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A B S T R A C T

Graphene is a nanomaterial that has been the focus of intense research efforts in recent 

times. Production methods that yield high quality graphene w ithout the need for 

detrimental chemical processing are needed in order to exploit this novel material in 

real-world applications.

Our group makes use of ultrasound-assisted exfoliation in a liquid-phase produc­

tion process that can meet this challenge. In this work, the energetics governing the 

dispersion of graphene in a wide range of solvents has been studied. 40 solvents were 

tested to show that good graphene solvents are characterised by surface tensions close 

to 40 m j/m ^ and Hildebrand parameter close to 23 MPa'^^. Hansen solubility para­

meters for graphene itself have been derived as ( S o )  =  18.0 MPa^^^, (Sp)  =  9.3 MPa^^^ 

and ( Sh ) =  7.6MPa '̂^^. The resultant calculation of the Flory-Huggins parameter 

has shown that the energetic cost of exfoliation is a key parameter in governing the 

dispersibility of pristine graphene in solvents.

Graphene dispersions in aqueous media have also been prepared with the aid of 

surfactant stabilisers. The dispersions were composed of largely few-layer graphene 

with significant quantities of mono and bilayer material observed. The dispersions were 

analysed using colloidal theory and the graphene flakes shown to be stabilised against 

re-aggregation by an electrostatic potential barrier. The graphene flakes were shown 

to be of extremely high quality by chemical analyses, demonstrating that oxidative 

treatments or other fxmctionalisation routines are not required to produce graphene in 

water-based systems.

In order to facilitate the use of surfactant-stabilised graphene in applications, the 

processing was enhanced using prolonged mild sonication to yield concentrations 

exceeding 1 mg/ml. High-concentration aqueous few-layer graphene dispersions were 

prepared with up to 20% monolayer number fractions. TEM and Raman evidence 

showed that the flake dimensions and defect levels were unchanged under continuous



sonication conditions over a tim e fram e of 18 days. It was also shov^n tha t tun ing  the 

cen trifuga tion  ra te  allow ed a degree of flake size selection. These d ispe rs ions w ere 

u sed  to  create free-stand ing  conductive films of random ly  stacked g rap h en e  flakes, 

dem onstra ting  the u tility  of the m ethod.

In add ition  to graphene, there exists a diverse set of com pound m aterials com posed 

of layers of atom ic planes. L iquid-phase d ispersions of M0S2 and  WS2 in selected 

solvents were exam ined and show n to contain graphene-like nanosheets. It was shown 

that the crystal structure of bulk M0S2 was retained on exfoliation. H ybrid m aterials of 

these inorganic m aterials were p repared  by b lending  w ith  liquid d ispersions of o ther 

nanom aterials. As an exam ple an M 0S2/carbon nanotube hybrid was tested for use as 

a cathode in lithium  ion batteries showing im proved capacity and cycling perform ance 

com pared  to p u re  M0S2. In add ition , the exfoliation of a class of layered com pounds 

w ith  therm oelectric  p roperties  w as exam ined, offering a po ten tia l rou te  to enhance 

energy  conversion devices.
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1
M O T I V A T I O N  A N D  THE SI S  O U T L I N E

Throughout history humankind has sought to understand and manipulate the materials 

that make up the world around us. Stone and a succession of metals were the defining 

materials of ancient times. Today, in the era of technology, we now exploit a myriad of 

materials. In particular, a wealth of knowledge has been gained through the study of 

materials at the nano scale. Nanotechnology plays a crucial role in our modern world 

and encompasses many scientific fields including physics, chemistry, engineering and 

biology. Indeed, what can be classed as a new field of nanotechnology was opened 

with the discovery of fullerenes [i] and carbon nanotubes [2]. A great deal of research 

interest and investment over the last two decades has focused on the production and 

characterisation of carbon nanotubes due to their superlative properties and potential 

for use in novel applications [3-5]. The isolation of graphene in 2004 revealed yet 

another low dimensional carbon nanomaterial with unique properties [6, 7]. Since then, 

2D graphene has become one of the major "hot topics" in nanoscience, culminating 

with the awarding of the Nobel Prize in Physics 2010 to Andre Geim and Konstantin 

Novoselov [8].

However, the primary challenge in studying and exploiting graphene, as for carbon 

nanotubes, has centred on production. For realistic applications, a facile, low-cost, 

non-destructive and scalable production method is required. To this end, our research 

group examined liquid-phase processing strategies that built on previous experience 

with carbon nanotubes [9]. It was shown that organic solvents such as N-methyl- 

pyrrolidone successfully produced high quality graphene using simple processing 

techniques, without the need for aggressive and detrimental chemical treatments [10]. 

This breakthrough in liquid-phase graphene production motivated the work presented 

in this thesis.

1



M O T I V A T I O N  A N D  T H E S I S  O U T L I N E

To begin, my work aims to characterise the interaction of graphene w ith a broad 

range of solvents through the use of solubility parameters. It is envisaged that de­

termining the solubility parameters of graphene itself will promote future advances in 

dispersion preparation and composite formation. Following this, a method is shown 

to exfoliate graphite to yield surfactant-stabilised graphene suspended in water, with 

the aim of assessing the quality of the nanomaterials produced and understanding 

the stabilisation mechanism. This work is then extended to explore higher concen­

tration graphene dispersions prepared in aqueous media using improved processing 

conditions. In addition to graphene, many other layered compounds exist offering 

a diverse range of physical and chemical properties. The large-scale liquid-phase 

exfoliation of other layered materials has the potential to provide a valuable source of 

two-dimensional crystals for use in a wide range of applications from electronics to en­

ergy storage and energy conversion. This prospect motivated my study of liquid-phase 

dispersions of other layered compounds for the final part of this thesis. Dispersions of 

two transition metal dichalcogenides and a class of materials with novel thermoelectric 

properties are examined. It is hoped that the body of work presented in thesis will 

facilitate the development of advanced functional materials based on two-dimensional 

nanostructures with enhanced properties and performance.

T HE S IS  O U T L I N E

Chapter 2: M aterials and Background

An overview of carbon nanomaterials is given, including a brief discussion of carbon 

nanotubes. History, properties and potential applications of graphene are reviewed. 

Various graphene production methods that have been developed over recent years are 

outlined, with due attention to alternative liquid-phase processing methods. General 

properties of transition metal dichalcogenides are reviewed, along with a summary 

of literature studies on molybdenum disulphide and tungsten disulphide. A class of
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layered com pounds tha t includes b ism uth  telluride are discussed. Finally, a review  of 

p as t w ork  in to  carbon nano tube exfoliation and  d ispersion  is given.

Chapter 3; Theory

T heory relating  to g raphene  exfoliation in  solvent and  aqueous-surfac tan t system s is 

d iscussed . Solution therm odynam ics is considered  along  w ith  so lubility  param eters. 

H ansen  so lubility  p a ram ete rs  are defined  an d  rela ted  to so lu te-so lvent interactions. 

S urfac tan t stab ilisation  th eo ry  is d iscussed  an d  the  concept b eh in d  ze ta  po ten tia ls 

outlined. A DLVO m odel to be applied  to g rap h en e /su rfac tan t system s is developed.

Chapter 4: Characterisation and Methods

The m ain  characterisa tion  m ethods an d  experim ental techn iques u sed  in  th is thesis 

are discussed.

Chapter 5; Multicomponent Solubility Parameters for Graphene

G rap h en e  d ispersib ility  in  40 solvents is tested  an d  exfoliation qua lity  in  a set of 

solvents characterised. Solvent surface tensions and  solubility  param eters  are related  

to graphene dispersibility. H ansen solubility param eters for graphene are determ ined.

Chapter 6: Graphene Production in Aqueous Surfactant Solutions

G raphene  d ispersions are  p rep a re d  in  a q u e o u s /su rfa c ta n t m edia. D ispersions are  

optically  characterised  an d  their stability assessed. Flakes extracted from  d ispersions 

are analysed by TEM to dem onstrate exfoliation. A DLVO m odel is applied  to explain 

the  stab ilisation  m echanism . Film s of g raphene  d eposited  from  the d ispersions are 

show n an d  analysed by R am an spectroscopy, FTIR spectroscopy and  XPS. Ind iv idual 

g raphene  flakes are deposited  for AFM analysis.
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Chapter 7; High-Concentration Surfactant Stabilised Graphene Dispersions

H igh-concentration g raphene dispersions are dem onstrated  in w ater using prolonged 

ba th  u ltrasonication. Key dispersion  param eters including sonication tim e and  centri­

fugation  rate  are assessed. Thick graphene-based  films are show n, characterised  and 

used  to  accurately  de te rm ine  extinction coefficients for the d ispersions. Exfoliation 

quality  is assessed by TEM and  Ram an spectroscopy and  data from  the tw o analyses 

correlated.

Chapter 8: Liquid-phase Exfoliation of Inorganic Layered Compounds

D ispersions of M0S2 and  WS2 are show n in solvent-based system s and characterised  

optically. Exfoliation quality  is assessed by TEM. M0S2 flakes are  deposited  on  sub­

strates and  characterised by Ram an spectroscopy, AFM and SEM. H ybrid M 0S2/CN T 

films are dem onstra ted  as proof of concept and  tested for use in lithium  ion batteries. 

D ispersions a n d  films of Bi2Te3, BizScj and  Sb2Se3 are p repared . Bi2Te3 flakes are 

characterised  by TEM, AFM, SEM /EDX and  Ram an spectroscopy.



2
MA T E R I A L S  A N D  B A C K G R O U N D

2.1 I N T R O D U C T I O N

This chapter will discuss the core materials used in this work. The structure, synthesis 

and properties of the materials will be discussed, along with existing and potential 

future applications. Current production techniques will be outlined with due attention 

to the advantages and drawbacks of the various methods. The first section will deal 

with carbon nanomaterials and carbon nanotubes (CNTs). Following this will be a 

discussion of graphene. The next section will discuss inorganic layered compounds, 

with emphasis on the specific transition metal dichalcogenides examined in this thesis. 

In addition, a selection of layered compounds with useful thermoelectric properties 

will be discussed. Finally, there will be a review of past work into the liquid phase 

exfoliation of carbon nanomaterials that has formed a basis for this work. Due to the 

wide range of materials covered in this chapter, an all-inclusive review of literature 

cannot be given. My discussion will focus on key points of interest that are pertinent 

to the work presented in this thesis.

2 . 2  C A R B O N  N A N O M A T E R I A L S  A N D  C A R B O N  N A N O T U B E S

Carbon is a special element; it is pivotal to all life on Earth. Carbon is one of the most 

versatile elements in the periodic table. Having a valency of four it has the ability to 

attain a stable electronic configuration by covalently binding to other carbon atoms or to 

a wide range of other elements, forming a myriad of compounds. Carbon is commonly 

found in its two naturally occurring polymorphs of diamond and graphite [ii]. In 

diamond, a network of tetragonally arranged sp^ hybridised a bonds forms a rigid

5
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GraphiteGraphene

Fullerene, Carbon Nanotubes

Figure 2.1: Illustrations of some allotropes of carbon

th re e  d im e n s io n a l  n e tw o rk  y ie ld in g  o n e  o f  th e  s tro n g e s t m a te r ia ls  k n o w n . G ra p h ite  is 

c o m p o s e d  o f s tr a ta  o f  sp^ h y b r id is e d  c a rb o n  a to m s  b o u n d  in  a tr ig o n a l p la n a r  a to m ic  

a r ra n g e m e n t  g iv in g  a h e x a g o n a l la ttice ; th e  in d iv id u a l  p la n e s  a re  g ra p h e n e  layers. T h e  

g ra p h e n e  p la n e s  s ta c k  o n  to p  o f each  o th e r, h e ld  to g e th e r  b y  w e a k  v a n  d e r  W aals forces 

a c t in g  o n  th e  d e lo c a lis e d  n o rb ita l  sy s te m .

In  1985 a  n e w  a l lo tro p e  o f  c a rb o n  w a s  d is c o v e re d  in  th e  fo rm  o f  th e  C^o m o le c u le  

(fu lle re n e , b u c k y b a ll)  b y  H a r ry  K ro to  a n d  co -w o rk e rs  [1]. T h e  Ceo m o le c u le  w a s  fo u n d  

to  b e  c o m p o s e d  o f  c a rb o n  a to m s  in  th e  s h a p e  o f  a g e o d e s ic  s p h e r o id  m a d e  u p  o f  

h e x a g o n s  a n d  p e n ta g o n s ;  th e  a to m s  a re  h y b r id iz e d  in  a m ix e d  c h a ra c te r  o f  sp^  a n d  

s p 3 m o le c u la r  o rb i ta ls  [11]. T h is  d is c o v e ry  p a v e d  th e  w a y  fo r  a  re s e a rc h  d r iv e  in to  

c a rb o n  n a n o m a te r ia ls  th a t  le d  to  th e  d is c o v e ry  o f  " H e lic a l m ic ro tu b u le s  o f  g r a p h i t ic  

c a rb o n "  b y  S u m io  lijim a  a n d  c o -w o rk e rs  in  1991 [2]. T h e se  s t r u c tu r e s  w o u ld  la te r  

co m e  to  b e  k n o w n  a s  C N Ts. F u lle ren es  a n d  C N T s c a n  b e  v isu a lis e d  as ro lle d -u p  sh e e ts  

o f  g r a p h e n e ;  th e  v a r io u s  re la te d  a l lo tro p e s  o f  c a rb o n  a re  s h o w n  in  F ig u re  2.1. U n til  

re la tiv e ly  re c e n tly  g ra p h e n e , th e  f in a l 2D  a llo tro p e  o f c a rb o n , w a s  n o t  th o u g h t  to  ex is t 

f re e ly  a n d  w a s  t r e a te d  a s  a  p u r e ly  a c a d e m ic  p la t f o r m  fo r  c o n d e n s e d  m a t te r  p h y s ic s  

[12]. In  2004, A n d re  G e im  a n d  c o -w o rk e rs  re p o r te d  th e  firs t id e n tif ic a tio n  o f  g ra p h e n e  

lay e rs  is o la te d  fro m  b u lk  g ra p h ite  [6]. T h is  s t im u la te d  a g re a t  d e a l o f  re se a rc h  in te re s t
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that ultim ately led to the work presented in this thesis. CNTs will now  be discussed in 

fu rther detail.

2.2.1 Structure and Properties of Carbon Nanotubes

CNTs can be v isualized  as ro lled -up  sheets of g raphene , o r linear elongations of the  

C6o m olecule, capped at each end by a pentagonal netw ork of carbon atom s. There are 

two distinct types of CNTs, single w alled carbon nanotubes (SWNTs) and  m ulti-w alled 

carbon  n ano tubes  (MWNTs). SW NTs are  fo rm ed  from  a single ro lled -up  g rap h en e  

sheet w ith  d iam eter upw ards of 0.4 nm  and lengths up  to several centim etres. MWNTs 

are form ed of concentric graphene cylinders, w ith separation betw een layers of around  

0.35 nm  [2].

Research interest in CNTs has been m otivated by their un ique physical and  electrical 

p roperties. C harge carriers can move w ithou t scattering in a pristine  CN T d u e  to the 

effective iD  geometry, resulting in ballistic transport w ith  m inim al resistive heating and 

the support of very large current densities (up to 100 M A /cm ^ has been reported  [13]). 

Also of note is that CNTs can have different electronic characteristics depend ing  on the 

way the graphene basal plane is rolled to form  the tube. The process of rolling d isrup ts 

the sym m etry  of p lanar graphene, confining electrons around the circum ference of the 

tube leading to metallic, semi-m etallic or sem iconducting character. In addition , CNTs 

can be extrem ely strong w ithstand ing  tensile strain  of up  to 12% w ith  u ltim ate tensile 

s tren g th  u p  to  60 GPa and  Y oung's m o d u lu s  u p  to  1 TPa (this m akes them  app rox  

two orders of m agnitude stronger than steel) [14]. Also of note are the low densities of 

CNTs w ith  values around 1.3 g /cm ^ [5]. The com bination of all these properties m akes 

CNTs ideal for a range of applications.

2.2.2 Synthesis and Applications of Carbon Nanotubes

Early  CN T p ro d u c tio n  techniques used  m odified  Fullerene arc d ischarge  reactors 

[2, 5, 15]. M o d ern  m ethods com m only  use e ither laser ab lation  o r chem ical v ap o u r
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deposition (CVD) [5]. In the case of CVD, the thermal decomposition of carbon 

monoxide is widely used. However, all production methods result in a mixture of CNT 

electronic types, diameters and lengths with contaminants of residual metal catalyst 

(typically iron nano-particles) and amorphous carbon. The HiPco process can yield 

SWNTs of narrow diameter distribution that can, to a limited extent, be purged of 

metal catalyst and residual amorphous carbon [16]. A typical batch of SWNTs will 

contain a mixture of tube types, with a ratio of 2 : 1 metallic to semiconducting being 

common in the case of SWNTs [17].

CNTs have been in use since long before their relatively recent discovery. Around 

400 years ago swordsmiths in Damascus were inadvertently reinforcing their curved 

sabre blades with MWNTs; these were formed during thermal cycling and forging of 

a unique blend of specific woods and iron ores [18]. In a more modern application, 

CNTs are found in commercially available tips for scanning probe microscopy [19]; the 

narrow radius of a SWNT enables high spatial resolution. They have been proposed for 

uses in field emission displays, hydrogen storage media, transparent conductive films, 

sensors and microelectronic interconnects [3]. They can also be found in conductive 

plastics for electronic packaging and automotive fuel delivery systems [20]. This latter 

application illustrates one of the main focal points for CNT usage, as a reinforcing 

an d /o r conductive filler in a composite matrix.

One of the prim ary challenges in using CNTs for these applications is dispersion. 

