are more likely to grow
onto the "seeds" that were already formed in the solution. In comparison, PANi grew onto the
surface of GNP and formed a uniform coating. Depending on the initial concentration of
monomer, the as-formed PANi grew longer and formed a high density, highly ordered PANi
fibril forest in the nanocomposite prepared at SOmM aniline solution. The structural similarity
between PANi and GNP plays an important role in creating this highly ordered nanostructure.
Unlike the bulk synthesis of PANi, GNP provided a strong and flat template for adhesion of as-
synthesized PANi. It is expected that m electron interaction is the primary interaction to hold
PANi and GNP together. Further increasing the concentration of monomer in the solution is
found to be ineffective in "loading" more nanofibrils on GNP surface because only the aniline in
close vicinity of GNP particles would be attracted to the surface while the rest of the monomer
undergoes homogeneous nucleation and growth. Polyaniline nanofibers synthesized in the bulk
did not bind to the surface of GNP and remained dispersed in the aqueous solution. The
excessive unbound PANi can be easily washed off by repeated centrifugation and washing. In
order to make a film from the PANi decorated GNP particles, multi-filtration was carried out to

ensure that a higher particle alignment can be achieved in the final nanocomposite film.
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Figure 6-3: Schematic representation of in-situ polymerization of aniline in the presence of GNP
particles and a photo showing the flexibility of the final nanocomposite film.
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Figure 6-4: (a,b) SEM micrographs of neat polyaniline salt showing the granular structure and
small needle-like nanostructure growing out of the surface. (c,d) surface morphology of
PANIi/GNP particles (in-situ polymerization of aniline in the presence of GNP particles in 1M
HCI at 0.03M aniline). (e,f) surface morphology of PANi/GNP particles (in-situ polymerization
of aniline in the presence of GNP particles in IM HCI at 0.05M aniline).
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Figure 6-4(cont'd)
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Figure 6-4(cont'd)
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The amount of polyaniline coated on the surface of GNP can be estimated from TGA weight loss
curve and the derivative of weight loss vs. temperature shown in Figure 6-5(a-b). In particular,
the weight loss before 100°C is due to some volatile species and the moisture adsorbed on PANi
while the weight loss within 200 to 250°C could originate from the loss of bound water
molecules acting as secondary dopant in PANi since synthesis was carried out in an aqueous
medium. It is observed in Figure 6-5b that neat PANi has a much sharper peak at 233°C as
compared to the PANi/GNP composites, suggesting a lower amount of bound water molecules
on the composites possibly due to a more hydrophobic surface of PANi coated GNP than the
neat PANi surface. The major weight loss started from 300°C with a maximum thermal
decomposition at approximately 461°C for neat PANi. For PANi/GNP samples, the major
weight loss did not start until 350°C with maximum decomposition occurring at 480°C which is
20°C higher than the neat PANi. These results provide additional evidence that PANi is
interacting with the surface of GNP, leading to an enhanced thermal stability. While GNP itself
decomposes at 650-700°C, it can be estimated from the curve that the amount of PANi
synthesized on GNP is around 30wt% for PANi/GNP (0.03M aniline) and 40wt% for PAN1/GNP

(0.05M)
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Figure 6-5: a: TGA of neat polyaniline salt, neat GNP, and PANI/GNP synthesized at 0.03M and
0.05M initial concentration of aniline. b: Derivative of weight loss vs. temperature for neat PANi,
neat GNP, and PANi1/GNP synthesized at 0.03M and 0.05M initial concentration of aniline.
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Figure 6-5(cont'd)

NeatPANi
2.0 1 NeatGNP
—— GNP/PANI(30mM)
1 —— GNP/PANi(50mM)
s 1.5 5
@]
-
=z
= 1.0
oo
z 461°C
2 233°C
5 054 480°C e
0.0
U I . I U [ U I L I g I U I
0 100 200 300 400 500 600 700
Temperature (°c)

Polyaniline synthesized by current oxidative polymerization is in its emeraldine oxidation state
and it has also been established in the literature that the imine nitrogens are preferentially
protonated by hydrochloric acid [12]. Different levels of protonation are believed to alter the
electronic structure of the polyaniline as well as the thermoelectric properties of the
nanocomposite. Figure 6-6(a-b) shows the Nls core level spectrum of PANiI/GNP (@0.05M
aniline) showing there are primarily three distinctive nitrogen species in the sample. In particular,
the imine nitrogen (-N=) with binding energy at 399.1eV, amine nitrogen (-NH-) with binding
energy at approximately 400eV and the positively charged nitrogen (N*) between 401eV and

402eV due to protonation in close vicinity of the Cl anions [31,32]. The CI2p core-level
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spectrum suggested the presence of two major components at about 197.2 and 200.1eV which
can be attributed to the chloride anion and the covalently bonded chlorine shown in Figure 6-6(c-
d). While it is difficult to directly quantify protons by XPS, the amount of counter ion (i.e.
chloride anion) can be readily estimated from XPS. Therefore, a good indicator of the level of
protonation achieved is to quantify the negative Cl species with protonation expressed by the
ratio between Cl anion and total N atoms (i.e. [CI']/[N]). Theoretically, the maximum
protonation that can be achieved is 0.5 which means all the imine nitrogens in the polymer are
protonated [33]. Table 6-1 shows the atomic percentage of different nitrogen and chlorine
species in the samples with different protonation levels. It is found from the table that the as-
made GNP/PAN:I has a relatively low protonation, similar to the neat polyaniline salt which is

around 0.2.

Table 6-1: Typical atomic percentage of nitrogen and chlorine species on PANi/GNP samples
prepared at 0.05M aniline and estimation of the protonation level

o + . Protonation:
-N=(=399.1¢V) N'(>401eV) | Cl total Cl N total [CTV/[N]

neat PANi 3.65 0.79 1.47 1.41 6.88 0.20

PANi/GNP as 565 1.5 2.75 2.27 11.76 0.19
made

PANi/GNP 42 2.8 437 3.9 9.85 0.4
reprotonated

PAN/GNP 8.88 0.8 0.5 0.18 10.81 0.02
deprotonated
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Figure 6-6: (a) Regional scans of N1s core-level spectra of as-made polyaniline salt showing the
presence of imine nitrogen(-N=), amine nitrogen (-NH-) and positively charged nitrogen (N*) (b):
regional scan of CI2p core-level spectra of as-made polyaniline salt showing Cl anions. (c):
regional scans of N1s core-level spectra of as-made PANi/GNP prepared at 0.05M of aniline. (d):
regional scans of CI12p of PANi1/GNP(0.05M).
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Figure 6-6 (cont'd)
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Raman spectroscopy also verifies the presence of polyaniline on the surface of GNP as shown in
Figure 6-7. In particular, several characteristic peaks of polyaniline were observed at 1162 cm™