Van der Waals forces between individual CNTs promote bundling and entanglement 

in as-produced tubes. CNT bundles lose the superlative properties of isolated tubes. 

For instance, in effective polymer reinforcement applications, stress must be uniformly 

transferred to the CNT with polymer molecules coating individual CNTs. The presence 

of CNT bundles will hinder performance as CNTs slip over each other under stress or 

create stress concentration centres [5]. In energy storage applications, bundles will have 

reduced accessible surface area thereby reducing capacity. Liquid-phase processing has 

enabled efficient debundling of CNTs as a route to realising these applications. CNT 

dispersions have been prepared in a range of systems using aqueous surfactant [21-27], 

polymeric dispersion aids [28-33], biological aids (including DNA and protein) [34, 35] 

and direct dispersion/exfoliation in organic solvents [36-40].
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S W N T s a re  u s e d  to  a l im ite d  e x te n t  in  th e  w o r k  o f  th is  th e s is  a s  a r e in fo r c in g  a n d  

e le c tr ic a l ly  c o n d u c t iv e  c o m p o n e n t  in  h y b r id  s y s t e m s  - in o r g a n ic  la y e r e d  c o m p o u n d s  

w ill  se r v e  a s  th e  p r im a ry  m a ter ia l o f  th e  h y b r id s . H o w ev e r , th e  liq u id -p h a se  p r o c e s s in g  

o f  C N T s in  s o lv e n t  a n d  a q u e o u s  s u r fa c ta n t  s y s t e m s  p r o v id e s  a f o u n d a t io n  w h ic h  is  

b u i l t  u p o n  a n d  e x t e n d e d  to  la y e r e d  m a te r ia ls  in  th is  th e s is .  T h is  w i l l  b e  d is c u s s e d  

fu r th e r  in  S e c t io n  2 .5  o n  p a g e  21.

2 .3  G R A P H E N E  

D e f in it io n  - G r a p h e n e  [41]

n o u n  - a fo rm  o f  carbon co n sis tin g  o f  p lan ar sh eets w hich  are one atom  thick, w ith  th e a tom s  

arran ged  in a h oneycom b-shaped la ttice

T h e  te r m  g r a p h e n e  w a s  first c o in e d  in  th e  1 9 8 0 s  to  d e s c r ib e  th e  e le c tr o n ic a lly  

d e c o u p le d  la y e rs  w ith in  g r a p h ite  in te r c a la t io n  c o m p o u n d s  [42, 43]. W ork  o n  sp lit t in g  

a p a r t  g r a p h ite  c a n  b e  tra c ed  b a c k  to  th e  1 8 4 0 s  w it h  a n  e x f o l ia t io n  p r o c e s s  u s in g  

s u lp h u r ic  a n d  n itr ic  a c id s  d e v e lo p e d  b y  th e  G erm a n  c h e m is t  S c h a fh a eu tl [4 3 ,4 4 ] . S in ce  

th e n , m a n y  fo r m s  o f  g r a p h ite  o x id a tio n  a n d  in te r c a la t io n  h a v e  b e e n  e x p lo r e d  [45]; a ll 

e ith e r  u s in g  c o v a le n t  a tta c h m e n t o f  c a r b o n -o x y g e n  fu n c t io n a l g r o u p s  o r  th e  in se r t io n  

o f  s m a ll  io n s  s u c h  a s  a lk a li m e ta ls  to  w id e n  th e  n a tu r a l g r a p h it ic  in te r - la y e r  s p a c in g .  

A ll o f  th e s e  g r a p h itic  p r o d u c ts  are c h e m ic a lly  d is t in c t  fr o m  th e  s ta r t in g  m a te r ia l. T h e  

id e a l sp^ h y b r id ise d  h e x a g o n a l n e tw o r k  o f  ca rb o n  a to m s  is  d isr u p te d  b y  th e se  c h e m ic a l  

f u n c t io n a lit ie s  a s  fu n c t io n a l g r o u p s  a re  a t ta c h e d  to  lo c a l s p 3 h y b r id is e d  s it e s .  T h is  

p r o c e s s  a lte r s  th e  p h y s ic a l a n d  c h e m ic a l p r o p e r t ie s  o f  th e  o r ig in a l g r a p h ite . T h in n in g  

o f  p r is tin e  g r a p h ite  w a s  s h o w n  in  19 9 9  w h e n  is la n d s  o f  h ig h ly  o r ie n te d  p y r o ly t ic  

g r a p h ite  (H O P G ) w e r e  th in n e d  d o w n  a th ic k n e s s  o f  a f e w  h u n d r e d  g r a p h e n e  la y e rs  

b y  m e c h a n ic a l d r a g g in g  u s in g  th e  p r o b e  o f  a n  a to m ic  fo rc e  m ic r o s c o p e  [46]. T h e  id e a  

o f  m e c h a n ic a l e x fo lia t io n  o f  g r a p h ite  w a s  e x te n d e d  u s in g  a d h e s iv e  ta p e  to  r e p e a te d ly  

p e e l  s l ic e s  o f  H O P G . T h is  " S c o tc h -ta p e "  m e t h o d  u lt im a te ly  le d  to  th e  is o la t io n  a n d  

o b s e r v a tio n  o f  m o n o la y e r  g r a p h e n e  b y  G e im  a n d  c o -w o r k e r s  [6]. T h is  w o r k  sp a r k e d  a
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g reat deal of scientific in terest tha t has m ade g raphene  one of the m ost exciting and  

fast-m oving research topics in nanoscience of late.

2.3.1 Properties and Applications of Graphene

Since its p o p u larisa tio n  in  2004, g raphene  has dem o n stra ted  a range  of in teresting  

physical properties. These include an am bipolar electric field effect w here room  tem per­

ature electron or hole concentrations can be tuned  by changing the sign and am plitude 

of an applied  gate bias [7]. M ore im portantly, mobilities up  to 200,000 cm^ V'^ s'^ have 

been  d em o n stra ted  [47]. In a defect-free sam ple of g raphene  the charge carriers can 

m ain ta in  h igh  m obilities a t h igh  carrier concentrations (>10^^ cm"^), g iv ing ballistic 

tran sp o rt over leng th  scales of a few  h u n d red  nanom etres [7]. In princip le  such  elec­

trical p roperties could lead to ultra-fast in tegrated  circuits, w ith  single-device speeds 

up  to 100 G H z already  dem onstrated  [48].

G raphene's  h igh electrical conductivity has fuelled interest in using it as a transpar­

en t conductor film capable of replacing ind ium  tin oxide (ITO) in devices such as flat 

panel displays and  touch screens. ITO is a brittle m aterial w hose cost is rising rapidly  

as global supplies of ind ium  dw indle. Suggested m inim um  industry  requirem ents for 

such films are visible light transm ittance T > 90% and sheet resistance Rs < lOOCl/D; 

w here  Rg =  (it’dcO  ^  given by DC conductiv ity  Coc an d  thickness t [49]. G raphene 

films could  feature in photovoltaic devices and  organic light em itting diodes, as trans­

p a re n t conducto r w indow s, charge tran sp o rt channels or catalytic surfaces [50]. It is 

no tew orthy  th a t g raphene  features a visible ligh t ab so rp tion  of 2.3% per m onolayer 

[51-53]. Indeed , v iew ing  g raphene  on  top  of silicon bearing  a 300 n m  thick oxide 

coating gives a constructive interference that yields enhanced contrast of around  12% 

and  enables optical identification of m onolayer graphene [51]. This presents a challenge 

for dep loy ing  g raphene  in  tran sp aren t conductor applications as devices bu ilt using  

only a few graphene layers will exhibit significant light attenuation.

A no ther key p ro p erty  of g raphene  is its m echanical s trength . N ano -inden ta tion  

m easu rem en ts on su spended  g raphene show ed a Y oung's m odu lus of 1 TPa w ith  an
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in trinsic  s treng th  of 130 GPa; th is m ade  g rap h en e  the strongest m ateria l m easu red  

to  date  [54]. Such m echanical robustness, com parable  to th a t of CNTs, o pens the 

p ro sp ec t of u sing  g raphene  as a reinforcing  filler in  com posite  m atrices. G rap h en e  

also has a very  h igh  specific surface area, w ith  a theoretical m ax im um  of 2630 m ^ /g  

for non-overlapp ing  sheets [55]. A pplications requ iring  h igh  surface area coup led  to 

h igh  electrical conductiv ity  include  electrochem ical supercapacito rs an d  lith iu m  ion 

batteries. In add ition , the h igh  specific surface area of g rap h en e  m akes it an  ideal 

cand idate  for th in  film gas sensors.

2.3.2 Graphene Production Methods and Challenges

The key p rob lem  w ith  g raphene , as w as the case in  the early  days of C N T research, 

centres on m ass-production . M icrom echanical cleavage of g raph ite  can yield  a range 

of m onolayer g raphene  flake sizes rang ing  up  to m illim etre leng th  scales. H ow ever, 

m icrom echanical cleavage of g raph ite  is a labour-intensive, slow  an d  very inefficient 

process w ith  an  extrem ely  low  yield. The m onolayer, bi-layer or few -layer g rap h en e  

sheets m ake up  a small fraction of the total ensem ble of particles, the bulk  of the m ater­

ial p roduced  is o rd inary  graphite. This m akes searching for the desired  m aterial very 

difficult, even w ith  sufficient im age contrast under an optical microscope. Furtherm ore, 

m icrom echanical cleavage cannot be scaled up  for any  realistic applications. W hat is 

needed  is a new  approach  to p roducing  graphene.

This thesis considers one of the po ten tia l rou tes to  bu lk  p ro d u c tio n  of g raphene , 

b u t  it is w orth  no ting  the various o ther m ethods th a t have been  repo rted . Several 

g roups have tried  epitaxial g row th  of g raphene by annealing  silicon carbide surfaces, 

b u t  in  general the  results are a non-un ifo rm  array  of graph itic  d om ains  [56-58]. The 

m ajor draw back of the technique, as w ith  m icromechanical cleavage, is that m onolayer 

g raphene m akes up  a tiny fraction of the m aterial on the surface. Also, it is notew orthy 

th a t epitaxial g raphene grow th  requires rig id  processing conditions, w ith  atom ically  

clean h ighly polished grow th surfaces and  ultra-high vacuum  required  [59]. In addition, 

the processing requires the use of high substrate tem peratures typically of the o rder of
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1300 °C, along with subsequent high temperature annealing to improve graphitisation 

[5 9 , 6 0 ]. These intense processing conditions mean a limited range of substrates can be 

used. For example, flexible substrates based on plastics or polymers are incompatible 

with direct epitaxial growth due to their relatively low melting temperatures.

Recent work with bottom-up production of graphene using CVD has yielded more 

promising results. By using a flow gas mixture of methane, hydrogen and argon at 

1000 °C over a thin (300 nm) layer of nickel on a SiOa/Si substrate, Kim et. al. produced 

a coating of mostly mono and bi-layer graphene [6 1 ]. They were able to transfer their 

graphene films to a variety of substrates using commonly used poly-dimethyl siloxane 

(PDMS) stamping methods - this transfer procedure overcomes the substrate limitations 

inherent in epitaxial graphene growth. The best patches of their films showed sheet 

resistances as low as 280 n / D  at 80% optical transparency. Rerna et. al. produced 

similar results using slightly different growth conditions [6 2 ]. lijima's group built on 

these results, reporting Rg values as low as 30 0 / D  at 90% transparency for a four 

layer graphene film transferred to polyethylene terephthalate (PET) [6 3 ]; this compares 

favourably to indium tin oxide (ITO) used in devices [4 9 ]. CVD growth approaches 

to graphene production will undoubtedly suit some electronic applications and will 

likely be used for creating graphene layers to integrate into existing lithographic 

manufacturing processes.

However, the total mass of graphene that can be produced by both epitaxial and 

CVD methods is severely limited as the processable substrate size dictates the graphene 

yield. In addition, thermally grown films of graphene are simply not suited to a wide 

variety of applications such as spray-cast anti-static coatings, device components from 

free-standing graphene films or composite materials. An alternative bottom-up route 

to graphene has been suggested through the chemical assembly of polycyclic aromatic 

hydrocarbons [6 0 , 6 4 ]. This method has been shown to produce tiny graphene-like 

nanoribbons up to around 12 nm in length [6 4 ]. Beyond this size the flakes collapse 

from suspension and the chemical reactions needed to fuse the precursors cannot take 

place. Given the small length scales of these objects it remains to be seen if they exhibit 

the electronic properties of large-area graphene. Thus, it may be more appropriate to
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classify the product as carbon macromolecules. If the method can be improved to yield 

large-area defect-free graphene then it may in the future become a viable technique.

Liquid phase-exfoliation of graphene from graphite can potentially produce large 

quantities of graphene and open routes to applications that bottom-up growth tech­

niques cannot provide. A liquid-phase dispersion of graphene is not easily made. For 

a liquid-phase dispersion to be successful, the graphene must be exfoliated from a 

parent graphite stack and then stabilised against its natural tendency to re-aggregate.

Early w^ork into producing small graphite particles used graphite intercalation 

compounds [65], resulting in small graphite fragments and needle-like structures. 

Similar methods involving acid treatment, combined with thermal shock, also yielded 

small and disordered graphite as opposed to graphene [66]. The majority of research 

into the production of graphene using liquid-phases has revolved around some form 

of chemical modification of graphite, usually involving aggressive oxidation to form 

graphite oxide. The oxidation of graphite is not new, according to literature graphite 

oxide was first prepared using aggressive oxidisers and highly concentrated acids in 

1859 [67]/ following on from earlier work on producing expanded graphite using acids 

[44]. In 1957 W. Hummers and R. Offeman developed a somewhat safer method using 

potassium permanganate, sodium nitrate and sulphuric acid [68]. This process converts 

hydrophobic graphite to hydrophilic graphite oxide that easily forms a colloidal 

dispersion’ in water. This is due to the attachment of hydroxyl (-OH), carboxyl (-COOH) 

and epoxy (C-O-C) groups to the graphite [69-71]. Improvements to the Hummers 

method in 2006 led to the production of aqueous dispersions of mono-layer and few- 

layer graphene oxide (GO) [72, 73]. Some groups have tried using graphite intercalation 

compounds as pre-cursors to the oxidation process [74] -  the presence of molecules 

lodged between graphene layers in the starting graphite assists the exfoliation and 

oxidation process. The GO from these types of dispersions was deposited on substrates 

[75, 76] and analysed with techniques such as atomic force microscopy (AFM), Fourier 

transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS).

» A colloid is a homogeneous non-crystalline substance consisting of large molecules or ultramicroscopic 

particles of one substance uniformly dispersed through a second substance [41].
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The data indicated a good level of exfoliation but, critically, highlighted that the each 

GO flake was covered in an extensive array of functional groups.

Subsequent work by a number of groups tried to convert GO back to graphene 

by aggressive reduction, to give reduced graphene oxide (r-GO). This is commonly 

done using chemicals such as hydrazine [77] and by using high temperature annealing 

conditions, often in excess of 800 °C [76]. Many papers have reported limited success 

in removing the chemical functional groups from the graphene basal plane, thus giving 

a partial restoration of expected graphene properties [74, 77-86].

All these reported results share one common problem. The process of chemically 

oxidising the graphene, to date, has not been completely reversible. The functional 

groups attached to the graphene basal plane severely disrupt the electronic structure of 

graphene. Each functionalised carbon site represents an sp3 hybridised carbon atom as 

opposed to the sp^ hybridised form that would normally contribute an electron to the 

delocalised jt system of pristine graphene. The presence of these functionalised sites 

in graphene turn an excellent electrical conductor into an insulator or semiconductor 

[79, 87]. The various aggressive chemical reduction and thermal annealing processes 

reported in the literature (often up to 1000 °C in inert atmosphere) remove some 

of the functional groups but not all of them. XPS shows that even after these harsh 

treatments there is still a substantial population of oxygen functionalities [74, 76, 79, 

80, 82, 85, 88-90] -  these are often carboxyl and epoxide species that are extremely 

difficult to remove once formed. FTIR spectra, where reported [74, 80, 81, 85], also 

show peaks characteristic of persistent carbon-oxygen functional groups. Whilst the 

presence of residual functional groups in r-GO may be advantageous for some polymer 

reinforcement applications [88], the persisting structural and electronic damage to the 

graphene flakes degrades the quality of the end product and limits the potential of this 

technique. In addition, the processing conditions can pose hazards as the prolonged 

use of concentrated acids is required as well as combustible gases such as hydrazine 

for GO reduction. The high temperature annealing steps needed to partially remove 

residual functional groups and defects also limits the usefulness of this method.

From the above survey it is clear that non-covalent liquid-phase exfoliation methods 

for graphene need to be developed and understood. Such methods are explored in
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th is thesis. Sonication-induced  exfoliation of g raphene  from  g raph ite  in  so lven t and  

aqueous surfactan t system s w ill be d iscussed  in C hapters 5, 6 and  7.

2.4 I N O R G A N I C  LAYERED C O M P O U N D S

G raph ite  is the m ost w ell-know n layered m aterial, b u t o ther layered system s in  the 

form  of transition  m etal dichalcogenides (TMDs), transition  m etal oxides (TMOs) and  

co m p o u n d s  such  as hexagonal bo ron  n itrid e  (BN) are also very  im portan t. These 

classes of layered m aterials offer a d iverse range of chem ical, electrical an d  physica l 

characteristics. O btaining these m aterials in a 2D structure  yields h igh specific surface 

areas, po ten tia lly  m aking  these m aterials useful in  catalysis, sensing, energy  sto rage 

and  energy conversion applications. However, as has been the case w ith  graphene, the 

developm ent and exploitation of these 2D m aterials has been ham pered  by the lack of 

a sim ple and  scalable p roduction  process to yield m ono or few-layer flakes. The w ork 

show n in this thesis characterises the liquid phase exfoliation of TMDs, w ith  particular 

a tten tion  given to m o lybdenum  d isu lp h id e  (M0S2) and  tu n g sten  d isu lp h id e  (WS2). 