(C-H bending of the quinoid and benzenoid rings), 1218 cm™ (weak C-N stretching), 1485 cm’™

156



(C=N stretching of the quinoid ring), 1580 cm™ (C-C stretching) as well as the peaks
characteristics of GNP itself such as 1350 cm™ (D peak), overlapping 1580 cm™ (G peak) and

the 2D peak at 2700 cm™

PANi

Intensity (a.u)

PANI/GNP

K GNP

} s ] L } . 1 ' ] .
1000 1500 2000 2500 3000 3500
Raman Shift (cm")

Figure 6-7: Raman shift of neat PANi powder, neat GNP film and the as-made PANi/GNP film
prepared at S0mM aniline concentration.

6.4.2 Thermoelectric properties of PANi/GNP:
The Seebeck coefficient of a material is dependent on the concentration as well as the
mobility of the charge carriers (i.e. holes and electrons). It is generally believed that bi-carrier

material systems are not preferred for thermoelectric applications because electrons and holes
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have opposite Seebeck coefficients that offset each other according to the equation (6.4) shown

below:

_ S0, + 5,0,

S

_I_
O¢ T Oy (6.4)

where S., Sn, on and o. are electron Seebeck coefficient, hole Seebeck coefficient, hole
conductivity and electronic conductivity. Since graphite is known to be a bi-carrier system with
an overlapping band structure, both electrons and holes contribute to the establishment of
Seebeck voltage under a temperature gradient which unfortunately counteract each other,
resulting in a low overall Seebeck coefficient [34]. Figure 6-8a shows the Seebeck coefficient (S)
of various GNP/PANi samples from 200K to 300K. It is observed that neat GNP paper has a low
S of about 5pV/K at room temperature as a result of bi-carrier transport. However, the
GNP/PANi nanocomposite prepared at 0.03M of initial aniline concentration reached 19uV/K at
300K while it further increased to 33uV/K for samples prepared at 0.05M of aniline.

Loading of more PANi on the GNP surface is contributing to the Seebeck voltage that
can be generated. The positive value also suggested very clearly that holes are the dominating
charge carriers in the nanocomposites because protons carrying positive charges are being
incorporated to the polymer during the protonation process. On the other hand, the Seebeck
coefficient of the as-made polyaniline is only 7uV/K at room temperature. While a similar
improvement in the Seebeck coefficient has been observed on PANi coated CNT network
[19,20], the CNT network itself has been p-type doped by oxygen during synthesis, therefore
leading to a higher base line value. The highest enhancement ratio reported (AS/Scn) is about 80%

[19]. However, the highest enhancement ratio reported here with respect to neat GNP paper is
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(33-5)/5=560%. One of the possible reasons that could contribute to the large improvement in
Seebeck coefficient for GNP samples compared with CNT is that GNP provides a much larger
and flatter surface for polyaniline to grow on as opposed to a surface with very high curvature in
the case of CNT. Therefore, the polymer chains synthesized in the presence of GNP will be more
ordered and aligned as a result of the templating effect. While the charge transport in a polymer
is dependent on the interchain and intrachain hopping, a more aligned conformation of the
molecular chains is likely to reduce the carrier hopping resistance, therefore leading to higher
carrier mobility and a higher Seebeck coefficient. The schematic representation of the difference
in charge carrier transport in PANi synthesized with and without the presence of GNP was
proposed and shown in Figure 6-9. Another perspective to look at it is that PANi on GNP is
chemically stretched so that the chains are more ordered. In fact, similar improvement in
Seebeck coefficient was reported in which the solution cast PANi film was mechanically
stretched in order to improve the orientation of the polymer chains, resulting in an enhanced
carrier mobility as well as a higher Seebeck coefficient [35,36].

Thermal conductivity of the nanocomposites are presented in Figure 6-8(b) with neat
GNP having the highest conductivity of about 72W/mK at 300K. The conductivity reduces to
39W/mK for samples prepared at 0.03M aniline (corresponding to about 30wt% PANI in the
composite) and further reduces to 13W/mK for samples prepared at 0.05M aniline
(corresponding to about 40wt% PANi). The fine feature of PANi fibrils on GNP surface is
believed to strongly scatter heat carrying phonons, leading to a lower interfacial thermal
conductance. Although there is a significant reduction in thermal conductivity for the
nanocomposites as a result of polymer encapsulation, they are still one order of magnitude higher

than the thermal conductivity of neat PANi measured to be 0.6W/mK at room temperature.
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Despite the absolute value of thermal conductivity is still too high for a good thermoelectric
material, nanoengineering the GNP surface by a uniform coating of polymer proved effective in
reducing interfacial thermal conductance, therefore decreasing the overall thermal conductivity.
It is also worth noting that nanostructuring techniques such as the paper making process and
polymer encapsulation could potentially completely alter the heat conduction capability of a
highly thermally conductive particle like GNP that has an estimated intrinsic thermal

conductivity greater than 1000W/mK.
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Figure 6-8: (a) Seebeck coefficient of GNP/PANi nanocomposites prepared at different aniline
concentrations (0.03M and 0.05M) as well as the performance for neat GNP paper and neat

polyaniline salt measured from 200K to 300K. (b). Thermal conductivity of GNP/PANi (0.03M
and 0.05M) as well as neat GNP paper and neat polyaniline salt from 200K to 300K.
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Figure 6-9: (a) Proposed polymerization process for polyaniline in the absence of GNP and the
charge transport mechanism by inter and intrachain hopping. (b) Proposed polymerization of
PAN!I in the presence of GNP and the proposed charge transport mechanism in the composites.

The electrical conductivity of the nanocomposites is reported in Figure 6-10. It is
observed that the encapsulation of GNP with PANi led to a decrease in the conductivity. For the
nanocomposites with the highest amount of PANi (=40wt%), conductivity reduced from 200
S/cm to 59 S/cm. The same surface PANI fibrils that grew out of GNP also scatter the electrons

in addition to phonons. Although PAN:i fibrils are electrically conductive, they are far from being
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fully doped to achieve the maximum conductivity as evidenced by its relatively low protonation
level determined by XPS. Given that PANi can be thought of as conducting (protonated) islands
intermixed in a sea of non-conducting regions, electron transport took place primarily by
hopping both interchain and intrachain, significantly lowering the mobility of the carriers [37]. In
particular, if the PANi chain is less ordered, the electron scattering is likely to further reduce
conductivity as in the case of PANi synthesized without the templating effect of GNP particles.
For comparison, the electrical conductivity of neat PANi in compressed pellets form is 1.5 S/cm

at room temperature.
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Figure 6-10: Electrical conductivity of GNP/PANi (0.03M and 0.05M) as well as neat GNP
paper and neat polyaniline salt at room temperature.

163



6.4.3 Effect of protonation on thermoelectric properties of PANiI/GNP nanocomposites:

It has been reported that there is an inverse relationship between Seebeck coefficient and
electrical conductivity for solvent cast PANi film (i.e. higher protonation correlates to a lower
Seebeck coefficient). One purpose of this article is to further investigate if the trend still holds
for PANi synthesized in an aqueous environment that cannot be dissolved in the solvent (i.e.
PANI in its aggregated form). The maximum protonation that can be achieved theoretically on
PANi is 0.5 with two imine nitrogens being protonated every four nitrogen atoms on PANi
chains. Figure 6-11a shows the Seebeck coefficient of PANi/GNP prepared at 0.05M aniline at
different protonation levels. It is found that Seebeck coefficient reached a maximum for the as-
made samples (protonation: 0.15-0.2) while further reprotonation or deprotonation decreased the
Seebeck coefficient. This is in analogy to a recently published work that claims highest
thermoelectric performance of PEDOT can be achieved through controlling the oxidation level
[38]. No matter it is the oxidation level or the protonation level, one possible explanation for this
phenomenon is that different protonation ratio or oxidation level in a conductive polymer results
in a shift of the Fermi level to regions with different curvature in electronic density of states.
Park et al. reported the highest Seebeck coefficient of neat PANi salt in compressed pellets form
to be approximately 35uV/K at room temperature but the conductivity is only 0.03 S/cm [16].
While the GNP/PANi nanocomposite achieved a similar Seebeck coefficient at 300K, the
electrical conductivity is 3 orders of magnitude higher because of the presence of GNP particles.
In essence, GNP particles effectively make up the loss in electrical conductivity caused by
insufficient protonation of PANi in an effort to achieve the highest thermoelectric performance.
Thermal conductivity of PANi/GNP, however, is not directly affected by the protonation as

shown in Figure 6-11(b). Phonon transport is dependent on the interfacial thermal conductance
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which is determined by bonding strength, phonon spectrum matching and geometrical contact
area. Protonation is not likely to alter any of the above mentioned properties, therefore the

thermal conductivity at 300K remained at approximately 15 W/mK.
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Figure 6-11: (a) Seebeck coefficient of PANi/GNP prepared at 0.05M aniline with different
protonation levels. (b) Thermal conductivity of PANiI/GNP (50mM) with different levels of
protonations.
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Figure 6-11 (cont'd)
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Electrical conductivity of the nanocomposites is immediately affected by protonation as
shown in Figure 6-12. A higher protonation of PANi suggests a higher concentration of charge
carriers which leads to a higher electrical conductivity. It is also worth noting that re-protonation
of PANI/GNP nanocomposites can only be carried out in a very dilute acid concentration to
avoid possible hydrolysis of PANi which would alter the molecular structure of PANi, making it
non-conducting [39]. For the nanocomposite that was re-protonated in 0.1M HCI, electrical

conductivity reached as high as 174 S/cm.
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Figure 6-12: Electrical conductivity of PANi/GNP samples prepared at 0.05M aniline with
different protonation ratio.

The thermoelectric properties, the o/k ratio as well as the thermoelectric figure of merit
ZT at room temperature are compared in Table 6-2 for neat GNP, neat PANi, PANi/GNP(50mM,
as-made) as well as the PANiI/GNP(50mM, re-protonated). In particular, o/x ratio increases
significantly from 2.5 to around 12 suggesting a successful separation of electrical and thermal
conductivity of the nanocomposites. At the same time, ZT remains basically the same for neat
GNP and neat PANi. The highest ZT was obtained for the nanocomposite prepared at 0.05M
aniline with a protonation of around 0.2 reaching 1.51x10™. The fact that both ZT and Seebeck
coefficient of the composites are almost 2 orders of magnitude larger than either of its
constituents calls into question the previously established viewpoint that thermoelectric

properties cannot be enhanced through simple mixture of two components. Although ZT is still
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low, the unique flexibility and mechanical robustness of this nanocomposite makes it possible for
them to be installed to the surface of irregular geometry such as the roof and exterior of the

house, potentially complementing electricity generated by solar cells.

Table 6-2: The thermoelectric properties, o/k and ZT of neat PANi, neat GNP and PANi/GNP
(50mM aniline, as-made) and PANi/GNP(50mM aniline, reprotonated) at room temperature.

Samples 6 (S/cm) K (W/m K) o/K ratio S (nV/K) ZT300K)
Neat PANi 1.5 0.6 2.5 7 3.68x10°
Neat GNP 200 74 2.7 5 3.04x10°
PANi/GNP 4

(50mM, as made) 59 13 4.6 33 1.51x10
PAN/GNP(S0mM, 174 15 11.6 19 1.26x10™
reprotonated)

6.5 Conclusion:

Polyaniline was synthesized in the presence of exfoliated graphene nanoplatelets to make
lightweight, low cost, flexible nanocomposite for thermoelectric applications. Depending on the
initial concentration of aniline, highly ordered, highly densified PANi nanofibril were grown on
the surface of GNP as a result of a strong © electron interaction. The Seebeck coefficient of the
nanocomposites depended on the weight composition of PANi with the best performance
achieved at 50mM as the starting concentration of monomer. The degree of protonation of PANi
determined by the dopant strength was estimated by the ratio of chloride anion to the total
nitrogen atoms in the composites and was found to be closely related to the thermoelectric
properties. A higher protonation did not necessarily lead to better performance because of the
inverse relationship between electrical conductivity and Seebeck coefficient. As a result of this
trend, a composite approach by using GNP not only preserved the high Seebeck coefficient of