In ad d itio n , a set of layered m ateria ls (BijTej, Bi2Se3 an d  SbzSej) w ith  in te resting  

therm oelectric properties will be exam ined.

2.4.1 Transition Metal Dichalcogenides - M0S2, WS2

The TM Ds form  a well-defined structural family, w ith  all m em bers having the general 

m o lecu lar fo rm ula MX2, w h ere  M  is a transition  m etal an d  X is a chalcogen. They 

occur in  a ro u n d  60 d ifferen t types [91]. M0S2 is the  m ost com m on of the  TM Ds 

a n d  is fo u n d  as a na tu ra lly  occurring  m olybden ite  ore; the o ther TM Ds are u sua lly  

chem ically  synthesised [91]. D epending  on the m etal and  chalcogen com bination  the 

TM D s sp an  a w ide  spectrum  of electrical characteristics, from  in su la ting  (e.g. HfSz) 

to  sem iconducting  (e.g. M0S2, WS2) to  sem i-m etallic (e.g. W Tej, TeS2), m etallic  (e.g. 

NbSez, TaSz, PtTez) and superconducting (e.g. TaS2) [91, 92]. W ithin the TMDs, around  

tw o th irds are com posed of a layered structure via the stacking of hexagonally packed
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Figure 2.2: Sample molecular structure and electronic characters for common layered transition 

metal dichalcogenides. The electronic characteristics have been assigned by Wilson 

and Yoffe [91].

planes [91]; the m etal atom s M are sandw iched  betw een chalcogen atom s X g iv ing  a 

m onolayer un it s tructu re  of X-M-X. The m olecular p lanes in these crystals are w eakly 

held together by van der Waals forces, w ith extreme anisotropy observed in m echanical 

an d  electrical p roperties  [91]. C om m on configurations a ro u n d  the m etal a tom s are  

trigonal p rism atic  o r octahedral. A  sketch of the trigonal p rism atic  s truc tu re  (found  

in  na tu ra lly  occurring M0S2 and WS2) and  a periodic table w ith  overlay of electronic 

character for com m on layered TM Ds is show n in Figure 2.2.

The s tudy  of low -dim ensional M0S2 and  WS2 has largely focused on OD and quasi- 

ID  structures. In 1992 closed polyhedral and cylindrical tubes of WS2 were s)m thesised 

by  annealing  WS2 films deposited  on quartz  a t 1000 °C [93], w ith  sim ilar p rocessing  

y ield ing  M0S2 closed po lyhed ra  [94]. These hollow  closed s truc tu res  are s im ilar to 

carbon-based fullerenes, w ith literature referring to these species as inorganic fullerene- 

like (IF) nanopartic les  [95]. IF-WS2 an d  IF-M0S2 w ere found  to exhib it excellent 

tribological properties, w ith  0.5 m ass % m ixtures in oils enabling a tw ofold reduction
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in wear and friction tests [96]. Since their discovery, the production of IF-M0S2, IF-WS2 

and their nanotube variants [95, 97] has been scaled up sufficiently to enable use in 

commercial products, primarily as lubricant enhancers. Nanotubes of other TMDs 

including HfSa, NbSa, ZrSz and TaSa have also been synthesised [98].

Experimental studies of thin layered M0S2 can be traced back to 1965. Frindt used 

adhesive tape to micromechanically cleave bulk M0S2 and performed optical absorption 

measurements on the resulting thinned crystals [99]. Frindt reported crystals as thin 

as 3 nm. The method was similar to that used by Geim, Novoselov and co-workers to 

produce monolayer graphene and single layer 2D M0S2 almost 40 years later [6, 100]. 

Such mechanically cleaved 2D M0S2 has not yet found practical use in any applications 

w ith studies primarily focussed on the electrical characterisation of single flakes. 

Transistor measurements have been made on single-layer M0S2 with current on-off 

ratios lon/Ioff up to 10® and room temperature mobility up to 200 cm^V'^s"^ [92, 101]; 

these values are comparable to modern silicon devices, though large scale processing 

remains a challenge.

Liquid-phase processing methods for layered M0S2 and WS2 have centred on chem­

ical exfoliation in water [102, 103]. The first reported liquid exfoliation of layered M0S2 

was by Joensen, Frindt and Morisson in 1986 via a lithium ion intercalation method. 

The procedure involved immersion of bulk M0S2 in n-butyllithium (n-BuLi - C4HgLi) 

in hexane for 48 hrs, under inert atmosphere, to give an intercalation compound of 

the form Lix-MoS2 [104] (typically 0.1<x<l [105]). This was followed by immersion 

in water to give a violent evolution of H2 gas that forced the separation of the layers, 

leaving exfoliated IVI0S2 suspended in water for up to a few days. However, the M0S2 

produced in this way was structurally different from the starting material. Raman 

spectra and X-ray diffraction (XRD) studies showed that the lithiation process had 

changed the atomic arrangement from the original trigonal prismatic structure (as 

shown in Figure 2.2), corresponding to 2H-M0S2, to a distorted octahedral configura­

tion (distorted IT-M0S2) [105-108]. The distorted IT-M0S2 dispersions and thin films 

displayed metallic behaviour, having lost the optical absorption features of the original 

material in the visible range [105-107]. Raman spectra of the exfoliated flakes were 

also consistent with an octahedral coordination [105, 107]. This phase was found to be



M A T E R I A L S  A N D  B A C K G R O U N D

m etastable, reverting back to 2H-M0S2 after prolonged ageing over a period of m onths 

or after annealing  deposited  m aterial [107, 109].

A sim ilar n-BuLi exfoliation procedure was applied  to WS2, b u t again the exfoliated 

m aterial had  octahedral atom ic coordination and  a m etallic band  structure, as show n 

by XRD analysis and UV-vis absorption spectra respectively [109, 110]. This structural 

d isto rtion  d u e  to lith ia tion  w as also observed  in MoSez [108]. It is clear there  are 

p rob lem s w ith  liqu id -phase  m ethods th a t rely  on ion in tercalation. The processing 

conditions are complex, requiring the use of highly reactive agents w hich are unstable 

u n d e r  n o rm al am bien t conditions. The processing  is carried  o u t over a p ro tracted  

period  to  y ield  a m eta-stable exfoliated m aterial w ith  s truc tu ra l and  electronic p ro p ­

erties d ram atically  d ifferent from  the p a ren t crystal configuration. The liqu id -phase  

processing to be discussed in this thesis (Chapter 8) will examine a sim ple liquid-phase 

exfoliation process tha t leads on to functional hybrid  m aterials.

2.4.2 Thermoelectric Materials

In m odern  tim es the need for im proved energy conversion, recovery and conservation 

has focused  research  interest. T herm oelectric m aterials function as so lid -sta te  heat 

engines, enab ling  a d irect conversion betw een  electrical and  therm al energy  using  

the e lectron  gas as the w orking  fluid [111]. They can be used  to drive cooling or 

h ea ting  in  devices w ith o u t the need  for m oving  parts. M ore im portan tly , they can 

be u sed  to  recover w aste  heat, po ten tia lly  genera ting  electricity from  a range  of 

cu rren tly  inefficient energy  system s such  as au tom otive engines o r pow er p lants. 

T hus, therm oelectric  m aterials can play a m ajor role in addressing  the  global energy 

challenges of the future.

W hile solid-state  energy  conversion is appealing , therm oelectric m aterials are cu r­

rently far too inefficient to be cost-effective for everyday applications. The effectiveness 

of therm oelectric  m ateria ls is com m only  gauged  by a d im ension less figure of m erit 

defined  as
SVT
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w here cr is electrical conductivity, T is absolute tem perature, and  k is therm al conduct­

iv ity  [112-114]. S in  th is equation  is the  Seebeck coefficient, a m easure  of the electric 

current induced by a given tem perature gradient. For viable devices, an  average figure 

of m erit >  1 w ith in  the operating  tem pera tu re  range of device is requ ired  [115, 116].

To im prove ZT values, the  pow er factor given by  S^a  m u st be increased  a n d  the 

therm al conductiv ity  k  decreased. These p roperties  are  in tim ately  linked , crea ting  a 

p rob lem . The Seebeck coefficient is inversely  re la ted  to  the  carrier concen tra tion  in 

the m aterial, thu s  the effect of raising a  by conventional m ethods such  as d o p in g  are 

n eg a ted  by the fall-off in  S [117]. R aising the carrier concen tration  also increases the  

con tribu tion  of e lec tro n /h o le  tran sp o rt to the therm al conductivity, fu rther reduc ing  

ZT. T hus, the use of alloys an d  n ano -struc tu red  m ateria ls has been  su g g ested  as a 

m eans to decouple these param eters, enabling reduced therm al conductiv ity  th ro u g h  

enhanced phonon scattering at crystal interfaces w hilst m aintaining electrical pathw ays 

th rough  the m aterial [112, 117].

All cu rren t sta te-of-the-art therm oelectric  m ateria ls have been  m ad e  u s in g  som e 

form  of nano-structuring applied  to a range of sem iconducting m aterials such as BiiTcj, 

B ijScj, SbaSej, PbTe, SiGe and  m any o ther varian ts and  alloys of these [112, 116, 118, 

119]. Some exam ples from  literature for m aking nano-structured  therm oelectric m ater­

ials include the use of p lanetary  ball-m illing and alloying [115, 120], electrodeposition  

of film s and  quasi ID  nanow ires from  so lu tion  [121-125], co -spu ttering  of e lem ental 

p recu rso rs  [126, 127] an d  p rec ip ita tion  from  so lu tion-based  reagen ts  [128, 129]. A ll 

of these m ethods have their ow n advantages and  d isadvantages regard ing  scalability, 

reproducib ility  and  p roduction  hazards.

These m aterials have a layered structure built from  weakly bound  planes, each p lane 

com posed  of five hexagonally  packed  m onatom ic sheets a long  the  c ry sta l's  c axis. 

The p lanes are referred  to  as q u in tu p le  layers (QLs). Taking Bi2Te3 as an  exam ple, 

QLs have the sequence -[Te-Bi-Te-Bi-Te]-. Each QL has th ickness ~  1 n m  w ith  the  

overall crystal structure  of BizTcg having a un it cell w hich is three QLs thick ( ~  3 nm ) 

[130, 131]. A schem atic of this rhom bohedral BijTej crystal structure is given in Figure 

2.3. Sm all-scale m icrom echanical cleavage of Bi2Te3 and  612863, ana logous to  th a t



M A T E R I A L S  A N D  B A C K G R O U N D

Figure 2.3: Illustration of the crystal structure of BiiTej. Image from Teweldebrhan et al. [130]

used for graphene, has been shown [130, 132-135] as well as exfoliation using Li-ion 

intercalation procedures similar to those used for graphite and M0S2 exfoliation [136].

Each different process produces thermoelectric materials of a particular composi­

tion and morphology with unique electronic and thermal properties. Liquid-phase 

processing of the type discussed in this thesis can complement these methods, poten­

tially allowing facile exfoliation and dispersion of layered thermoelectric materials. 

The formation of such dispersions could allow homogeneous hybrid materials to 

be readily formed using simple mixing and deposition techniques. Thermoelectric 

materials such as Bi2Te3 and Bi2Se3 are also of interest due to their topological insu­

lator behaviour [137]. Topological insulators are materials that exhibit an insulating 

bulk band gap whilst having metallic surface or edge states - the behaviour of these 

surface states is changed in exfoliated topological insulator material as the surface 

to volume ratio is increased [138, 139]. The properties of the surface states are useful
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for fu n d am en ta l research , a n d  po ten tia lly  in  app lications such  as sp in tron ics [139]. 

L iquid-phase exfoliated m aterial could poten tially  contribute to this field.

2.5 B A C K G R O U N D  - L I Q U I D  P H A S E  E X F O L I A T I O N  OF C A R B O N  N A N O M A T E R I A L S

The w ork  of th is thesis focuses on  the  exfoliation of g raph ite  and , by  extension, 

layered inorganic m ateria ls  in  solvents an d  aqueous su rfac tan t-based  system s. The 

m ethodology used  in  this w ork bu ilds on know ledge gained from  previous stud ies of 

CNT liquid-phase dispersions. The procedures used  in the historical w ork, and  in this 

thesis, do  no t invoke the use of chem ical m odification or functionalisation b u t ra ther 

aim  to use favourable so lu tion  energetics and  electrostatic stabilisation to yield stable 

d ispersions of p ristine  well exfoliated nanom aterials.

2.5.1 Carbon Nanotube and Graphene Exfoliation in Solvents

D uring  early  research  in to  CNTs it w as clear th a t d ispersions of n an o tu b es  in  liqu id  

p hases  w o u ld  be useful. G iven the agg lom erated  n a tu re  of a s-p roduced  CNTs, exfo­

lia tion  u s in g  solvents po ten tia lly  offered a rou te  to separa ting  n an o tu b es  from  one 

another. It was originally thought that dissolution in solvents w ould be im possible due 

to  the rig id  n a tu re  an d  size of CNTs an d  their agg lom erates [9]. T hus, liqu id -phase  

processing of CNTs w as initially approached  using  colloidal stabilisation m ethods, as 

w ill be d iscussed in  Section 2.5.2.

C N T d e b u n d lin g  in  am ide  solvents w as even tually  show n in 1999 w ith  the d ep o s­

ition  of in d iv id u a l SW NTs from  N ,N -d im ethy lfo rm am ide (DMF) d ispersions [140]. 

Following this, SWNT dispersion was shown, assisted by m ild ultrasonication, in other 

solvents such as N -m ethyl-2-pyrrolidone (NMP), N ,N -dim ethylacetam ide (DMA) and 

cyclopen tanone (CPO) [141-143]. It w as show n th a t som e of the SW NTs cou ld  be 

com pletely  separa ted  from  one ano ther [144]. S ubsequent w ork show ed  th a t SWNTs 

cou ld  be exfoliated  an d  stab ly  d isp e rsed  in  NMP, 7 -bu ty ro lac tone  (GBL) a n d  cyclo- 

hexylpyrro lidone (CHP) using  m ild sonication, w ith  m ild centrifugation allow ing the



M A T E R I A L S  A N D  B A C K G R O U N D

removal of large aggregates [38, 39, 145, 146]. The dispersions were found to consist of 

up to 70% (by number) isolated SWNTs with the majority of the remaining material 

consisting of small bundles [38-40]. Further work explored the energetics involved in 

forming CNT dispersions and explored the use of solubility parameters to determine 

optimum solvents [146-149].

This work prompted the investigation of graphite exfoliation using amide solvents 

by our research group [10] and others [53]. It was shown that mild sonication of 

graphite in NMP, GBL, Dimethylacetamide (DMA) and i,3-dimethyl-2-imidazolidinone 

(DMEU) yielded grey dispersions along with large numbers of visible macroscopic 

aggregates [10]. Mild centrifugation was sufficient to remove these aggregates. The 

dispersions showed linear scaling of optical absorbance with concentration (Beer- 

Lambert behaviour), this is illustrated in Figure 2.4 along with molecular sketches of the 

solvents used. Transmission electron microscopy (TEM) examination of the supernatant 

revealed the presence of monolayer graphene, as verified by electron diffraction studies 

and Raman spectroscopy. Images of typical graphene flakes produced by exfoliation 

in NMP are shown in Figure 2.5. Further systematic TEM analysis showed that the 

dispersions in NMP consisted of mainly few-layer graphenes (<5 layers) with a yield 

of up to 28% monolayer graphene by number fraction. In addition, Raman, FTIR 

and XPS spectroscopies showed that graphene produced in this manner is of high 

quality and is, crucially, free of the functional groups and structural defects that have 

hindered previous attempts to produce liquid-phase graphene dispersions. This initial 

solvent-based exfoliation work was continued as part of this thesis. In Chapter 5 a 

systematic study of solvent efficacy through Hansen solubility parameters will be 

given, with the aim of facilitating the future discovery of good graphene solvents or 

solvent blends.

In light of this discussion of solvent-mediated graphene exfoliation, it is instructive 

to compare the merits of this production technique with those discussed earlier in 

Subsection 2.3.2. Table 2.1 gives a summary of the merits of the various graphene 

production methods discussed so far.
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Figure 2.4: Optical characterisation of dispersions of graphite exfoliated by mild sonication 

in solvents. (A) UV-vis NIR absorption spectra of typical dispersions in N-methyl- 

pyrrolidone (NMP), 7-Butyrolactone (GBL), Dimethylacetamide (DMA) and 1,3- 

Dimethyl-2-imidazolidinone (DMEU) [lo]. (B) Beer-Lambert behaviour of disper- 

sioris allowing measurement of extinction coefficient [10]. (C) Molecular sketches of 

the amide solvents used.

A) Monolayer graphene B) Bilayer graphene C) Folded few-layer graphene

Figure 2.5: TEM images of graphene flakes produced by exfoliation in N-methyl-2-pyrrolidone. 