PANi but also significantly increased the electrical conductivity of the nanocomposites. In
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addition, it appears that GNP served as a "template" for PANi to grow, potentially stretching the
molecular chains of PANi chemically to enhance carrier mobility. The combined improvement
of power factor overcomes the increase of thermal conductivity, resulting in a net gain in
performance. This flexible, lightweight, inexpensive nanocomposite based on exfoliated
graphene is an alternative organic thermoelectrics that are still primarily dominated by carbon
nanotubes composites. The combination of low cost and high availability of GNP/PANi
nanocomposites make them attractive for solar thermal electric conversion generating extra

electricity from the sun.
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Chapter 7 Improving Thermoelectric Properties of Exfoliated
Graphene Nanoplatelet Paper by Folding

7.1 Abstract:

A highly ordered, highly flexible paper-like structure consisting of individual exfoliated
graphene nanoplatelets (GNP) was folded, turning a 2D paper into a 3D structure with improved
thermoelectric properties. As a result of this nano-structuring of the graphene nanoplatelets
through folding, an electrically connected, thermally disconnected structure was created due to
the interconnected edges within the folded paper that allowed electrons to conduct freely while
increasing phonon scattering. In addition, the folded sample can be made into a p-type
thermoelectric material by coating the surfaces of the GNP paper with a thin layer of polyaniline
by rapid mixture polymerization. Mechanical compaction on the folded sample was found to be
essential because a net gain in power factor achieved outweighed the increase in thermal

conductivity, leading to an overall improvement in ZT at room temperature.

7.2 Introduction:

Solid state heating/cooling using thermoelectrics are gaining ever increasing interest and
are projected to be one of the promising technologies that could potentially revolutionize the way
people produce energy [1]. As discussed previously, a thin film nanocomposite consisting of
PAN:i polymerized on the surface of GNP not only reduced thermal conductivity of GNP paper,
but also improved the Seebeck coefficient without significantly reducing the electrical
conductivity. The research reported here describes the ability to nano-structure the GNP by three

dimensional folding in order to decouple the electron and phonon transport. Electron-crystal

174



phonon-glass material systems such as skutterudites, clathrates, etc. have been extensively
studied in the past for their promising thermoelectric properties [2-4]. Research has also
identified inorganic materials having delicate nanostructures to scatter more phonons than
electrons [5,6]. However, the high cost of raw material, complex material design, sensitivity of
the desired nanostructure to processing conditions are major hurdles for commercial applications
of these nanocomposites [7,8]. In addition, there are very few choices apart from bismuth
telluride alloys when it comes to room temperature application [9,10]. The development of
inexpensive, easy to produce alternatives for low grade heat conversion is a potential significant
opportunity for clean, solar energy generation.

While various nano-structuring techniques have been demonstrated to successfully
separate the electron and phonon transport in previous publications, this report tackles this
challenge from a different perspective. In particular, simple folding of flexible GNP paper was
performed that completely altered the way electron and phonon transport takes place in this
paper. A GNP paper consisting of polyelectrolyte stabilized graphene nanoplatelets in water can
be prepared by vacuum assisted self-assembly following the same procedures described
elsewhere. When folded, electrons are still able to pass through the folded GNP paper due to the
interconnected edges but phonon transport is significantly reduced due to the high anisotropy of
the individual fold. On the other hand, the Seebeck coefficient, which is approximately SuV/K
for neat unfolded GNP paper can be greatly enhanced by synthesizing a thin layer of polyaniline
by rapid mix polymerization [11] on the surface of GNP paper. The thermoelectric properties of

the folded PANi/GNP are improved and the effect of consolidation on folded paper is discussed.
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7.3 Experiments:

Preparation of GNP paper

GNP was produced as usual. The detailed procedures can be found in Chapter 4. In brief,
PEI solution was prepared containing 0.1 wt% of the polyelectrolyte in DI water. 0.1 g GNP was
dispersed in 100 ml PEI solution and bath sonicated for 30 min under constant stirring. The
suspension was kept stirred for 24 h and filtered through a 0.2 um Durapore PVDF filter paper to

make the GNP paper.

Preparation of PANi coated GNP paper

GNP paper was prepared using the procedures described above. However, an extra
thermal annealing was carried out at 340°C for 2h to "burn off" residual polyethyleneimine.
Upon annealing, the paper was further compacted in the press with a pressure of 1000psi. A
solution containing 0.6g aniline dissolved in 110 ml 1M HCI (0.05M) and another solution
containing 1g ammonium persulfate (APS) dissolved in 20 ml 1M HCIl were prepared. Two
solutions were then mixed rapidly with magnetic stirring for 3 mins before the GNP paper was
immersed. The reaction took place for 12 h at 0-5°C. The PANi coated GNP paper was then
washed with DI water and isopropanol repeatedly and dried at 60°C for 24h. The schematic

representation was shown in Figure 7-1:

© HCl+aniline

+APS

S — —_— =

12 h
GNP paper PANIYGNP paper

~—

Figure 7-1: Schematic representation of experimental procedures to prepare PANi coated GNP
paper by rapid mixture polymerization.
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Folding by the mold, (pressed and unpressed)

Folding of the paper was carried on a custom made mold shown in Figure 7-2. In brief, a
Smm % Smm acrylic rod of 6' was cut into bars of 3" in length, these bars were then arranged in
the diamond fashion with one side fixed to a 12" long acrylic rod side rail, and the bottom fixed
to an acrylic substrate. The GNP paper was laid on top of the mold, and individual folds were
introduced to the paper with two additional rods pressed gently down on the cavity of the mold.
Individual folded paper strips prepared from the mold was then arranged in another mold and
compressed to make a sample of desired thickness. To prevent the sample from springing back,
silicone caulk was applied at the open edges of folded sample (referred to as the unpressed
sample). To further consolidate the folded paper, the sample was further compressed to 50% of
its original length in a custom made mold (not shown here) and was referred to as the pressed
sample. It is worth noting that ideally, the sample should consist of only one folded paper.
Multiple strips were used here because a minimum sample length is required for attaching the
thermocouples to the side of the folded paper. (note: thermocouples were attached to the

connected edge of the folds instead of the open edges)
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stacking the folded paper strips
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Figure 7-2: custom made mold for paper folding, and stacking of folded paper strips into desired
thickness for subsequent measurements.

Thermoelectric property measurements (Seebeck coefficient and thermal conductivity)

Near room temperature (270K-320K) thermal conductivity, Seebeck coefficient
measurements were conducted on the folded GNP sample (either pressed or unpressed) in a Janis
model ST-100 cryostat cooled with flowing liquid nitrogen. A silver-filled epoxy was used to fix
one end of the sample to a copper block, the other end to a 1000 Q metal-film resistor, and two
thin copper strips along the length of the sample. (See Figure 7-3) Two thermocouples made
from copper and constantan wires were soldered directly to the copper strips. The Seebeck
coefficient (S) and thermal conductivity (k) were measured simultaneously by passing a current
(7mA) through the metal film resistor (I), thereby generating a temperature gradient (AT) in the
sample. (The experimental section in Chapter 6 has detailed calculations of the Seebeck

coefficient and thermal conductivity.)
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Figure 7-3: (a) schematic representation of experiment setup for Seebeck coefficient, thermal
conductivity, electrical conductivity measurement for the folded sample. (b) a photo of the
folded PANi/GNP paper mounted on the cryostat before measurement.

179



Electrical conductivity measurement

Electrical conductivity of the folded paper was measured by the standard 4-point method
where two thin adhesive copper strips were attached to the "interconnected edge" as the voltage
probes, while a current passed through the entire sample. The resistance was measured and the

conductivity (o) taking into account the geometric factor was obtained by equation (7.1):

o=—"
R-A

Equation (7.1)

where 1 is the distance between voltage probes, R is the measured resistance, A is the cross

sectional area of the folded paper.

Scanning electron microscopy:
A scanning electron microscope (Auriga, Carl Zeiss Microscopy) was used to image
polyaniline nanofiber on the surface of GNP paper with an accelerating voltage of 2kV and a

working distance around 2 mm.

TGA analysis:
A thermogravimetric analyzer (TA instruments Q500) was used. 10-15mg of PANi/GNP,
neat GNP and neat polyaniline was loaded into a Pt pan. The sample was heated at 10°C/min at a

resolution of 4°C/min to 700°C in air.
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7.4 Results and discussions:

7.4.1 GNP paper folded

Micropores are introduced during the paper making process by vacuum filtration, which
negatively affects the mechanical robustness of the paper. Therefore, it is essential to compress
the paper first to get rid of the pores and create a highly aligned structure inside the paper. The
enhanced alignment of the nanoplatelets results in a large improvement in its flexibility and
"foldability". It was reported previously that the through-plane electrical conductivity of
compressed GNP paper is very low (in the order of 107 S/cm) while the in-plane electrical
conductivity exceeds 1000 S/cm because of high anisotropic conduction in the plane of the paper
[12]. In the folded paper, electrons are now able to utilize the high in-plane conduction paths
established by the interconnected edges rather than rely on the limited cross plane conduction.
The ability of electrons to tunnel across conductive particles that are not in contact with each
other offers another advantage. When the edges are partially damaged due to large folding stress,
electrons can still travel between particles without being scattered. On the other hand, the
through-plane thermal conductivity has been reported to be very low in comparison to the high
in-plane value. In a nanostructured GNP paper, heat transport takes place through phonons (i.e.
lattice vibration) and is primarily determined by the interfacial thermal conductance. In particular,
the matching of phonon density of states, the type of interaction or bonding strength, and the
geometrical overlapping area are the three major factors in interfacial heat conduction. It is
expected that the strong bending at the folds significantly reduced the geometrical overlapping
areas of GNP, leading to a reduced contribution from the high in-plane thermal conductivity due

to strong phonon scattering. Figure 7-4 depicts the concept of the electrically connected,
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thermally disconnected paper after folding. Figure 7-5 depicts the process of cutting the paper
into strips and folding them on the custom-made mold.

Although the GNP paper did not fracture completely at the edge after experiencing severe
deformation at the folds introduced during the folding process, SEM micrographs did identify
some breakage and discontinuity at the fold areas for the folded paper as shown in Figure 7-6.
However, it seems that the exterior (convex side) of the folded GNP was fractured while the
interior (concave side) experienced much less damage due to the different tensile and
compressive stresses incurred in the folding process. Despite partial damage at the outer layers
of the edge, the "inner core" of the paper was still connected, contributing some mechanical

integrity to the folded structure.

Heat source

fast electron transport
s

————

slow phonon
GNP paper transport slow phonon

Figure 7-4: schematic representation of electron transport within the folded paper, the air gaps
between individual fold is exaggerated.
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Figure 7-5: Photos of flat GNP paper, GNP paper cut to strips, folding the GNP strips on the
custom-made acrylic mold, and the folded paper.(from top left to bottom right)
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Figure 7-6: (a) SEM micrographs of a folded strip at low magnification (scale bar: 1mm), (b) the
convex side of the folding edge (scale bar: 100um), (c) the concave side of the folding edge
(scale bar: 100 um), (d) a magnified view of the tip of the folding edge (scale bar: 20 um)
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Figure 7-6(cont'd)
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7.4.2 Electronic conduction of the folded paper

From the SEM micrographs shown above, folding did partially damage the structural
integrity of the paper at the fold. Depending on the intrinsic "folding strength" of the GNP paper
and its thickness, the damage can be controlled. However, the paper remained as an entire
coherent piece without breaking apart at the fold no matter how much they were folded. The
change in resistance of the folded GNP paper and the mechanical integrity was expected to
change with the density of folds. The electrical resistance of a flat strip of paper, a slightly folded
paper strip (Figure 7-7a) and a highly folded paper (Figure 7-7b) with either one fold or two

folds between the probes were measured and tabulated in Table 7-1 and 7-2 below:

Heavily fold

Figure 7-7: (a) Photos of four-point electrical resistance measurement on the slightly folded GNP
paper and (b) a heavily folded GNP paper with one fold between the voltage probes.
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Table 7-1: Electrical resistance measurement on the folded paper (1 fold between voltage probes)

Sample (1 fold) Resistance ()
Flat 0.27
Slightly folded 0.28
Heavily folded(pressed) 0.28

Table 7-2: Electrical resistance measurement on the folded paper (2 folds between voltage
probes)

Sample (2 folds) Resistance (Q2)
Flat 0.54
Slightly folded 0.56
Heavily folded(pressed) 0.4

The resistance basically remained the same value after folding. For the measurement conducted
on the folded paper with 2 folds in between the voltage probes, the electrical resistance dropped
when a pressure was applied on the heavily folded sample. It is possible that in this case
electrons not only traveled along the plane of the paper, but also took advantage of the through-
plane transport because adjacent folds were now in close contact with each other. Therefore,
folding the paper with slight compression can improve the contact to maintain and even reduce
the electrical resistance of the folded sample. It is therefore believed that partial breakage at the
edge did not increase the resistance of the paper because the "core" of the paper is still connected,

sufficient for electronic conduction.
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7.4.3 Folded PANI/GNP paper as a p-type thermoelectric material

Thermoelectric properties of neat polyaniline as well as their carbon nanotube composites
have been extensively documented in the literature [13,14]. Due to the structural similarity
between PANi and GNP, PANi has also been successfully synthesized on individual GNP
particles by 7 electron interaction. A hybrid PANi/GNP paper in which every single GNP
particle was coated with a layer of PANi has been prepared by vacuum assisted self-assembly
[Chapter 6]. However, the flexibility and foldability of such paper is reduced and breakage at the
edge is more likely to occur as compared to the neat GNP paper, failing the purpose of creating a
continuous pathway inside this folded structure. Rapid mix polymerization provided a solution to
this problem by creating a thin layer of conductive polymer coating only on the surfaces of GNP
paper while leaving the interior intact, preserving the foldability and introducing multi-
functionality to GNP paper.