(A), (C) from Hernandez et al. [10], (B) from own image archive.
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Table 2.1: Relative merits of graphene production techniques

Advantages Disadvantages

Mechanical Lowf cost, no special equipnnent Slow process, extremely low yield

exfoliation required

High quality, no functional N ot suitable for high volume

groups, defect-free basal plane 

Large area flakes (~ mm  size

[1 5 0])

production, limited to 

single-flake experiments

Epitaxial Compatible with CMOS Largely multi-layer graphitic

growth processing dom ains formed

Intensive surface preparation 

required, strong influence on 

graphene quality

High tem perature processing 

required, limited substrate choice

Limited production volumes

CVD Large area graphene coatings Limited scalability potential.

growth now possible dictated by furnace and growth 

substrate sizes

Compatible w ith CMOS N ot suitable for formation of

processing composites

High quality graphene produced, 

high monolayer yield

H igh tem perature processing

Product is transferable to other Transfer process damages

substrates graphene - cracks, increased 

electrical resistance [63]
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A dvantages D isadvantages

G raphene p ro d u ced  is candidate Requires the use of m etal

for use in  th in  film electronics substrates, e.g. copper - cost

applications issues if scaie-up required

Poly cyclic Bottom -up process Tiny flakes p roduced  - lim ited

aromatic usefulness

hydrocarbon Uses liqu id  phase processing M ax graphene flake size lim ited
assembly by synthesis - solubility 

Com plex chem ical synthesis 

Q uestionable flake quality  - 

fu rther spectroscopic 

investigations requ ired

Persistent chem ical function 

g roups - extrem ely difficult to 

fully rem ove

Electronically a ltered  p ro d u ct - 

d u e  to residual defects 

Safety issues - G raphene oxide 

p roduction  requires use  of 

concentrated  acids

N on-trivial reduction  step 

requ ired  - uses dangerous 

reducing  agents such  as 

hydrazine a n d /o r  h igh  

tem pera tu re  annealing

Graphite in- Scalable liqu id  phase  route

tercalation/-

Graphene

Oxide H igh m onolayer y ield  possible

W ater-processable graphene 

oxide in term edia te

H igh concentration  dispersions 

possible (up to 4 m g /m l [45])

Useful for com posite  form ation
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A dvantages D isadvantages

Direct liquid Fully scalable facile process - Cost and  hazards w ith  use of

phase su ited  to bulk  p roduction am ide solvents

exfoliation N on-covalent processing, no Largely few-layer g raphene
in amide chem ical m odification of p roduced  by default, though
solvents graphene basal p lane required  - m onolayer yield can be increased

high quality  p roduct w ith  add itional processing

Useful for com posite form ation Lim ited flake sizes - m ax lateral 

dim ensions of a few f^m

N ot su ited  to transparen t 

conductor applications - h igh 

sheet resistances due  to 

inter-flake junctions

2.5.2 Carbon Nanotube Exfoliation using Surfactants

D ispersion  of carbon  nanom ateria ls  in solvents has d raw backs includ ing  cost of 

solvents, h igh boiling points of good CNT solvents and incom patibility w ith  biological 

system s. The use of an aqueous m edium  w ould be convenient, b u t carbon nanom ateri­

als in a chemically unaltered state are highly hydrophobic and will not stably exfoliate 

in water.

Early w ork  on CN T d ispersion  in  aqueous m ed ia  u sed  colloidal stabilisation. The 

m ost com m on  m ethod  uses am phiph ilic  surface active m olecules w here  non-po lar 

tail g roups in teract w ith  the hydrophobic CNTs allow ing the polar, hydrophilic, head 

groups to interact w ith  the w ater solvent m edium ; in this way the surfactant acts as an 

interfacial stabiliser 1151]. Early w ork in  the late 1990s dem onstrated  the form ation of 

stable d ispersions of small bundles of CNTs via surfactant coating [140, 132-155]. Sub­

sequen t w ork revealed the fluorescence of surfactant-based CNT dispersions; such an
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(A) Sodium  d odecy l su lfa te  (B) Sodium  d o d e c y lb e n z e n e  su lfo n a te
SDS SDBS

(C) Sodium  c h o la te (D) Sodium  d eo x y ch o la te  
SDOC

O '
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Figure 2.6: Molecular sketches of common surfactants used in the dispersion of carbon nan­

otubes.

effect can only be expected from the presence of well exfoliated CNTs with significant 

proportions of individual nanotubes in the dispersion [21, 22, 156]. Surfactant-assisted 

CNT exfoliation is well-documented [9, 157] with optimum dispersion parameters 

[27, 158] and surfactant efficiencies [159-161] having being studied. Molecular sketches 

of common surfactants used in CNT dispersion work are shown in Figure 2.6.

This body of research into CNT exfoliation served as stimulus for the work shown in 

Chapter 6 where graphite exfoliation in aqueous surfactant systems was attempted for 

the first time [162]. This work was then extended to scale-up the production process 

and produce much higher concentrations of graphene to feed into future applications 

[163], as discussed in Chapter 7.





3
T H E O R Y

3.1  I N T R O D U C T I O N

This chapter discusses key theory relevant to this thesis. Specific aspects of solvent 

solution theory are used in Chapter 5 for studying the behaviour of graphene in a 

wide range of solvents. In Chapters 6 and 7 concepts from colloid theory are used 

in the characterisation of aqueous suspensions of graphene. Key background ideas, 

terminology and derivations for these chapters are covered.

3 . 2  SOL UBILITY THEORY

Solvent-based dispersion of graphene is the simplest method of liquid-phase pro­

cessing. In general terms, the process involves direct interactions between two phases. 

From experience with CNT dispersions, it is clear that large molecular solutes cannot 

be stably dispersed in all solvents [9]. Forced dispersion of CNTs in unsuitable solvents 

using ultrasound forms unstable dispersions, resulting in rapid flocculation and precip­

itation. The energetics of the solute-solvent interactions are key to understanding CNT 

or graphene dispersibility in solvents. In the following subsection, the thermodynamics 

of the graphene-solvent interaction will be discussed in the context of surface energies. 

A more versatile treatment is given using energy components in the form of Hansen 

solubility parameters; these parameters are used in the solvent assessment work of 

this thesis and will also be discussed in this section.
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3.2.1 Solution Thermodynamics and Surface Energetics

T he m ix ing  of tw o chem ical com pounds, be they sim ple sm all m olecules o r m acro­

m olecules, leads to changes in the entropy (S) and enthalpy (H) of the overall system. 

In general, solubility of a m aterial in a given solvent is therm odynam ically  favourable 

if the free energy of m ixing (AGm,>) is negative [164]. U nder isotherm al conditions this 

is given by

=  A H f f i i x  — T A S m i x  (3- )̂

w h ere  AH^,>and ASmix s re  the en thalpy  and  en tropy  of m ixing respectively. ASmix is 

the  change in  d iso rder of the system  d u e  to the m ixing process a n d  th u s  is alw ays 

positive. From  E quation  3.1 positive values of ASmix ^re beneficial to  the  fo rm ation  

of solutions. However, in the case of large rig id  m olecules such as CNTs or graphene 

ASmix is very  sm all an d  so AHmix is the do m in an t term  [9, 165]. Stable exfoliation of 

g rap h ite  to g raphene  in solvents can only occur if the n e t energy  cost, g iven  by the 

en thalpy  change AHmix> is very small. The enthalpy of m ixing for g raphene  has been 

de riv ed  in  p rev ious w ork  by o u r g roup  using  surface energy* p a ram ete rs  for so lu te 

an d  so lven t [10]. The derivation  calculated  the energy  in p u t requ ired  to separa te  all 

solvent m olecules and all individual graphene flakes from one another, subtracting the 

energy  rega ined  by form ing  a g ra p h e n e /so lv e n t d ispersion  consisting of re-stacked  

flakes of a g iven thickness. This gave an  approx im ate  energy  cost of exfoliation per 

un it vo lum e of m ixture Vmix  as

~  {^graphene ~  ^ s o h ’ent^ ^  (3-^)
" m ix  ^ f lake

w h ere  Tfiake is the g raphene  thickness, 9, =  is the square  roo t of the  surface

energy  of p hase  i and  (p =  Vĝ aphem/v̂ î  is the g raphene  volum e fraction [9]. For the

* Surface energy arises from surface atoms or m olecules of a material not interacting w ith the maximum  

number of nearest neighbours. The surface atoms or m olecules are in a higher energy state than atoms 

at interior locations, g iving a surface energy expressed in units of J/m^ [166].
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so lven t p h ase , th e  surface en e rg y  is lin k ed  to  the m easu rab le  su rface  ten s io n  7

v ia

'Solvent
'sur

•solvent
'sur (3 -3)

w h ere  is the  so lvent surface en tro p y  (w hich  is a generic v a lu e  close to  0.1 m j m"^ K‘^

for co m m o n  C N T  an d  g rap h en e  am id e  solvents) [9, 167]. T he g rap h en e  su rface  en e rg y  

is th e  e n e rg y  re q u ire d  to  p ee l tw o  flakes a p a r t  a n d  co m p le te ly  ov erco m e th e  v a n  d e r  

W aals b in d in g  force. T he m e rit  o f  E q u a tio n  3.2 is th a t  it sh o w s  h o w  th e  e n th a lp y  of 

m ix in g  is d ic ta te d  b y  th e  d iffe ren ce  b e tw e e n  g ra p h e n e  a n d  so lv en t su rfa ce  e n e rg ie s

e n e rg y  c lo ses t to  th a t  o f  g ra p h e n e  w ill h av e  b e e n  fo rm e d  w ith  m in im a l e n e rg y  cost; 

fro m  a su rface  en e rg y  p ersp ec tiv e  these  so lven ts  a re  ex p ec ted  to  p e rfo rm  the  best.

3.2.2 Solubility Parameters

S olub ility  th eo ry  can  be  large ly  su m m ed  u p  by  th e  p h ra se  " like seeks like". S o lub ility

w h ic h  so lu te -so lv e n t sy s tem s  a re  lik e ly  to  b eh av e  favourab ly . T h ey  a re  co m m o n ly  

u se d  in  p o ly m er physics. S o lven t so lu b ility  p a ra m e te rs  are d e riv ed  from  v ap o risa tio n  

energy , i.e. th e  e n e rg y  re q u ire d  to  b re a k  all th e  v a n  d e r  W aals b o n d s  h o ld in g  th e  

l iq u id 's  m o lecu le s  to g e th er. T h erefo re , so lu b ility  p a ra m e te rs  a re  re la te d  to  th e  to ta l 

cohesive  en e rg y  of th e  so lv en t [165].

T he H ild e b ra n d  so lu b ility  p a ra m e te r  is th e  m o s t co m m o n  so lu b ility  p a ra m e te r  a n d  

is d e f in e d  as th e  sq u a re  ro o t of th e  so lv en t's  cohesive en e rg y  d en s ity

w h e re  V  is th e  so lven t m o lar vo lum e. U sing  th is p aram eter, the  H ild eb ran d -S cra tch ard  

ex p ressio n  can  be  d eriv ed  for sm all m o lecu lar so lu tes, g iv ing  an  ap p ro x im a tio n  of th e  

e n th a lp y  of m ix in g  as

(o r eq u iv a le n tly  su rface  tensions). D isp ersio n s p re p a re d  w ith  so lv en ts  h av in g  su rface

p a ra m e te rs  a llo w  fo r a q u a n tita tiv e  a sse ssm e n t o f so lv en ts  a n d  a re  u s e d  to  p re d ic t

(3 4)

_ 2
^  ( p { l - ( p )  (St ,a -  ST,b) (3 -5)
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w here (p is the solute volum e fraction, is the enthalpy of mixing per un it volum e

of m ixture and  and are the H ildebrand param eters of the a solute and  h solvent 

species respectively [9,146]. It should be noted that the form  of this equation precludes 

negative values of this is due  to geom etric m ean approxim ations m ade in the

derivation  [9, 146].

A n alternative form  of E quation 3.5 is the F lory-H uggins equation given as

w here  AH^,> is again  the en thalpy  of m ixing p e r u n it vo lum e of m ixture , k is the 

Boltzm ann constant, T is absolute tem perature and Uq is the solvent m olecular volum e 

[9, 146, 168]. The te rm  x  ir> th is equation  is the F lory-H uggins param eter, a d im en- 

sionless term  th a t m easures the pairw ise  in teraction  energies betw een species in the 

m ixture . If <  0 then  solute-solvent in teractions dom ina te  and  a tru e  so lu tion  is 

possible. If X > 0  so lu te  m olecules have a ne t a ttrac tion  to each o ther resu lting  in a 

therm odynam ically  unfavourable system . C om paring  Equations 3.5 and  3.6 gives the 

follow ing approxim ation  in  term s of H ildebrand  param eters:

Strictly speak ing  this form  of the F lory-H uggins param eter is approxim ate as it does 

not allow negative values. This form  of the equation works reasonably well for species 

w ith  non-polar interactions, w hen only van der Waals forces act betw een species [168]. 

How ever, it still cap tu res the key physical logic of solubility  theory, i.e. d ispersion  is 

favoured  w ith  sm all values of x  w hen  so lu te  and  solvent solubility  pa ram ete rs  are 

m atched.

Hansen Solubility Parameters

C harles H ansen  recognised that the use of the H ildebrand  solubility param eter in  the 

form  of Equation 3.4 is lim ited as it is based on the total vaporisation (cohesive) energy 

of a liquid. The interactions betw een solvent, or equally  solvent and  solute, m olecules 

consist of several types. The strongest and  m ost im p o rtan t of these for organic m o-

X k T ( p { l - ( p )
(3-6)

(3-7)
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le c u le s  a re  d is p e r s io n  fo rc e s  f ro m  a to m ic  in te ra c tio n s  (D ), p o la r  c o h e s iv e  fo rc e s  f ro m  

p e r m a n e n t  d ip o le -p e rm a n e n t d ip o le  m o le c u la r  in te ra c tio n s  (P) a n d  h y d ro g e n  b o n d in g  

in te r a c t io n s  f ro m  e le c tro n  e x c h a n g e s  (H ) [165]. H a n s e n  s u g g e s te d  u s in g  th e s e  th re e  

c o m p o n e n ts  o f  th e  c o h e s iv e  e n e rg y  to  fo rm  a n e w  s e t  o f  s o lu b i l i ty  p a r a m e te r s  - th e  

H a n s e n  s o lu b ili ty  p a ra m e te rs  (H SPs) [165]. T h e  b a s ic  ru le  g o v e rn in g  th e se  p a ra m e te rs  

in v o lv e s  s p l i t t in g  th e  c o h e s iv e  e n e rg y  d e n s ity  in to  D , P  a n d  H  c o m p o n e n ts  a s  fo llow s:

E c , t  E c ,d  , E c,p  , Ec,h , ON
(3-8)

T h e  H S P s a re  e a c h  d e f in e d  a s  th e  s q u a re  ro o t o f th e  a b o v e  e n e rg y  d e n s ity  c o m p o n e n ts  

s u c h  th a t  Sf  =  ^c,i/v,  {i — D , P , H )  H a n s e n  [165]. In  th is  w ay, th e  H ild e b ra n d  so lu b ility  

p a r a m e te r  c a n  b e  d e f in e d  u s in g  H S P s  as

=  S' -̂JrSp +  (3 .9 )

U s in g  H S P s , C h a r le s  H a n s e n  re -c a s t th e  F lo ry -H u g g in s  p a r a m e te r  as

i^D,a — +  {^P,a ~  ^P,b)^ +  î H,a ~  (3-lo)

w h e r e  th e  s u b s c r ip ts  a a n d  b r e p r e s e n t  th e  s o lu te  a n d  s o lv e n t  re sp e c tiv e ly . T h is  fu n c ­

t io n a l  f o rm  o f  th e  F lo ry -H u g g in s  p a r a m e te r  e n a b le s  s o lu te - s o lv e n t  in te r a c t io n s  to  b e  

a s s e s s e d  u s in g  a  s e t  o f  w e ll-d o c u m e n te d  H S P s a n d  w ill b e  u s e d  in  th is  th e s is  to  s tu d y  

g r a p h e n e  e x fo lia te d  in  a  r a n g e  o f  so lv e n ts .

3 .3  S U R F A C T A N T  S T A B I L I S A T I O N  T H E O R Y

In  th is  th e s is , a q u e o u s  s u rfa c ta n t-a s s is te d  d is p e rs io n s  o f g ra p h itic  m a te r ia l  a re  d e m o n ­

s tra te d . S u c h  d is p e rs io n s  a re  d e sc r ib e d  b y  c o llo id a l theo ry . S u rfa c ta n ts  a re  a m p h ip h ilic  

m o le c u le s , w i th  a  te n d e n c y  to  a c c u m u la te  a t  in te r fa c e s  b e tw e e n  p h a s e s  s u c h  th a t  th e  

p o la r  p a r t  c a n  im m e rs e  i ts e lf  in  th e  m o re  p o la r  p h a s e  (i.e. w a te r )  w h ile  th e  n o n -p o la r  

p a r t  c a n  in te r a c t  w i th  th e  n o n -p o la r  m a te r ia l  (i.e. th e  d is p e r s e d  p h a se ) .

Io n ic  s u r f a c ta n ts ,  a s  u s e d  in  th is  th e s is , w il l  d is s o c ia te  in  w a te r  to  f o r m  a  la rg e  

m o le c u la r  io n  a n d  a  c o u n te r io n . T h e  s u r f a c ta n t  m o le c u le s  f o rm  s o lu t io n s  a t  lo w
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particle with 
negative surface 

charge

EDL

: Surface potential
Stem potential 

Zeta potential, f

Distance from particle, x

Figure 3.1: (A) Illustration of a sodium dodecyl sulfate micelle, counter-cations are not shown 

(adapted from Hunter [151]). (B) Electrostatic potential near a positively charged 

colloidal particle and the origin of zeta potential.

concentrations. Some molecules will accumulate at the air/solution interface or the 

container walls in order to find more stable conditions for the hydrophobic tail com­

ponent [151]. With increasing surfactant concentration, the surfactant density at these 

interfaces increases until a monolayer of surfactant coats the surfaces [151]. A specific 

minimum concentration for each different ionic surfactant drives the interaction of 

surfactant molecules with themselves, bringing clustering of surfactant molecules 

into a micelle; this occurs at the critical micelle concentration (CMC). In a micelle the 

hydrophobic groups are directed towards the centre of the cluster to minimise contact 

with water, with the hydrophilic group directed towards the solvent. In this manner, 

the contact between hydrophobic groups and water is minimised thereby reducing the 

free energy of the system [169]. A sketch of a micelle is given in Figure 3.1A.
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3.3.1 Charged Colloidal Particles & Zeta Potential

In the case of a surfactant-stabilised colloidal system , the adso rp tion  of the m olecular 

ions on to  particles of the d ispe rsed  phase  im p arts  a ne t charge. The in terac tions 

betw een  the charged particles, and  w ith  the ionic solution su rro u n d in g  them , govern 

key aspects of the system  such as d ispersion  stability  or flow behaviour.

The n e t charge of the colloid influences the d istribu tion  of ions in  the su rro u n d in g  

d ispersan t m edium , form ing an ionic atm osphere around the particle. The region close 

to the particle has an increased concentration of counterions, this region is the electrical 

double layer (EDL) [170]. The EDL can be view ed as having two parts. The innerm ost 

reg ion , k now n  as the S tern  Layer, consists of coun terions th a t are  tigh tly  b o u n d  to 

the charged  particle  surface - the po ten tia l at the b o u n d ary  of th is region is the Stern 

potential [171, 172]. A djacent to  the S tern  layer, the  ions are m ore diffuse an d  less 

firmly attached. This outer region of the EDL w hich m ay also include w ater molecules, 

together w ith  the Stern layer, is the major factor influencing the m obility of the charged 

partic le  [170]. The po ten tia l a t a po in t a d istance x  aw ay from  the  charged  particle  

has the genera l form  ip =  constan t x e~'^^, w here  k~^ is the D ebye-H uckel param eter 

[151, 173]. is also know n as the Debye-length or Debye screening-Iength [151, 172]. 

It is som etim es referred to as the "thickness" of the EDL, this is technically incorrect as 

the full ex ten t of the vary ing  po ten tia l is closer to 4 / k (this gives i/’x=4k-’ =  0 .02tpx=o) 

[151]. In  the  case of system s w here  the  electrical energy  is sm all com pared  w ith  the 

therm al energy  of the ions, ip w ill be sm all w ith  k defined as

w here  e is electron  charge, n, is nu m b er of ions of type i per un it volum e in  the b u lk  

of the solution, z, is the charge of ions i, k is the Boltzm ann constant, T is the absolute 

tem perature, and  £^£0 is the perm ittiv ity  of the pure  liquid (i.e. water) [151, 174]. From  

this equation  it is clear that the size of the EDL depends only on tem peratu re  and  the 

bu lk  electrolyte concentration.

The EDL plays a significant role in particle m otion. W hen the charged particle moves 

(e.g. d u e  to  gravity, app lied  electric field. B row nian m ovem ent, convection) the  ions

(3 -11)
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and w ater m olecules w ithin a specific boundary  inside the EDL move w ith the particle 

w hile those species outside the boundary  do not travel w ith the particle - this boim dary 

is the hydrodynamic shear plane or slipping plane [170,171,175]. The electric potential at 

the s lipp ing  p lane  relative to  the b u lk  so lu tion  is the  zeta potential, an d  is u sed  as 

m easure of colloidal stability (typically stable dispersions are characterised by |^| >  25 

mV) [170, 171, 173]. Figure 3.1B illustrates the struc tu re  of the EDL an d  the orig in  of 

the zeta potential. The zeta potential can be m easured by exam ining particle m ovem ent 

u n d e r an  app lied  electric field; this electrophoresis m ethod  will be d iscussed fu rther 

in C hap ter 4, Section 4.5.

3.3.2 DLVO Theory

The balance betw een  repulsive an d  attractive forces de term ines the  overall stability  

of a colloidal system . The theory behind  colloidal stability w as nam ed  after Dejaguin, 

Landau, Verwey and  O verbeek (DLVO) [173]. The zeta potential is a m etric that deals 

exclusively w ith  repulsive forces betw een charged colloidal particles. These forces are 

coun tered  by attractive van der W aals interactions, p rim arily  from  d ispersion  forces. 

Van der Waals interactions are relatively short-range forces acting over length scales of 

u p  to 10 nm  [151]. Unlike the EDL interaction, the van der Waals interaction potential 

is no t influenced by changes in the electrolyte such as concentration or pH , thus it can 

be treated  as invarian t [173].

For th is thesis, layered g raph ite  is exfoliated in aqueous su rfac tan t m edia. T here­

fore, it is a p p ro p ria te  to m odel in teractions in  the context of charged  paralle l tw o- 

dim ensional sheets. Using the approach provided in DLVO theory, the overall potential 

energy  (V7) is g iven by the sum  of the repulsive DLVO com ponen t { V d l v o )  arid the 

attractive van de r W aals energy (V̂ r̂fvv) [173]-

The van d e r W aals po ten tia l energy  can be estim ated  u sing  a pa irw ise  add itive  

sum m ation  over a tom s in the  sheets, sim ilar to th a t u sed  by H am aker, based  on  the 

London interatom ic potential [173, 174]. A circular 2D atom ic sheet w ith  rad ius R  can 

be described as show n in Figure 3.2A. C onsider a free atom  interacting w ith atom s in
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A B X dx

Free atom

X

Figure 3.2: (A) Sketch of free atom interacting with planar sheet of atoms. (B) Sketch of

the sheet from a distance D, specifically looking at a ring of atom s in the sheet w ith 

radius x  and w idth dx. The ring contains dN  atoms such that

where p is the atomic areal density of the sheet.

Van der Waals forces originate from  quantum  mechanical interactions betw een 

fluctuating dipole moments in atoms [172]. The van der Waals potential between two 

uncharged atoms can be approximated as a function of the inter-atomic separation r as

w here £0 is the perm ittivity  of free space, oc is the polarisability of the atom  and 

E is an  energy term  that can be related to the first ionisation energy of the atom  

[172, 173, 176, 177]. Thus, the interaction energy between the free atom  and any atom 

w ithin the ring of the sheet is proportional to the inverse sixth power of distance [174] 

such that

interaction between two similar planar atomic sheets.

dN  =  Inpxdx (3.12)

(3 -1 3 )

C
(3 -1 4 )
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d ia to m -sh ee t ~   ̂ ^'>s3 (3-^5)

Combining Equations 3.12 and 3.14 gives the total van der Waals interaction energy 

between the free atom and all atoms in the ring:

xdx 
(x̂  + d Ŷ

This can be integrated over the extent of the sheet to give the total van der Waals 

interaction energy between free atom and sheet, Vatom-sheetf using an upper limit of 00 

rather than R due to the short range of the interaction [151]:

00

r. ^  f  xdx npC ,
V a to m -s h e e t  ^  - 2npC j  ~  ^

0

This argument can be extended by replacing the free atom with a duplicate of the 

atomic sheet, as shown in Figure 3.2B. All atoms within the ring of the upper sheet 

interact with the lower sheet with an attractive potential energy of Vatom-sheet- The total 

interaction energy of all dN  atoms in the ring of the upper sheet with the lower sheet, 

denoted dV-^̂ ŷ , is given by the product of Equations 3.12 and 3.16 as

dVydw = ------------------------------------------------------------------ (3 -1 7 )

The total van der Waals interaction, can then be found by integrating Equation 

3.17 over the full size of the sheets, i.e. from x =  0 to x =  R;

=  <3.8)
0

where A  is the area of the sheet.

Volvo is the repulsive potential energy between two charged planar surfaces in an 

electrolyte. This has been derived in literature by Israelachvili [173] to give

V o l v o  ^  (3.19)

where £ r  is the relative permittivity of the liquid,  ̂is the zeta potential, k  the Debye 

length and A is the surface area. Strictly speaking Equation 3.19 is valid for low surface 

potentials below 25 mV [173], thus the equation should be treated as approximate 

any numerical data generated treated as rough values. This formulation also includes

a multiplier of 2 to account for the presence of surface charges on both sides of
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th e  in teracting  p lanes [173]. Thus, the  overall po ten tia l of tw o idealised  p a ra lle l 2D 

colloidal sheets can be w ritten  as

Vt ^  AAsreoK^^e-''^ -  (3-2o)

This theoretical m odel w ill be app lied  to  assess the stab ility  of collo idal g rap h en e  

d ispersions in C hap ter 6.





4
C H A R A C T E R I S A T I O N  A N D  M E T H O D S

4.1 I N T R O D U C T I O N

This chapter discusses the main characterisation methods and experimental techniques 

used in this thesis. In this work, liquid phase dispersions of layered materials were 

prepared using ultrasonication of bulk layered materials in specially selected solvent 

or surfactant/water media. The dispersions were then centrifuged to remove remnants 

of starting material and aggregates. Typical dispersions were initially characterised by 

absorption spectroscopy. This allowed derivation of sample concentration which can be 

used as a quality measure and as a comparative metric between samples. In addition, 

optical absorption was used to probe the temporal stability of the dispersions. The 

remaining characterisations were carried out on solid material deposited or extracted 

from the liquid dispersions. Infrared and Raman spectroscopies were used to probe 

the chemical nature and composition of the produced materials. Transmission electron 

microscopy was extensively used to examine lateral dimensions of exfoliated material 

and, where possible, flake thickness. Scanning electron microscopy was used to study 

macroscopic assemblies of flakes in the form of films and individual flakes deposited 

on silicon substrates. Scanning probe microscopy was also used to characterise the 

dimensions of flakes deposited on substrates. These various techniques will be now be 

discussed with reference to relevant literature as appropriate.

4.2 OP T IC A L  SPECTROSCOPY

Light interacts with matter in a m ultitude of ways leading to a wide range of useful 

effects for an experimentalist. Figure 4.1 gives a schematic of the fundamental processes

4 1
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that occur as light propagates through a medium. A given m edium  can influence the 

speed of light propagating through it, w^ith light travelling slow^er than in free space 

leading to the bending of light as governed by the laws of refraction. Scattering can 

also occur, w hereby photons of light interact w ith the m edium  causing the photons 

to change direction. If the photon energy is unchanged, the process is elastic while if 

the photon exchanges energy with the m edium  inelastic scattering occurs. Absorption 

occurs w hen the frequency of the light matches an electronic transition of the material, 

only unabsorbed light will be transm itted. Light in the UV (200 - 400 nm), visible 

(400- 800 nm) and near-infrared (800 nm  - 2500 nm) ranges of the electrom agnetic 

spectrum  can perm it the excitation of valence electrons to excited states, and  also 

promote vibrational and rotational transitions in molecules [1 7 8 ]. Thus, w hen probing 

individual molecules in the vapour phase, discrete absorption spectra w ith rotational 

and vibrational fine structure can be visible. In bulk materials, or materials dispersed in 

solvent phases, the atoms and molecules influence each other leading to the broadening 

of electronic energy levels, resulting in the loss of fine structure and the form ation of 

continuous absorption bands. Luminescence can also occur w hen light interacts with 

matter; it is the general name given to the process of spontaneous emission of light by 

excited atoms in a solid state material and can accompany absorption. In some systems 

luminescence may be quenched as non-radiative relaxation processes can occur before 

radiative re-em ission takes place. The optical processes m entioned so far concern 

the realm  of linear optics, w here the behaviour is independent of optical power. At 

high light intensity, as provided by powerful lasers, the non-linear dependence of the 

dielectric constant of the material on the incident electric field becomes ev id en t. These 

non-linear effects are beyond the scope of this thesis bu t it is noted that graphene 

dispersions in solvents have displayed promising broadband non-linear optical limiting 

properties [1 7 9 ].
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PROPAGATION THROUGH M EDIUM

Incident light Refraction

Transm itted  light

Absorption and Luminescence

Reflected light
Scattering

Figure 4.1: Optical phenomena as light propagates through a medium.

1

Figure 4.2: Representation of the Beer-Lambert law.

4.2.1 Beer-Lambert Law & UV-vis Spectroscopy

Light absorption by a sam ple can be easily quantified. A sketch illustrating the passage 

of light th rough  a typical liquid sam ple is given in Figure 4.2. Corisider a parallel beam  

of m onochrom atic light incident on a sam ple of total thickness L Consider the passage 

of ligh t th ro u g h  a po rtion  of the sam ple w ith  length  dL The in tensity  reduc tion  d l is 

p roportional to the light in tensity  I, sam ple concentration C and  length. Thus one can 

w rite  [170]

d l =  - ^ I C d l  (4.1)
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where jS is a constant. This expression applies to each increment of the sample, so 

the emergent intensity can be found by integration over the full length of the sample, 

where the incident light intensity on the first face is Iq-

=  (4 .2 )

k 0

For a homogeneous system C is independent of position, this gives

In ( { )  =  -fiC l  (4.3)

This can be re-written in terms of logarithmic base 10 by introducing a constant a such 

that =  alnlO. This gives the Beer-Lambert law as follows:

log.0 ( i )  = -«C/

I =  / o l O - “ C' ( 4 4 )

a is the extinction coefficient (in units L g'^ m'^, also known as the absorption coef­

ficient). The transmittance T is defined by T =  V/o while the absorbance A is given 

by:

A = -logioT =  -logio-/^

Thus, Equation 4 .4  can be written as

^  =  ocCl (4 .5 )

which is the usual form of the Beer-Lambert law. For liquid samples, if the extinc­

tion coefficient is known then the sample concentration can be determined from the 

measured absorbance.

Equipment

UV-vis NIR absorption spectroscopy was used extensively in this research. For the ma­

jority of measurements a Varian Cary 6000i was used. This instrument is a dual-beam 

device, using broad-spectrum light sources of a tungsten halogen lamp (visible/NIR)
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and a deuterium arc source (UV) [180]. A monochromator splits the light source into 

components using controllable slits and a movable diffraction grating. The resulting 

monochromatic beam is split in two with a half mirror. One of these beams passes 

through the sample while the other passes through a reference specimen. The reference 

consists of a matched cuvette filled with the same solvent as the sample or, in the case 

of solid samples, a matched substrate. The beams are collected and fed to an indium 

gallium-arsenide photodiode detector via a beam chopper that alternates in time which 

beam is collected. This gives values of I and Iq, for sample and reference respectively, 

that are presented as values of absorbance A  for each wavelength that is scanned. 

The instrument has a spectral resolution limited to 0.05 nm over a scanning range of 

175 — 1800 nm [180]. For some measurements a Cary 50 was used, this spectrometer 

uses an internal reference collection without the use of a second sample. It features 

a lower spectral resolution of 1.5 nm with scanning range 190 — 1100 nm. Baseline 

spectra using the solvent or substrate in use were taken before sample scans.

4 .2.2  Infrared Spectroscopy

Beyond the UV-vis near-infrared range of the electromagnetic spectrum lies the infrared 

(IR) region (> 2500 nm). The photons in this region have energy corresponding to 

molecular and crystal vibrations in materials. In IR spectroscopy, direct absorption 

of incident IR light by the material is probed. Fundamental transitions attributed 

to specific vibrations of a molecule, or molecular bonds within a crystal of a given 

material, will present as absorption events under IR illumination. The energy of a 

particular transition is dependent on the nature of the chemical bond. In this manner, 

IR spectroscopy can be used a fingerprint method to identify chemical species. IR 

spectra are often collected in transmission mode by using a wide-spectrum incident IR 

light source and applying a Fourier transform to the detected signal. In this manner, 

absorbance features at specific wavelengths are highlighted. Databases of FTIR spectra 

for a wealth of materials are available, making FTIR spectroscopy a useful identification 

technique. A key point of note is that vibrations are only IR active if the vibration
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Sample in contact with crystal

to  d e tec to r

ATR crystal (diamond)IR beam

Figure 4.3; Schematic of ATR-FTIR measurement

induces a change in the permanent dipole moment of the molecule or molecular bond . 

This means that molecules such as N 2 or are IR-inactive, whereas dipolar molecules 

such as CO or HjO are IR-active. Similarly, a chain of carbon atoms or a graphitic 

network do not possess IR-active vibrational modes. However, chemically bound 

functional groups such as C = 0  or C—OH are IR-active. Thus, FTIR spectroscopy can 

serve as an aid to assessing the quality of graphene and graphene derivatives, in 

particular for determining the large-scale presence of residual oxides.

Equipm ent

One of the most challenging aspects of FTIR analysis has been sample preparation. 

Traditionally, FTIR spectra of solids have been collected in transmission mode. This 

required crushing the material and dispersing in a matrix such as a liquid oil or a 

transparent solid. Potassium bromide (KBr) is the most widely used matrix. However 

of the order of a milligram of material in about 350 mg KBr is required to form 

a suitable disc sample. This method is destructive and is unsuitable for analysing 

thin film samples of low mass. The technique of Attenuated Total Reflectance FTIR 

(ATR-FTIR) removes these sample preparation limitations.

ATR-FTIR operates by monitoring the changes in an infrared beam that is totally 

internally reflected inside a crystal that is in direct contact with the sample. A sketch 

of the method is given in Figure 4 .3 . The refractive index of the sample must be 

significantly lower than the ATR crystal to permit total internal reflectance. In addition, 

this method requires good contact between sample and crystal, thus pressure is applied
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to  sam p les  d u r in g  m easu rem en ts . T he in te rn a l re flec tance w ith in  th e  o p tica lly  d en se  

cry sta l g en e ra te s  an  ev an escen t w ave th a t ex ten d s  b ey o n d  th e  cry sta l in to  th e  sam p le  

over a d istan ce  of 0.5 — 5 ^m  [ i8 i] .  This evanescen t w ave is a tten u a te d  by  IR ab so rp tio n  

tran s itio n s  in  the  m ateria l. T he o u tp u t IR b eam  is th en  fed  to  a d e tec to r a n d  a F o u rier 

T ran sfo rm  ap p lied .

ATR-FTIR sp ec tra  in  th is  th esis  w e re  ta k e n  o n  p o w d e rs  a n d  th in  film  sam p le s . 