The PANI coated paper appeared dark purple in color after washing and drying (Figure 7-
8a). The surface morphology of PANi grown on GNP paper were shown in Figure 7-8(b,c). A
highly ordered and dense structure of PANIi nanofibrils were observed, forming a homogeneous
layer encapsulating the top and bottom surfaces of the GNP paper. It is worth noting that the
inner core of the paper was still connected by individual GNP although the surface layer was
disconnected under folding. (Figure 7-8d)

The amount of PANi synthesized on GNP was verified by TGA shown in Figure 7-9. A
significant increase of the decomposition temperature of PANi was observed, possibly due to the
strong interaction between PANi and GNP and a possible templating effect of GNP during the
course of polymerization. It was found that a major weight loss began at about 350°C, indicating

the onset of PANi decomposition until a second major weight loss occurred at around 600°C,
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characteristic of oxidation of GNP itself. Therefore, the total weight of PANi in the composite

was estimated to be about 10wt%.

o i o
= o F -
e 10 um SEE
- . - |

Figure 7-8: (a) Photo of the as-synthesized PANi/GNP paper (5 cm x 5 cm). (b) An overview of
the surface morphology of PAN1/GNP paper by SEM (scale bar: 10 um). (¢) SEM micrograph of
PANI nanofibrils grown on the surface of GNP (scale bar: 100 nm). (d) folding edge of the
PANi/GNP paper showing the interconnected "core" (scale bar: 100 pm).
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Figure 7-8(cont'd)
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Figure 7-9: TGA analysis of the as synthesized PANi/GNP paper and the neat polyaniline in air.

The thermoelectric properties of both the pressed and un-pressed folded PANi/GNP
papers were measured on the liquid nitrogen cooled cryostat platform. For the un-pressed sample,
it is expected that gaps existed between the individual folds, leading to a possible "air-paper"
composite. The existence of air gaps could be detrimental to the performance of the folded paper.
Upon compaction in the press, the air gaps were effectively eliminated, creating solid contact
between the individual folds. The presence of the nanofibril structure could be acting as
"interlocking nanohooks" that helped achieve a more condensed structure. As a result, the
Seebeck coefficient increased from 8uV/K to 21uV/K at room temperature despite the fact that
the thermal conductivity went up from 0.09W/mK to 0.7W/mK due to increased density. The

positive Seebeck coefficient also indicates holes are the dominant charge carriers in the sample,
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in agreement with the fact that protons were incorporated into polymer during synthesis. As a
result of the compaction, electrons could find more conduction paths inside the folded sample as
the porosity was significantly reduced compared with the un-pressed sample. The conductivity
shown in Table 7-3 also increased by almost an order of magnitude to 0.7 S/cm. While the
absolute value of conductivity is still low due to the geometric design of the sample (i.e. a Smm
x5mm cross section area, constrained by the side length of the acrylic rod in the mold), a model
for estimating the conductivity of the folded paper as well as ways to enhance conductivity is

discussed below.

Table 7-3: Electrical conductivity of the folded PANi/GNP paper with and without compaction

Probe distance (mm) Resistance (€2) Conductivity (S/cm)
Unpressed 2 17 0.04
Pressed 2 1.2 0.7
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Figure 7-10: :(a) Seebeck coefficient of the folded PANi/GNP paper (pressed vs. unpressed)
from 270K to 320K (b) Thermal conductivity of the folded PANi/GNP paper (pressed vs.
unpressed) from 270K to 320K.
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The electrical conductivity of the folded GNP/PANI paper is directly related to how the paper
was being folded. The folding width is dependent on the side length of the acrylic rod used to
construct the mold for folding. A simple mathematical model was built to estimate the electrical
conductivity of the folded paper. It is known from earlier discussion that the high curvature
introduced in the folding process did not increase the resistance of the paper compared to when it
was not folded. Take an individual folded strip as an example shown in Figure 7-11: the

important parameters relevant to the calculation are the thickness of the unfolded paper (t), the
number of folded segments (n), the folding period (fp, dependent on the mold), as well as the

width of the strip (w). The resistance of this folded strip (R) is assumed to be the same as the
unfolded paper. A consolidated sample is obtained by compaction so that all the gaps inside the
folded paper are eliminated. The length of the bulk sample (1) now becomes the thickness of the
paper times the number of folding segments, with the cross sectional area to be 25mm” (Smm x
Smm). The electrical conductivity of the folded paper (o) can be obtained by the following

equation given that the resistivity (p) of a flat GNP paper is known.

t: thickness of paper

n:number of folding segments (=12)
fp:folding period

w: width of the paper

Length: |

Figure 7-11: schematic representation of the folded paper for estimating the bulk electrical
conductivity and mathematic derivation.
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From the above estimation, electrical conductivity of the folded paper is proportional to (t/ fp)z,

given that the thickness of the paper is around 50um, folding period is Smm, the resistivity of the
unfolded paper is >1000S/cm, the estimated electrical conductivity of the folded paper is at least
0.1 S/cm, in good agreement with the measured value of about 0.7 S/cm. The reason why the
measured value is higher is because the model described above does not take the cross-plane
tunneling of electrons into account, thus leading to the lower limit of conductivity. In terms of
thermoelectric figure of merit ZT at room temperature, the unfolded GNP paper has an estimated

ZT around 3.7x107 while the folded GNP/PANI paper achieves a ZT of 1.3x107,

To further improve electrical conductivity, one can increase the ratio between t and fp by

making a thicker paper (e.g. 100um) and decrease the folding width to Imm (which may require
a custom made interlocking gears to make the folds instead of making it by hand), the projected
electrical conductivity could be improved to 10 to 20 S/cm, which leads to a room temperature
ZT in the range of 10™. Another advantage brought by folding is that the original thin film
material is transformed back to the bulk material, which is conducive to establishing a
temperature difference perpendicular to the surface of the thermoelectric module. For thin films,
the maximum temperature difference attainable is limited by the thickness of the film, creating
new challenges as to how to heat the film in the plane of the film because lateral temperature
difference is not easily established. (e.g. think about the wrist watch example, the temperature

difference between body heat and ambient is more easily achieved if heat gradient is established
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perpendicular to the surface of the module, which requires a bulk configuration). Therefore, this
approach by simple mechanical folding opens up plenty of opportunities for flexible GNP paper

to be used for ambient temperature thermoelectric applications.