S p ec tra  w e re  co llec ted  w ith  a P e rk in  E lm er S p ec tru m  100 e q u ip p e d  w ith  a d ia m o n d  

ATR crystal. A n IR b ack g ro u n d  w as tak en  p rio r to  sam p le  scan  acquisition . A  m in im u m  

of 12 re p e a t acq u is itio n s  w ere  tak en  p e r  sam ple .

4.2.3 Raman Spectroscopy

In c id en t ligh t can scatter from  a m ateria l w h ils t in terac tin g  an d  exchang ing  en e rg y  w ith  

it; th is sca tte rin g  w ith  a change in  ligh t frequency  is called  R am an  sca tte ring . T his effect 

w as first observed  by C.V. R am an  an d  K. S. K rishnan  in  1928 w h ile  s tu d y in g  co m m o n  

l iq u id s  i l lu m in a te d  by  fo cu sed  su n lig h t [182]. A s w ith  IR s p e c tro sc o p y  v ib ra tio n a l 

tra n s itio n s  a re  p ro b e d . IR a b so rp tio n  re su lts  fro m  a o n e -p h o to n  a n n ih ila tio n  ev en t, 

i.e. th e  m a te r ia l is e lev a ted  in  v ib ra tio n a l en e rg y  b y  th e  d is s ip a te d  p h o to n  a t th e  

f re q u en c y  o f v ib ra tio n a l re so n an ce . H ow ever, R am an  sp e c tro sco p y  ex p lo its  p h o to n  

sca tte rin g  processes. T he v ast m ajo rity  of p h o to n s  in c id en t o n  m olecu les of a m ate ria l 

a re  sc a tte re d  elastically , th is  is k n o w n  as R ay le ig h  sca tte rin g . A  sm a ll p ro p o r tio n  of 

th e  p h o to n s  a re  sc a tte red  inelastically . T h is  is a tw o -p h o to n  p ro c ess  a n d  in v o lv es  a 

ch an g e  in  th e  p o la riz ab ility  of th e  m a te r ia l w ith  re sp ec t to  th e  m o lecu le s ' v ib ra tio n a l 

m o tio n  [183]. In c id en t m o n o ch ro m a tic  ra d ia tio n  (u su a lly  fro m  a  laser) in te ra c ts  w ith  

th e  p o la riz a b ility  of th e  m a te r ia l to  c rea te  an  in d u c e d  d ip o le  m o m en t. T h e  ra d ia tio n  

e m itte d  b y  th is  in d u c e d  d ip o le  m o m e n t c o n ta in s  th e  o b se rv ab le  R a m a n  sc a tte re d  

p h o to n s . D u e  to  en e rg y  con serv atio n , th e  freq u en cy  sh ift of th e  R am an  sca tte red  lig h t 

w ith  re sp ec t to  the  in c id en t b eam  c o rre sp o n d s  to  v ib ra tio n a l en e rg y  g a in ed  o r lo st by  

th e  m ateria l.
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Figure 4 .4 ; Diagram  of spectroscopic transitions underlying vibrational and Raman spectro­

scopy- Vo indicates incident laser frequency, /, { i  =  1 ,2 ,3 ...) denote vibrational levels 

w ith energy /it/,.

The transitions involved in Raman spectroscopy can be summarised diagrammat- 

ically as shovv^n in Figure 4.4. Raman scattering events typically take place between 

electronic ground state energy levels and virtual excited states. These virtual states 

are short-lived distortions of the electron distribution by the incident electric field 

[184]. Stokes Raman scattering occurs when the material gains vibrational energy by 

terminating in an elevated vibrational state, with the scattered light reduced by the 

same energy. Anti-Stokes Raman scattering involves the scattered light gaining energy 

as the material transitions from an initial excited vibrational state to the ground state. 

Resonance Raman scattering can also occur whereby the frequency of incident light 

is close to an electronic transition of the material. In this case, Raman spectroscopy 

can become more sensitive with enhanced scattering of around 10  ̂ possible [185]. 

However, increased absorption by the material under resonance conditions can lead 

to more rapid sample decomposition [185]. Resonance Raman spectroscopy can also 

suffer from enhanced fluorescence, a process whereby inter-band relaxations in excited 

electronic states result in the emission of photons; this effect can drown out Raman 

spectral features.
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Figure 4.5; Typical Raman spectra of graphite and graphene. (A) Comparison of Raman spectra 

at 514 nm for bulk graphite and graphene. (B) and (C) Evolution of spectra of 

2D peak shape with number of layers at 514 nm and 633 nm, respectively. Images 

adapted from [186].

Raman Spectroscopy of Graphene

Raman spectroscopy is a powerful tool for analysing carbon-based materials. It has 

been used over the past 40 years to study a range of graphitic materials including 

pyrolytic graphite, carbon fibres, graphitic foams, fullerenes, CNTs and now, most 

recently, graphene [187]. Graphene in particular yields a distinctive Raman spectrum 

whose features can reveal structural information about the material. In 2006, A.C. 

Ferrari and co-workers found that graphene ranging from one to five layers thick could 

be clearly identified using red (633 nm) or green (514 nm) laser excitation sources [186]. 

Figure 4.5A shows a typical Raman spectrum for a large-area monolayer graphene flake 

m ade by micromechanical cleavage in comparison to a spectrum for graphite. Three 

main peaks are commonly associated with graphene/graphite. A peak at ~  1580 cm'^ 

labelled the G-band is characteristic of the sp^ hybridised carbon structure, this peak 

is also found in CNTs [187]. The G-band originates in normal first order scattering 

processes; changes in graphene layer number can cause slight shifts in the shape 

and position of the G-band [188, 189]. The D-band, centred around ~  1350cm“  ̂ is 

associated with breathing modes in sp^ hybridised carbon rings and chains [190]; this 

is a second order process involving a phonon and a defect. Thus, observation of this
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band requires that the ring be near a defect in the sp  ̂ structure; these defects can be 

atomic vacancies, functional groups bound to sp  ̂ hybridised sites or the edges of the 

sp  ̂network. The D-band is absent from the spectra in Figure 4.5A as the areas of the 

materials sampled by the laser spot were defect-free. A third band, characteristic of 

graphene/graphite is centred around ~  2700 cm“  ̂ and is now commonly denoted 

the 2D-band. This feature has been observed in the Raman spectra of graphite since 

1981 [191] and is associated with a second order two-phonon scattering process. 

Ferrari et. al., and others, have showed that the shape of this band evolves with the 

numbers of graphene layers, in particular for flakes composed of 1 to 5 graphene layers 

[186,189,190,192]. This evolution of the 2D peak with graphene layer number is shown 

in Figures 4.5B and C for two laser wavelengths. There are two more minor peaks 

that appear in the spectra of graphene/graphite. A D'-band around 1620cm “  ̂ can 

appear in defected graphitic structures, along its double-resonance 2D'-band around 

3240 cm“  ̂ [1 9 3 ]-

Equipm ent

In this thesis, Raman spectroscopy was used to characterise films of deposited few-layer 

graphene. A Horiba Jobin Yvon LabRam HR confocal spectrometer was used, equipped 

with 532 nm and 633 nm laser excitation sources operating with power outputs up to 

12 mW. Raman scattered light was isolated using notch filters. For all acquisitions a 

lOOx objective lens was used along with a diffraction grating having 600 lines per mm, 

this results in a manufacturer's rated spatial resolution of around 5 jim and spectral 

resolution of 0.3 cm‘  ̂ to 1 cm'^ Grating calibration using a silicon dioxide/silicon  

standard and white-light spectrometer calibration were performed daily and before 

analysis of every batch of samples.

Exfoliated M0 S2 was also characterised by scanning Raman spectroscopy. For these 

samples a NT_MDT NTEGRA platform was used with a Renishaw Raman spectroscope 

equipped with a 1024 x 512 CCD camera. An Argon ion laser source at 488 nm was 

used with a 100 x objective and grating having 1200 lines per mm. BiiTej flakes were 

examined with a Witec Alpha 300, with AFM option, equipped with edge filters and 

532 nm laser using a 20 x lens.
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4.3 U L T R A S O N I C A T I O N

In this research dispersions of layered materials are prepared by exfoliation of thin 

flakes from bulk materials via the application of ultrasonic energy. Ultrasound concerns 

sound waves with frequencies higher than those to which human ears can respond (i.e. 

> 16 kHz). Ultrasound is widely used in a range of applications including navigation, 

medicinal imaging, industrial scale chemical mixing and engineering (machining, 

cutting, drilling, welding).

In this work, ultrasonic energy is applied to layered materials immersed in liquid 

phases. The applied energy causes solvent molecules to oscillate about their mean 

positions, with the applied sound wave having compression and rarefaction cycles. 

During the rarefaction phase of the cycle the liquid molecules are drawn apart, if 

the average distance between the molecules exceeds the critical molecular distance to 

hold the liquid intact then void or cavities are created [194]. These cavitation bubbles 

can grow in size and subsequently collapse with the creation of shock waves [194]. 

These collapsing cavitation bubbles and shock waves result in the application of shear 

stresses to the material inside the liquid phase, these stresses result in the break-down 

of the material. In the case of weakly bound layered structures such applied stress can 

peel the layers from one another which then may be stabilised against re-aggregation 

by the given solvent environment.

Equipment

Laboratory grade ultrasonic equipment uses piezoelectric transducers to supply energy 

to the reaction vessel. Ultrasonic baths have one or more transducers attached to the 

base of a steel water-filled tank. In this case the ultrasonic waves penetrate the walls of 

reaction vessel(s) placed in the bath. Ultrasonic baths are often fixed frequency devices 

with fixed energy output. More intense and directed energy is provided by the use of 

horn or point probe sonicators directly immersed in the reaction vessel. With these 

devices the energy output at the tip of the horn /probe is controlled by the power 

intensity delivered to the transducer by a generator.
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In this research a fixed ultrasonic frequency of 20 kHz is used with all apparatus. An 

ultrasonic bath (Branson 1510E-MT) and an ultrasonic horn/probe system (VibraCell 

CVX 750 W) are used for all samples. To ensure reproducibility when using the 

ultrasonic bath all samples for a given experiment are placed in identical viles/flasks 

using constant water levels. For horn/point probe tip sonication, sample temperature 

is controlled when necessary by the use of ice baths.

4 . 4  C E N T R I F U G A T I O N  A N D  S E D I M E N T A T I O N

Dispersion assisted by ultrasonication yields a mixed suspension of exfoliated flakes, 

aggregated material and particles of raw starting material. These latter phases are 

unstably suspended and will settle out gradually over time. This settling process can 

be accelerated using centrifugation and the supernatant retained for further use.

In this work a Hettich Mikro 220R centrifuge is used, with rotation rate variable 

from 500 — 18000 rpm. The machine has a 6-way rotor (90 mm sample radius) for 

the range 500 — 6000 rpm  and a 24-way rotor (87 mm sample radius) for the range 

6000 — 18000 rpm. Literature sometimes quotes the centrifugation intensity in terms 

of relative centrifugal force (RCF), i.e. sample acceleration relative to gravitational 

acceleration, g. This can be derived from the centripetal acceleration, a, of the tubes 

inside a rotor of radius r from

where cv is the angular velocity of the rotor. The RCF is then given by

RCF =  ^ =  = r (1.118 X 10-3) X (rpm )' (4 .7)

Particles can sediment out of a suspension after centrifugation. This can be due 

to incomplete removal of massive particles or re-aggregation of the particles in the 

dispersion. The temporal stability of dispersions can be probed by optical methods. In 

this research, the transmission intensity 1 through liquid-phase samples is monitored as 

function of time using an array of synchronised pulsed lasers (633 nm) and photodiodes. 

A blank sample with pure solvent gives the value of lo- Using the Beer-Lambert law
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from  Equations 4.4 and 4.5 gives the change in sam ple absorbance as function of tim e 

such that A  (t) / 1 = (X.C ( t ) . A s  the concentration of m aterial in the d ispersion falls over 

tim e due  to sedim entation, the optical absorbance will fall in tandem . In a d ispersion  

there may be m ore than one sedim enting phase, perhaps alongside a stable com ponent. 

The total initial concentration of the d ispersion  can be w ritten  as

C jota l,! ~  Cq +  ^  C n  (4 -8 )
n

w here Q  is the concentration of the stable phase and C„ represents the n sedim enting 

phases.

The concentration of the sed im enting  phases can be show n to decay exponentially, 

w ith  each sedim enting phase having its ow n tim e constan t [195]. Thus, the local tim e 

d ep en d en t concentration of a given d ispersion  having  n sed im enting  phases an d  one 

stable phase  can be w ritten  as

C( f )  =  Co +  ^ Q ,e - '/ ^ "  (4.9)
n

w h ere  t„ is the  decay tim e constan t of p hase  n [195]. In  the context of the  m easu red  

absorbance this can be w ritten  as

=  aoCo +  Y^oc„C„e~^^^° (4.10)
 ̂ n

w here do and  oc„ denote the extinction coefficients of the stable and  sedim enting phases 

respectively.

4.5 Z E T A  P O T E N T I A L

As m entioned  in Chapter 3, the zeta potential is a key param eter of the EDL su rround ­

ing  charged  colloidal species. It is a usefu l p a ram ete r for evaluating  the  stab ility  of 

surfactant-stabilised dispersions. In this thesis, the zeta potential of graphene exfoliated 

in  aq u eo u s  su rfac tan t m ed ia  is assessed. Z eta po ten tia l m easu rem en ts  are  m ad e  by 

exam ining the electrokinetic behaviour of charged colloidal particles. W hen an  electric 

field is ap p lied  across the d ispersion  the  charged  particles are  a ttrac ted  tow ards the

electrode of opposite  sign, w ith  the m otion  coun tered  by viscous forces. This m otion
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Figure 4.6; (A) Outline of capillary cell used for zeta potential measurements. (B) Illustration 

of laser doppler velocimetry technique. Images taken from Malvern Zetasizer Nano 

user manual [171].

u n d e r  an  app lied  electric field is know n  as electrophoresis [151]. A t equ ilib rium  the 

particles move w ith  an overall drift velocity for the colloid denoted v. The electrophor­

etic m obility relates v  to the applied electric field via v — \iE. }i can be used  to find the 

zeta potential, from  the H enry  equation for spherical particles

 ̂ =  ^ — f{Ka)  (4.H)

w here £r£o is the perm ittiv ity  of the m edium , rj is the liquid viscosity, a is the particle 

rad iu s  an d  k  is the inverse of the D ebye-length (Equation 3.11) [196]. In  the  case of 

particles in a po lar solvent like water, the size of the EDL, will be th in  com pared  

to  the particle  size and  so ka »  1 . In this case /  (ka) is defined as 1 .5 , w hich  reduces 

E quation  4.11 to  the Sm oluchow ski expression  [196]. N ote  tha t th is expression  also 

h o ld s for p late-like particles hav ing  a un ifo rm  surface charge, w ith  neglig ib le edge 

charges relative the surface charge and w ith  rad ius m uch larger than  the double  layer 

th ickness [175].

Equipment

In this research, zeta potential m easurem ents were carried out w ith  a M alvern Zetasizer 

N ano. Sam ples were injected into folded closed capillary cells w ith  bu ilt in electrodes; 

a sketch of typical cell is shown in Figure 4.6A. The drift velocity of the particles under 

an  ap p lied  po ten tia l, an d  hence the electrophoretic  m obility, is essen tia lly  derived
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Figure 4.7: (A) Schematic representation of atomic force microscope [198]. (B) Sketch illustrating 

tip-sample force curve.

using a laser doppler velocimetry technique [171]. This method analyses the scattering 

of a 633 nm He-Ne laser incident on the capillary cell. Light scattered at a specific angle 

is re-combined with a reference beam to produce a signal with fluctuating intensity, the 

setup is illustrated in Figure 4.6B. The rate of fluctuation of this signal is proportional 

to the speed of the particles. This is the core technique underlying the measurement, it 

has been modified and enhanced by the device manufacturer to improve analytical 

results [171].

4.6 A T O M I C  F O R C E  M I C R O S C O P Y

Atomic force microscopy (AFM) is a scanning probe technique that maps surface 

topography. AFM images are obtained by measurement of the forces on a sharp tip 

generated by proximity to the surface of the sample [197]. These force interactions 

deflect the tip as it passes over the surface features of the sample, an AFM gauges 

these deflections to determine sample surface information. A schematic of a typical 

AFM is given in Figure 4.7A. The critical component of the AFM is the tip, attached to 

a cantilever that can deflect according to Hooke's law due to tip-sample interactions 

[199]. The degree of bending of the tip is monitored by a laser reflected off the 

cantilever and detected by a photodiode. The photodiode signal links into a feedback



C H A R A C T E R I S A T I O N  A N D  M E T H O D S

circuit controlling the z-height of the sample relative the tip. AFM tips/cantilevers are 

commonly manufactured from silicon or silicon nitride. The radius of the end of the 

tip dictates the spatial scanning resolution. In most AFM devices the sample is rastered 

under the tip in the xy  plane and along the z direction using piezoelectric motors.

Sample profile information with an AFM can be derived in three ways, probing 

different regimes of the tip-sample interaction, as illustrated in Figure 4 .7 B. In contact 

mode the tip tracks close to the sample surface probing the repulsive regime of the 

intermolecular force curve. This mode is only suitable for relatively smooth rigid 

surfaces as the feedback loop may not respond quickly enough to steep protrusions 

from the surface, causing the tip to crash.

In non-contact mode the tip oscillates just above its resonance frequency at a distance 

from the surface, interacting outside the repulsive regime. As the tip rasters the sample, 

surface features can alter the tip-surface distance thereby changing the van der Waals 

attractive force felt by the tip. This leads to a change in the oscillation frequency or 

amplitude, the AFM's feedback system responds by changing the sample height to 

maintain the original oscillation of the tip. However, non-contact mode suffers under 

ambient conditions due the presence of an adsorbed water layer on all samples. This 

dampens short-range interactions, requiring closer tip-samples distances. The water 

layer promotes a form of tip instability known as "jump-to-contact" whereby the 

attractive tip-sample forces can cause a sudden drop in tip height [2 0 0 ].