7.5 Conclusion:

An electrically connected, thermally disconnected structure was achieved by
mechanically folding a highly ordered, highly flexible GNP paper. The high anisotropic features
of the GNP paper allowed electrons to travel undisrupted in the folded paper, yet significantly
discouraged the transport of phonons thanks to the highly curved but still interconnected folding
edges that scattered most of the phonons. Polyaniline was successfully synthesized on the surface
of GNP paper that resulted in a significant improvement in the Seebeck coefficient of the folded
sample after sample compaction without compromising the "foldability" of the paper. This is the
first article that discusses the potential of decoupling electron and phonon transport of a flexible
thin film material by simple mechanical manipulation. In addition, this approach overcomes the
difficulty of establishing a temperature difference across thin films by converting them to a
highly ordered bulk material, making the folded structure compatible with current thermoelectric

module design.
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Chapter 8 Summary and Recommended Studies

8.1 Summary:

Graphene nanoplatelets (GNP) produced from thermal expansion of graphite intercalated
compounds with microwave assisted heating have excellent electrical, thermal and mechanical
properties as a result of the preserved conjugation in the basal plane of graphene. To investigate
how these unique physical properties can be transferred to a polymer matrix, these GNP particles
were incorporated into paraffin wax and the resulting electrical and thermal conductivity of the
nanocomposites prepared by casting were measured. It is found that nanocomposites with GNP
of larger aspect ratio achieved electronic percolation at a lower loading. Interestingly, the
thermal conductivity at the percolation threshold of the nanocomposites remained almost the
same although the conductive network has already been established inside the composite. This
distinction in the properties of the composites is attributed to the different conduction
mechanisms of electrons and phonons across the polymer/GNP interfaces. For electronic
conduction, direct physical contacts between conductive particles is not necessary because of the
ability of electrons to tunnel across a non-conductive barrier of a finite thickness independent of
the intrinsic resistivity of the film. On the other hand, heat is conducted by phonons of different
vibration frequencies. The efficiency of heat transport in composites is largely dependent on the
properties of the matrix-filler interfaces. In the GNP/polymer case, a large thermal interface
resistance is likely to offset the contribution from the highly conductive GNP particles, thus
leading to a marginal or even a decrease in the thermal conductivity especially at a filler loading

close or slightly above the percolation threshold of the nanocomposites. However, the significant
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increase of electrical to thermal conductivity ratio (o/x) at percolation threshold provides insight
to developing GNP/polymer based nanocomposites for thermoelectric energy conversion.

From SEM micrographs, it is found that the GNP particles in the composite prepared by
casting assumed random orientation with some particle folding, wrinkling, fracture incurred
during sample processing. To avoid this, a GNP scaffold was pre-established by dispersing
individual GNP particles in a polyelectrolyte/water solution followed by vacuum assisted self-
assembly, forming a highly ordered, highly condensed paper structure with excellent flexibility
as well as mechanical robustness. As a result, the electrical conductivity of this GNP paper is
significantly improved from 150 S/cm to 880 S/cm after annealing and compaction due to a
combined reduction of tunneling and contact resistances as a result of the decomposition of the
polyelectrolyte, increased contact area between GNP particles and a better alignment of the
particles. Thermal conductivity also increased significantly to as high as 200W/mK after
annealing and compaction because of a reduction in interfacial thermal resistance.

In order to take advantage of the high electrical conductivity of the paper for
thermoelectric application, thermal conductivity needs to be reduced. One approach to modify
and separate the electronic and phononic conduction in the GNP paper was achieved by
depositing metal nanoparticles on the surfaces of GNP to act as spacers that prevented immediate
physical contact between adjacent GNP particles. After annealing and compaction, the electrical
conductivity of GNP/Au hybrid paper increased by 80% from 880 S/cm to 1500 S/cm while the
thermal conductivity reduced by almost 10%. Metal nanoparticles created more tunneling
channels for electrons inside the hybrid paper while the phonons are unable to tunnel across but
scattered due to the difference in phonon spectra in metals and carbon. In addition, the weak van

der Waals interaction between metals and GNP also scattered phonons without disrupting
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electron flow. The separation of carriers in Au nanoparticle decorated GNP paper further
illustrates the fundamental difference in electronic and phononic conduction that can be taken
advantage of in optimizing nanocomposites based on GNP for thermoelectric energy conversion.

Built on this understanding on separation of electron and phonon transport, a conductive
polymer polyaniline was used to replace the metal nanoparticles in an effort to further reduce
thermal conductivity of the nanocomposites. Polyaniline was successfully synthesized on the
surface of GNP forming a homogenous coating layer. Depending on the initial concentration of
monomer prior to polymerization, the amount of PANi synthesized on GNP can be readily
controlled with a highest composition of 40wt% PAN:i in the composite prepared at S0mM of
aniline starting concentration. SEM micrographs indicated a highly ordered, highly condensed
PANI nanofibrils growing from the surface of GNP. In contrast, PANi synthesized in the absence
of GNP has a random granular structure very distinctive from PANi/GNP nanocomposite. The
difference in morphology also suggests that GNP served as a template during PANi
polymerization and contributed to a more ordered and aligned growth of molecular chains on the
surface of GNP rather than a random coil-like conformation without GNP. The encapsulation
effect of PANi on GNP successfully reduced the thermal conductivity of the nanocomposite film
prepared by vacuum filtration from more than 70W/mK to around 13W/mK with 40wt% PANi
in the composites. The ratio of electrical and thermal conductivity (o/x) increased from 2.85 for
neat as made GNP paper to 4.6 for (40wt%PANI)/GNP nanocomposite.

From XPS, the protonation ratio of PANi on GNP can be readily estimated [CI']/[N]
which is around 0.2 for the as-made nanocomposites. The as-made samples can be further doped
to a higher protonation ratio by a facile dilute protonic acid treatment (e.g. 0.1M HCI solution for

2h). The electrical conductivity of the re-protonated sample increased from 60S/cm to 174S/cm
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while the thermal conductivity, which relies much less on the incorporation or ejection of
hydrogen proton, remained almost the same at around 15W/mK. This offers another interesting
route to further separate the electrical and thermal conductivity, effectively increasing the o/k
ratio from 4.6 for the as-made samples to 11.6 for the re-protonated samples.

The Seebeck coefficient (S), also benefited greatly by incorporation of PANi into the
GNP paper. In particular, the as-made 40wt%PANi/GNP has a Seebeck coefficient around
33uV/K at room temperature while it is only SpV/K and 7uV/K for the neat GNP paper and neat
PAN:I. Since the Seebeck coefficient S is dependent on the mobility of the charge carriers, in the
case of conductive polymers such as polyaniline, inter-chain and intra-chain hopping have a
strong impact on carrier mobility. A highly oriented polymer chain can reduce the barriers of
inter-chain and intra-chain hopping and allow the carriers to move easily because of the high
conjugation in PANi/GNP. The templating effect of GNP is analogous to a chemical stretching
applied to the chains of the conductive polymer, enhancing the carrier mobility. Compared with a
mechanical stretching reported previously to enhance Seebeck coefficient [1], the chemical
stretching could be more effective because it is in situ: every single chain is "stretched" if
polymerization occurs in close vicinity of the template (i.e. GNP particle). One thing to note that
in spite of the increased electrical conductivity achieved by re-protonation, the Seebeck
coefficient dropped to around 20uV/K at room temperature for the highly protonated samples.
One possible explanation is that re-protonation results in a shift of the Fermi level in the
conductive polymer to regions with different curvature in the density of states function, which
still needs to be verified in later studies.

This research has demonstrated with evidence that proper nano-structuring work wonders.

The ability to separate the electron and phonon transport in GNP paper by engineering particle
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interfaces significantly altered the properties of neat GNP. In the case of PANi decorated GNP,
neither neat GNP nor neat polyaniline is considered as good thermoelectric materials possibly
because of their certain undesired physical properties and a possible bi-carrier transport nature.
Nevertheless, PANi/GNP nanocomposite possess much enhanced thermoelectric properties with
a room temperature ZT of 1.5x10™ almost 2 orders of magnitude higher than either of its
constituents. These inexpensive graphene nanoplatelets and the ability to control their properties
by nano-engineering will certainly open up numerous opportunities for graphene based

nanocomposites for novel energy generation and conversion application.

8.2 Recommended future works:

8.2.1 Solvent processing of PANiI/GNP:

Another possible way to prepare PANi/GNP nanocomposites is by solvent processing
and film casting. Instead of synthesizing PANi by in-situ polymerization in the presence of GNP,
neat PANi emeraldine salt can be prepared first. PANi can be dissolved in a proper solvent
followed by addition of GNP, film casting and removal of solvent by evaporation. However, it is
worth noting that the emeraldine salt (ES) form of polyaniline cannot readily dissolve in most of
the solvents while the emeraldine base (EB) form of polyaniline has been found to dissolve well
in solvents such as N-methyl pyrrolidinone (NMP), m-cresol, etc. Therefore, it is necessary to
convert ES PANi to EB PAN:I first by suspending the as-made PANI in dilute base (e.g. 0.1M
NH4OH) for several hours to deprotonate. At the same time, NMP would be a nice solvent for
GNP too because a recent paper by Hernandez et al. reported successful liquid phase exfoliation
of graphite in NMP to produce thin layers of graphene because of the comparable surface energy

between the solvent and graphene [2].
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It is expected that PANi dissolved in NMP maintains a more extended and relaxed
molecular conformation as compared to neat PANi powder whose molecular chains are more
coil-like. The extended chains will still interact with the surface of GNP as a result of & electron
stacking forming a coating layer on the surface. A film of PANi coated GNP can be prepared by
film casting, vacuum assisted self-assembly, or doctor blading.

The as-made EB PANi/GNP film after elimination of solvent can be further protonated
by simply dipping the self-standing film in a solution of protonic acids such as HCI, H,SOs,
acetic acid, and etc. Depending on the concentration and dipping time, different protonations can
be achieved. It would be interesting to compare the thermoelectric properties (electrical, thermal
conductivity, Seebeck coefficient) with the samples made by in-situ polymerization reported in

the previous chapters.

8.2.2 Carrier transport analysis for PANi/GNP:

Previous study showed PANi synthesized in the absence of GNP has granular
morphology as opposed to a more ordered structure if synthesized in the presence of GNP
particles. The enhanced alignment of polymer chains is likely to reduce the inter-chain and intra-
chain carrier hopping barrier, leading to an increased carrier mobility that contributed to a higher
Seebeck coefficient. A possible way to prove that there is indeed an increase in the carrier
mobility is to perform a Hall measurement. This can be done in the Quantum design Versalab

system (module and the schematics shown in Figure 8-1)
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Figure 8-1: Schematics and actual photo of the quantum design versalab module and wiring,
CHI measures the Hall voltage, CH2 measures the in-plane resistivity of the sample. z direction:
coming out of the paper.

By measuring the Hall voltage, it is possible to determine the carrier transport properties and
estimate the carrier mobility from a known carrier concentration. The carrier concentration can
be calculated from Hall coefficient Ry assuming the samples studied are considered heavily
doped semiconductors and only one type of charge carriers (either electrons or holes) are present

in the system. Ry and the carrier concentration n is expressed as:

2 B WU R
" jB, 1B, B ne @®.1)

Zz X~z z

where E, is the induced electric field in the y direction, jy is the current density in the x direction,
B, is the magnetic field perpendicular to the sample (coming out of the paper), Vy is the Hall
voltage, I, is the current in the x direction, R,y 1s the Hall resistance, t is the sample thickness and
e 1s the unit charge. Therefore the slope of Hall resistivity (Ryy*t) versus B, is the Hall coefficient.
However, preliminary results on the PANi/GNP samples suggest a non linear relationship
between Hall resistivity and magnetic field, which provides evidence that the nanocomposite

sample is still a bi-carrier system with both electrons and holes contributing to the Seebeck
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coefficient. In order to calculate the carrier concentration and mobility of both electrons and
holes, a more complicated bi-carrier transport model must be used to fit the experimental results
[3]. It would be necessary to compare the transport properties of neat PANi with PANi/GNP

samples combined with a bi-carrier model analysis before any solid conclusion can be drawn.
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