These problems were solved by use of an intermittent contact or tapping mode, the 

most widely used AFM mode. In this case the tip is oscillated at its resonance frequency, 

typically of the order of 100 kHz, with amplitude of the order of 10s of nanometres. 

The tip is positioned in such a way as to interact with the sample via short range 

repulsive forces for a brief portion of its oscillation cycle. In this way, tapping mode can 

be viewed as a hybrid of contact and non-contact mode, probing a range of interactions. 

The short contact time allows the tip to track rough surfaces with low lateral forces 

exerted on the sample, this makes tapping mode suitable for soft samples such as 

biological specimens.

The prim ary source of error in AFM imaging of nanoparticles concerns observed 

lateral dimensions. This arises when the nanoscale object or features of the sample
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have lateral dimensions equal to or smaller than the tip radius. The path recorded by 

the tip will be distorted as the sides of the tip interact w ith the object before the apex. 

This results in observed overall lateral dimensions of such features being extended by 

a value roughly twice the tip radius.

In this thesis AFM analysis is carried out with a Digital Instruments Nanoscope IIIA 

from Veeco systems. All m easurem ents are carried out under am bient atm osphere in 

tapping  m ode using monolithic silicon tips having resonance frequency ~  300 kHz, 

force constant 40 N m'* and tip radius 8  — 10 nm.

4 .7  T R A N S M I S S I O N  E L E C T R O N  M I C R O S C O P Y

N orm al resolution TEM has been w idely used in this research to s tudy  exfoliated 

layered materials. TEM works by directing an electron beam at samples under vacuum 

and examining the altered transm itted beam. Electrons can pass through unim peded 

w ithou t interacting w ith the atoms in the sample or they can be scattered elastically 

or inelastically; the loss of electron beam  intensity due to scattering by the sam ple is 

responsible for the contrast in a TEM image. The operating principles of a TEM are 

sim ilar to those of a transm ission light microscope w ith a source beam  focused onto 

the sam ple by condensing electromagnetic lenses, and the transm itted beam  gathered 

and focused onto a screen by objective and  projector lenses. A schematic of a typical 

TEM system is shown in Figure 4 .8 .

The electrons are supplied at the top of the instrum ent column. The gun  used 

depends on the instrument type, with thermionic LaB6 or tungsten filaments in normal 

resolution microscopes and Shottky field em ission or cold field em ission guns in 

h igh resolution machines. The illum ination system  show n in Figure 4 .8 A regulates 

the shape of the incident beam , producing a parallel beam  along the optic axis for 

norm al TEM use. This coherent beam  passes through the specim en and in doing so 

is d isrupted. Some of the incident electrons pass straight through th in  specim ens 

unim peded  w hile others are scattered in  the both the forw ard and back directions 

elastically and inelastically.
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Figure 4.8: Optical system schematic of common transmission electron microscopes. (A) Illu­

mination system layout. (B) Diffraction mode projecting diffraction pattern onto 

viewing screen. (C) Bright field mode projecting image of sample onto viewing 

screen. Schematic adapted from Williams and Carter [201].
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The emergent beam passes through the objective lens to produce a diffraction pattern 

in the back focal plane, as shown by blue and red markers in Figure 4.8B. Use of a 

selected area aperture in the first image plane allows electron beams from a localised 

region of a specimen to be probed; this is equivalent to placing a virtual mask or 

aperture over the specimen. The intermediate and projector lenses focus the diffraction 

pattern onto the viewing screen, photographic plate or CCD. The diffractograms of 

single crystalline samples have spot patterns with spot positions governed by Bragg's 

law; the central bright spot comes from the transmitted beam [201]. Polycrystalline 

samples will exhibit ring patterns. Electron diffraction patterns can be calculated for 

many crystals. Electron diffraction has proved useful in the identification of monolayer 

graphene produced by micromechanical cleavage and liquid-exfoliation [10, 186, 202].

Under normal imaging conditions the selected area aperture is removed and an ob­

jective aperture is placed in the back focal plane as shown in Figure 4.8C. This objective 

aperture only allows electrons in the unscattered transmitted beam to contribute to the 

final image, cutting out the majority of diffracted beams and thereby boosting image 

contrast. The intermediate lens is adjusted to focus on the first intermediate image 

plane yielding an image of the sample on the screen. For high resolution TEM (HR- 

TEM), the objective aperture is set to the widest setting or removed altogether. In this 

case, the image is formed by the interference of many diffracted beams, giving a phase 

contrast that reflects the crystal's structure. The spatial resolution obtained in HR-TEM 

is limited by inherent aberrations in the microscope. These include the defocus setting, 

spherical aberrations (Cg, from imperfections in the focusing system) and chromatic 

aberrations (from non-identical electron energies incident on the specimen). Use of 

aberration corrected TEMs can correct spherical aberrations in the magnetic lenses via 

destructive interference, with some machines featuring chromatic aberration correctors 

as well. It is noted that, due to aberrations, atomic features in phase contrast images 

do not have a direct correspondence to the atomic scattering potentials of the crystal 

[201].

In this research normal TEM imaging was carried out with a Jeol 2100 operated at 

an accelerating voltage of 200 kV. This instrument has a LaBg filament electron gun. 

HR-TEM images were collected with a field-emission FEI-Titan operating at 300 kV.
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Some HR-TEM was carried out by Dr. Valeria Nicolosi at the Department of Materials, 

University of Oxford using the Oxford-Jeol JEM2200MCO FEGTEM/STEM fitted with 

two CEOS Cs aberration correctors operating at 200 kV.

Quantitative TEM analysis

Previous TEM studies on graphene produced using sonication-induced liquid-phase 

processing revealed the presence of flake-like objects that were quite transparent to the 

incident electron beam (see Figure 2 .5 ) [1 0 ]. Due to attenuation of the electron beam 

by the graphene crystalline lattice, a dark contrast was observed relative the vacuum 

background in bright-field images. With reference to Raman spectra and electron 

diffraction data it was shown that many of the observed flakes were monolayer 

graphene. In addition, few-layer graphene flakes were observed. It was observed that 

many of the multi-layered flakes showed visible straight line contrast features at one 

or more of their flake edges - these features corresponded to the individual graphene 

layers making up multi-layered flakes [1 0 ]. An example of this type of edge contrast is 

given in Figure 4 .9 A, with the individual layers highlighted. It is noted that the number 

of layers, N, counted for a given flake has a certain degree of uncertainty associated 

with it. Due to the limitations of the image contrast the gradation distinguishing one 

layer from the next may be difficult to see, thus for some flakes the count may only be 

determined to the nearest one or two layers. In order to balance the statistics obtained 

in layer counting for similar ranges of N  an alternating bias was used: e.g. for a flake 

counted as either 4 or 5 layers, 4 would be selected, the next time a flake was counted 

as either 4 or 5, 5 would be used and so on. In this way the errors balance out and 

allow for an overall estimation for mean numbers of layers per flake, (N).

In addition to N  the lateral dimensions of the flakes can also be quantified. As the 

flakes are of random shape, the values of length were taken across the longest axes of 

the flakes, with the width taken as the largest measurement perpendicular the longest 

axis. This is illustrated in Figures 4 .9 B and C. The uncertainty associated the length 

and width measurements was quite small, while the uncertainty in the estimation of N  

could be mitigated by using a large sample set. It is also worth noting the systematic 

errors in this type of quantitative TEM analysis. The first of these is attributable to the
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method used to capture the graphene flakes from the liquid dispersions. For the work 

in this thesis the dispersions were dropped onto holey carbon grids. The holey carbon 

membrane acts as a mesh. As the dispersion passes through the grid some flakes are 

suspended by the carbon strands. The size of the holes in the carbon membrane can 

range from -1 0 0  nm up to several microns in diameter, thus a significant proportion 

of the flakes incident on the membrane could pass through without being suspended. 

As the smallest flakes in the dispersion are more likely to pass through the holes it is 

possible that the statistics derived may be biased towards larger flakes. This would be 

especially true for low-concentration dispersions where only a few hundred flakes may 

be observable over an entire TEM grid. However, it will be shown from work on high 

concentration dispersions (Chapter 7, [163]) that small graphene flakes can be readily 

observed directly on top of the carbon membrane (these flakes are smaller than the 

strands of the membrane and so are not being suspended by the typical filtration action 

of the membrane). This is likely due to a strong affinity of the graphene flakes for the 

carbon-based membrane. By ensuring these flakes are included in any quantitative 

analysis the statistical error can be reduced. In addition, there can be a subjective bias 

in the collection of TEM images for analysis. It is reasonable to suggest that the larger 

flakes in a given sample will attract greater attention from the TEM operator and 

so lead to a bias in the collected image set. This subjective error was reduced in all 

the work shown in this thesis by attempting to randomise the data collection process. 

In particular, data was collected from across the entire TEM grid using random  XY 

movements at low magnification to find individual flakes or clusters of flakes. Close-up 

images were acquired for all the observed flakes in each area sampled. This procedure 

also had the effect of compensating for bias due to localised hole size variations in the 

carbon grid that could have influenced the size of suspended flakes in a given area.

4.8 S C A N N I N G  ELECTRON MIC ROSCOPY

The scanning electron microscope (SEM) is a powerful analytical tool, widely used 

in scientific research and industry. In an SEM an electron beam is focused, by elec-
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Figure 4.9: Illustration of methodology used to assess graphene flake size from bright-field 

TEM images. (A) Multi-layered graphene flake showing contrast due to individual 

graphene layers. (B) and (C) Illustrations of method used to determine length and 

width for a typical flake.

tromagnetic lenses, onto the sample under vacuum. When this primary beam strikes 

the sample several interactions occur w^ithin a teardrop-shaped volume of interaction 

depending on the beam energy and sample nature [122]. The most important effects of 

the bombardment are the formation of secondary and backscattered electrons [203]. 

Rastering of the beam across the sample and the collection of these electrons by various 

detection systems allows a digital image to be formed.

Secondary electrons are the result of ionisation of the sample by the primary electron 

beam. Secondary electrons have low energy, around 3 — 5 eV, resulting in a small 

escape depth of only a few nanometers [122, 204]. This allows secondary electrons 

to give good topographic information about the sample. Backscattered electrons are 

high energy inelastically scattered electrons that have undergone single or multiple 

scattering events, these electrons originate deeper in the sample [122]. Imaging using 

backscattered electrons yields chemical contrast as elements with higher atomic number 

will have a higher backscattered signal. However, as the backscattered electrons are of 

high energy they are not readily absorbed by the sample, meaning the sample region 

from which they are produced is much larger than it is for secondary electrons; this
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Figure 4.10: Schematic of lens system in Zeiss Ultra Plus scanning electron microscope. Adap­

ted from Zeiss Ultra/Supra manual [204].

means lateral resolution is worse than when using secondary electrons (~  1 vs 

~  10 nm) [122].

In this thesis, a Zeiss Ultra Plus SEM with field emission electron gun is used. Some 

images were taken with an older Hitachi S-4300 field emission SEM. A schematic 

of the GEMINI® lens system in the Zeiss Ultra Plus SEM is given in Figure 4.10. 

The magnetic lenses and scan coils focus and move the sample beam. The secondary 

electron detector (SE2) is mounted inside the chamber to one side. The system features 

two backscattered electron detectors, one for low angle electrons (AsB detector) and 

one in-column for high angle electrons (EsB detector). In addition there is an In-Lens 

secondary electron detector inside the column; this probes secondary electrons having 

a very low penetration depth yielding images with very high surface sensitivity.

A final feature of modern SEMs is the incorporation of X-ray analysers. At sufficiently 

high electron accelerating voltages (typically 10 — 30 kV) core shell electrons can be 

knocked out by the primary beam, with the ions emitting characteristic X-rays when
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they relax back to a lower energy state. These energy dispersive X-rays (EDX) can be 

analysed with reference to known atomic X-ray spectra. Care must be taken when using 

this technique as the use of an SEM column with limited electron output can yield low 

X-ray counts. In addition. X-rays produced in initial atom ionisation can create core level 

vacancies in other atoms of the sample, these will then re-emit X-rays of a lower energy 

in a process known as X-ray fluorescence [205]. Furthermore, information of sample 

tilt relative the X-ray analyser is passed to the analysis software, meaning samples 

should be level inside the SEM as far as possible. Low X-ray counts, fluorescence and 

sample tilt effects can be significant and bias the data manipulation performed by 

software [205]. This can lead to skewed quantitative elemental composition results. In 

general, use of SEM-based EDX gives excellent qualitative composition information, 

with care required when attempting to derive quantitative results.



5
P R O D U C T I O N  OF G R A P H E N E  IN SOLVENTS:  I N V E S T I G A T I N G  

T HE E N E R G E T I C S  OF G R A P H I T E  E X F O L I A T I O N  T H R O U G H  

M U L T I C O M P O N E N T  S OL UBI L I T Y P A R A M E T E R S

5.1  I N T R O D U C T I O N

This thesis examines the preparation of liquid phase dispersions of graphene and other 

layered materials in solvent and surfactant systems. This chapter specifically deals 

with the interaction of graphene with a wide range of solvents. Previous work has 

shown that graphene can be produced via mild sonication of bulk graphite platelets in 

selected amide solvents, with mild centrifugation used to remove large aggregates and 

graphite particles [10]. It was shown that high quality graphene, free from chemical 

functionalities, can be easily prepared in this manner. However, at that time only a 

small set of suitable solvents for graphene had been found. Furthermore, knowledge 

about the interactions between the solvents and the dispersed graphene was limited. 

In this chapter a study of the dispersibility of graphene in a wide range of solvents is 

presented. Hansen solubility parameters (HSPs) for graphene are identified. This in 

turn allows the energy cost of exfoliation to be probed for a given system through the 

estimation of the Flory-Huggins parameter. Finally, the quality of graphene produced 

in good and poor solvents is examined by TEM analysis.

5 . 2  E X P E RI M EN T AL  PROCEDURE

The graphite powder used in all experiments was a natural flake graphite purchased 

from Sigma-Aldrich (product number 33246), having been sieved through a 0.5 mm 

mesh to remove the largest particles. All solvents were purchased from Sigma-Aldrich.

65
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Figure 5.1; SEM micrograph of starting graphite material

The solvents were selected in a number of ways. Firstly, solvents that were known from 

literature as good CNT solvents were selected; these included N-methyl-pyrrolidone 

(NMP), cyclohexylpyrrolidone (CHP) and dimethylformamide (DMF) [1 4 2 , 1 4 3 , 2 0 6 ]. 

Other solvents were selected based on the their structural similarity to NMP (see Figure 

2 .4 C on page 2 3  for the structure of NMP). Some solvents were chosen as they had 

surface energy close to that experimentally estimated for graphene [1 0 ]. Finally, a few 

solvents were chosen during the course of the study based on preliminary estimations 

of the HSPs of graphene.

In all cases 0.1 m g/m l of starting graphite material was added to 10 ml of solvent in 

a 14 ml vial. An SEM micrograph of the starting material is given in Figure 5 .1 . The 

samples were sonicated in an ultrasonic bath for 30 min. After sonication, centrifu­

gation was immediately carried out at 500 rpm (25g) for 90 min and the supernatant 

retained for analysis. Optical absorbance spectra were taken of the supernatant. In 

previous work graphene dispersions were found to follow Beer-Lambert behaviour 

and an extinction coefficient for graphene was determined (a =  2460 L'  ̂ g'^ m‘‘ at 

660 nm wavelength) [1 0 ]. This figure was used to calculate the graphene concentration 

remaining after centrifugation, Q . Each solvent was tested in this manner a minimum 

of three times, taking mean values of Cg and using the standard deviation as an 

estimate of experimental error.
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Values for HSPs and solvent molecular values used for data analysis were taken 

HSPiP software (www.hansen-solubility.com). The software incorporates literature 

values [1 6 5 ] for the majority of solvents and has built-in algorithms to calculate values 

for some solvents with unknown HSPs.

Samples for TEM analysis were prepared by dropping approx 500 of the disper­

sions onto holey carbon grids (400 mesh), which allow the solvent to wick through 

whilst suspending graphene flakes. All images were taken in bright field mode at 

200 kV.

5 . 3  RESULTS A N D  D I S C U S S I O N

5 .3 .1  G raphene D isp e rs ib i l i ty  a n d  S ta b i l i ty

In this study the value of Cg is used as a quantitative measure of the graphene 

dispersibility in each solvent. The measured values ranged from 0.16 ±  0.05 ^ g/m l in 

the poorest solvent pentane to 8.5 ±  1.2 ^g/m l in cyclopentanone (CPO). The measured 

dispersibilities for all solvents tested are given in Table 5 .1 .

A full data set including estimated errors, HSPs and Hildebrand parameters for 

each solvent tested is given in Appendix Table 1 0 .1 , page 1 7 9 . The values quoted 

are applicable to the specific set of experimental conditions used in this study (i.e. 

initial graphite concentration, sample volume, sonication method, sonication time and 

centrifugation settings). These conditions were held constant throughout the study 

allowing the data to be comparable.

While the data in Table 5 .1  shows graphene is dispersible in a range of solvents, it 

is important to ensure that the dispersions are reasonably stable. This initial quality 

check was done by monitoring the optical absorbance at 650 nm of selected dispersions 

as a function of time using a dedicated sedimentation apparatus. Figure 5 . 2  shows 

the sedimentation data for the best solvent (CPO), a good solvent (NMP) and poor 

solvents (ethanol and toluene); these solvents are marked by * in Table 5 .1 . While some 

sedimentation was observed in all samples, the temporal stability was found to be very
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Solvent Q

(/<g/ml)
Solvent

(?<g/ml)

Cyclopentanone (CPO) 8.5 i-octyl-2-pyTrolidone (N8P) 2.8

Cyclohexanone 7-3 1-3 dioxolane 2.8

N-formyl piperidine (NFP) 7-2 Ethyl acetate 2.6

N-vinyl pyrrolidone (NVP) 5-5 Quinoline 2.6

i,3-Dimethyl-2-imidazolidinone (DMEU) ^ 54 Benzaldehyde
2 . 5

Bromobenzene 5-1 Ethanolamine 2-5

Benzonitrile 4.8 Diethyl phthalate 2.2

Benzyl benzoate 4-7 N-dodecyl-2-pyrrolidone (N12P) * 2.1

N-methyl-pyrrolidone (NMP) 4-7 Pyridine 2.0

N,N-Dimethylpropylene urea (DMPU) 4.6 Dimethyl phthalate 1.8

7-Butyrolactone (GBL) 4.1 Formamide
1 7

Dimethylformamide (DMF)
4 1

Ethanol * 1.6

N-ethyl-pyrrolidone (NEP) * 4.0 Vinyl acetate 1-5

Dimethylacetamide (DMA) 3-9 Acetone 1.2

Cyclohexylpyrrolidone (CHP) 3-7 Water 1.1

Dimethyl sulfoxide (DMSO) 3-7 Ethylene glycol 1.0

Dibenzyl ether 3-5 Toluene * 0.8

Chloroform 3-4 Heptane 0.3

Isopropanol (IPA)
3 1

Hexane 0.2

Chlorobenzene 2.9 Pentane 0.2

Table 5 .1 : Graphene concentration after centrifugation (dispersibility, Cg)  in  40 solvents. Tem­

poral stability of the dispersions was tested for solvents marked with *. TEM analysis 

w as carried out for solvents marked with
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Figure 5.2: Sedimer\tation data for graphene in selected solvents. A single exponential decay 

fit for NMP is shown by the black dashed line with fit constants for the other 

dispersions shown in the graph table.
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good in the case of CPO and NM P w ith >  70% of m aterial rem aining after over 10 days. 

F itting  of exponen tia l decay functions to these curves as p e r E quation  4.10 show ed 

stab le  phases  of 75% an d  72% of the  g raphene  m ass in  N M P an d  C PO  respectively. 

Toluene exh ib ited  rap id  sed im en ta tion  w ith  a decay constan t of on ly  10 h rs, w h ilst 

displaying an unexpectedly stable m ass of 60% - the reason for the observed behaviour 

is unclear. E thanol w as significantly  less stable w ith  a stable phase  of 39%. O verall, 

this da ta  confirm s that solvents w ith  poorer ability to initially suspend  graphene also 

have poorer reten tion  properties.

5.3.2 Degree of Exfoliation in Various Solvents - TEM  Analysis

P robing the g raphene dispersibility  th rough  m easurem ents of the optical absorbance 

does n o t confirm  the  presence of g raphene  in  the d ispersions. W hile p rev ious w ork  

h a d  d em o n stra ted  large-scale exfoliation of g raph ite  in  N M P to y ield  largely  m ono 

a n d  bi-layer g raphene  [10], it could  n o t be assum ed  th a t th is w ou ld  be the  case in 

o th er solvents. A nalysis of the degree of exfoliation is often carried  o u t in  litera tu re  

by  d irect m easu rem en t of flake th ickness via AFM. The use of AFM  w ith  solvent- 

exfoliated graphene and CNTs is challenging due to solvent drying effects [10, 38]. In a 

traditional drop-casting m ethod onto a silicon wafer, the slowly evaporating solvent can 

increase the local concentration of d ispersed  m aterial and  lead to aggregation. These 

unpredictable aggregation effects are especially prevalent in high boiling poin t solvents, 

as often used  in  this work. In add ition , fo lding of g raphene flakes onto  them selves is 

often observed in deposited  sam ples m aking reliable thickness estim ations from  AFM 

analysis difficult.

In this chapter, TEM analysis is u sed  to assess the degree  of exfoliation in  six 

solvents. The solvents w ere chosen to reflect h igh , in te rm ed ia te  a n d  po o r g rap h en e  

dispersibility. These w ere com pared to N M P w hich had  been previously  s tud ied  [10]. 

F igure 5.3 show s selected b rig h t field TEM im ages for the six solvents tested , w ith  

folded m onolayer and m ultilayer exam ples given for each. N one of the sam ples show ed 

evidence of the  presence of large-scale defects. It is no tab le  tha t all of the solvents
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Figure 5.3; Selected monolayer and multi-layer graphene flakes from six solvents. All scale bars 

are 1 /^m in length.
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Figure 5.4: Histograms for numbers of layers per flake from TEM analysis of six solvents

examined produced some monolayer graphene, with many few-layer graphene flakes 

observed. In order to further study the quality of graphene produced, a detailed 

statistical TEM analysis was carried out over a large number of flakes for each solvent. 

Previous work had demonstrated that bright field TEM images yielded sufficient 

optical contrast to distinguish the edges of individual graphene layers within a flake 

[1 0 ]. By careful examination of flake edges the number of graphene layers per flake, 

N,  has been estimated; this was done for a minimum of 64 flakes per solvent. It is 

acknowledged that for some multilayer flakes the exact counting of layers is difficult. 

Hence, only an estimate of N  can be made, however it is expected that the random 

errors involved will cancel each other when statistically analysing the complete data 

set. Figure 5 .4  charts the distribution of observed numbers of layers per flake for the 

six solvents tested. In all solvents the distributions are biased towards few-layer flakes. 

It is interesting to note that all solvents produced significant populations of mono 

and bi-layer material. The statistics are summarised in Table 5 .2 . The best performing 

solvent was NMP having a monolayer number fraction of 29%, with a mean number of
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Solvent {N) f t(% )
N ]-2 ( o /  \ W l-5 f o / \

N-methyl-pyrrolidone (NMP) 2-5 29 59 97

i,3-Dimethyl-2-imidazolidinone (DMEU) 4-5 11 27 70

Cyclopentanone (CPO) 4.8 5 18 69

N-ethyl-pyrrolidone (NEP) 4.2 6 27 6 5

N-dodecyl-2-pyrrolidone (N12P) 5-2 5 1 7 64

Acetone 4-3 7 21 74

Table 5.2; Layer number statistics from TEM analysis of six solvents. Mean numbers of graphene 

layers per flake (N)  and number fractions of monolayer graphene ^i/Nr, mono and 

bilayer graphene -2/Nj and few-layer graphene Statistics for NMP taken

from previous work by Hernandez et al. [10].

layers of 2.5. The m ost in teresting  po in t to note is tha t all the solvents have >  63% of 

flakes w ith  1 —5 layers, even for the solvents w ith  poorest Cg values such  as acetone. 

This m eans th a t h igh quality  g raphene can be p roduced  despite  poor dispersib ility  in 

w eak  g raphene  solvents.

5.3.3 Surface Tension as a Graphene Solubility Parameter

The variation of Cg w ith  solvent surface tension can be used as an  initial assessm ent of 

graphene-solvent interactions. As m entioned previously w ith  Equation 3.2 «

VTfiakc {^graphene ~  ^ so lven t)  <p), the en thalpy  of m ixing, for g rap h en e  d ispe rsed

in  a so lvent is governed  by the  d ifference in  surface energy  of the  tw o phases. A 

m inim um  enthalpy of m ixing will m axim ise graphene dispersibility, this should  be the 

case w hen  solvent and graphene surface energies are closely m atched. In this m anner, 

the surface energy  can be treated  as a solubility  param eter. The surface energy  of the 

solvent is directly related to the solvent's m easurable surface tension (Equation 3.3). As 

show n in Figure 5.5, the graphene dispersibility is m axim ised for solvents w ith  surface 

tensions around  40 m j/m ^. This is in line w ith  previous w ork that exam ined graphene
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Figure 5.5: Graphene dispersibility, Cg,  for all solvents tested as a function of solvent surface 

tension and surface energy.

dispersions in a small selection of solvents, primarily amide solvents [1 0 ]. This value 

also agrees with that observed for SWNTs [4 0 ]; this is not unexpected as graphene 

and CNTs share a common graphitic basal plane structure and should therefore have 

similar surface energies.

The graphene flakes are nanomaterials that interact with the solvents over a well- 

defined surface. Thus, it would seem plausible to expand this crude analysis by 

developing a set of solubility parameters for the solvents based on surface energies. 

The intermolecular interactions could be simplified into dispersive (D), polar (P) 

and hydrogen bonding (H) components [1 6 5 ]. This could then be used to probe 

the graphene-solvent interaction through surface energy components. In theory, an 

analogue of Equation 3 .2  based on surface energy components could be developed. 

This methodology would lead directly to an understanding of the thermodynamics of 

the interactions via the enthalpy of mixing. However, this approach would be severely 

limited because surface energy components are only known for a limited array of 

solvents and for only a handful of the solvents tested in this study. In contrast, HSPs 

have been documented for over 1200 solvents as well as over 500 polymers [1 6 5 ]. This
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m akes H SPs far m ore usefu l, even th o u g h  they  are m o re  com m only  ap p lied  to  system s 

in v o lv in g  m o lecu la r so lu tes.

5.3.4 Graphene Dispersibility Through Hansen Solubility Parameters

T h e H ild e b ra n d  p a ram e te r, S j ,  is th e  m o s t co m m o n  so lu b ility  p a ram e te r. It w as  

p rev io u sly  defin ed  in  E quation  3.4 as th e  sq u are  ro o t of the  cohesive en e rg y  d en sity  of 

a g iv en  so lv en t, i,e. 6 t  =  \ / E c ,t I V .  T h e co h esiv e  e n e rg y  d e n s ity  is d e r iv e d  fro m  th e  

so lven t v ap o risa tio n  energy. W hen  co n sid erin g  a so lu te  in terac tin g  w ith  th e  so lven t, the 

H ild e b ra n d -S c ra tc h a rd  e q u a tio n . E q u a tio n  3.5, sh o w s o p tim u m  d isp e rs ib ility  occu rs 

b y  m a tc h in g  o f th e  re sp ec tiv e  H ild e b ra n d  p a ra m e te rs . H ow ever, a p p ro x im a tio n s  in  

th e  fo rm u la tio n  o f th e  H ild e b ra n d -S c ra tc h a rd  e q u a tio n  m e a n  it o n ly  s tric tly  a p p lie s  

to  sy s te m s  in te ra c tin g  so le ly  th ro u g h  d isp e rs io n  fo rces, i.e. fo r n o n -p o la r  m o lecu la r 

so lu te s  [146, 168].

T h e  a p p lic a b ility  of th e  H ild e b ra n d  p a ra m e te r  in  th e  case  o f a n a n o m a te r ia l  like 

g ra p h e n e  can  b e  te s ted  w ith  a p lo t as g iv en  in  F ig u re  5.6. A  w e ll-d e fin ed  p e a k  in  th e
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d a t a  c e n t r e d  a t  22.5 M P a^^^  is  o b s e r v e d ,  t h i s  is  m a r k e d  b y  t h e  d a s h e d  U n e  in  F ig u r e  

5 .6 . T h is  is  in  g o o d  a g r e e m e n t  w i t h  w o r k  o n  s o lv e n t  d i s p e r s e d  S W N T s  a n d  M W N T s  

[146 , 148]. H o w e v e r ,  s o m e  s o lv e n ts  w i th  S j  c lo se  to  th is  p e a k  s h o w  p o o r  d is p e r s ib i l i ty .  

T h is  m e a n s  t h a t  th e  H i ld e b r a n d  p a r a m e t e r  a lo n e  is  n o t  s u f f ic ie n t  to  f u l ly  a c c o u n t  f o r  

t h e  b e h a v io u r  o f  g r a p h e n e  in  s o lv e n ts .  H S P s  g iv e n  b y  E q u a t io n  3 .9  a s  c o m p o n e n t s  o f  

th e  H i ld e b r a n d  p a r a m e te r  { S j  =  S q  +  Sp +  Sj j )  a l lo w  fo r  a  m o r e  c o m p le te  t r e a tm e n t  o f  

th e  s o lv e n t - g r a p h e n e  in te r a c t io n .  W h e n  c o n s id e r in g  H S P s , D , P  a n d  H  in te r a c t io n s  a r e  

a c c o u n t e d  fo r. G o o d  d i s p e r s ib i l i t y  s h o u l d  b e  a c h ie v e d  w h e n  a l l  t h r e e  p a r a m e t e r s  o f  

g r a p h e n e  a n d  s o lv e n t  a r e  s im ila r .

F ig u r e  5 .7  p lo t s  th e  d i s p e r s ib i l i ty  a s  a  f u n c t io n  o f  th e  th r e e  H a n s e n  c o m p o n e n t s .  In  

F ig u re  5 .7 A , a  p e a k  in  Cg  is  o b s e rv e d  a t  S q  =  18 M Pa^'^^, w i th  g o o d  g r a p h e n e  s o lv e n ts  

h a v i n g  d i s p e r s iv e  c o m p o n e n t s  in  t h e  r a n g e  16 M P a^^^  — 2 0 M P a^^^. F ig u r e s  5 .7B  a n d  

C  s h o w  v e r y  b r o a d  p e a k s  in  Cg  i n  t h e  p o l a r  a n d  h y d r o g e n  b o n d i n g  c o m p o n e n t s  

a r o u n d  11 M P a* ^^  a n d  7 M P a ’^^, r e s p e c t iv e ly .  T h e s e  r e s u l t s  a r e  a  l i t t l e  s u r p r i s i n g  

a s  g r a p h e n e  s h o u l d  b e  a  n o n - p o l a r  s o lu te .  P r e v io u s  F T IR  a n d  X P S  a n a ly s i s  s h o w e d  

t h a t  n o  o x y g e n - c o n ta in i n g  g r o u p s  o r  o th e r  p o l a r  s p e c ie s  w e r e  a t t a c h e d  to  g r a p h e n e  

p r o d u c e d  b y  g r a p h i t e  e x f o l i a t io n  in  N M P  [10]. T h u s ,  o n e  w o u l d  e x p e c t  t h a t  t h e  

H i l d e b r a n d  p a r a m e t e r  a lo n e  w o u ld  b e  s u f f i c ie n t  to  d e t e r m i n e  d i s p e r s ib i l i ty ,  a s  h a s  

b e e n  s h o w n  f o r  t h e  Ceo m o le c u le  in  l i t e r a tu r e  [207]. T h e  d a t a  in  F ig u r e  5 .7  s u g g e s t s  

t h a t  a  c e r t a in  f v m d a m e n ta l  d e g r e e  o f  s o lv e n t  p o l a r i t y  is  r e q u i r e d  to  s u c c e s s f u l ly  

d i s p e r s e  g r a p h e n e  a n d  t h a t  p u r e l y  d i s p e r s iv e  i n t e r a c t io n s  a r e  n o t  s u f f i c ie n t .  T h is  

a g r e e s  w i t h  a  s t u d y  b y  P a r k  e t. a l . t h a t  e x a m in e d  th e  d i l u t i o n  o f  a  s to c k  d i s p e r s i o n  

o f  h ig h ly  r e d u c e d  g r a p h e n e  o x id e  in  D M F / H ^ O  w i t h  a  s e t  o f  o t h e r  s o lv e n t s  [84]. 

T h e y  f o im d  t h a t  th e i r  r e d u c e d  g r a p h e n e  o x id e  c o u ld  b e  d i s p e r s e d  in  s o lv e n ts  h a v i n g  

lO M P a ^ /^  <  (Sp  +  Sh ) <  3 0 M P a ^ /^ . T h e s e  v a lu e s  a g r e e  w e ll  w i th  th e  d a t a  f o r  d e f e c t -  

f re e  g r a p h e n e  s h o w n  in  th is  th e s is ,  a  p lo t  o f  Cg  v s  Sp  +  S h  is  g iv e n  in  A p p e n d ix  F ig u r e  

10.1 , p a g e  182. T h e  n e e d  fo r  n o n - z e r o  s o lv e n t  p o la r i ty  is  a ls o  f o u n d  in  s o lv e n t - a s s i s te d  

d i s p e r s io n s  o f  S W N T s  [146]. T h e  r e a s o n  w h y  p o la r  s o lv e n t  in te r a c t io n s  a r e  i m p o r t a n t  

fo r  th e  d i s p e r s ib i l i ty  o f  g r a p h e n e  a n d  C N T s  b u t  n o t  f u l le r e n e s  is  u n c l e a r  a t  p r e s e n t .
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Figure 5.7: Graphene dispersibility, Q,, as a function of solvent HSPs. (A) dispersive HSP So, 

(B) polar HSP 3p and (C) hydrogen bonding HSP S^-
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5.3.5 Estimating the Hansen Solubility Parameters of Graphene

The data show n in Figure 5.7 show s general trends in the scaling of graphene d ispers­

ibility w ith  the  th ree  HSPs. H ow ever there  is a large am o u n t of scatter p resen t. The 

param eters are treated individually  in these plots. As a result, solvents having only one 

HSP m atching graphene will appear under the envelope of the curves w ith  a reduced 

Cg value. A n alternative analysis tha t evaluates all th ree  HSPs sim u ltaneously  can 

address this issue. This can be achieved by calculating the Flory-Huggrns param eter, x> 

for each solvent. This param eter is com m only used  in polym er chem istry  to quantify  

the energy  cost of m ixing of so lu te A in solvent B. x  is given in  term s of HSPs by 

E quation 3.10 as

i^D,a -  &D,bf' + — ^P,b)^ +  {^H,a ~  ^ H ,b f

Solvent system s w ith  all three HSPs close to the solute HSPs w ill have low  values of 

X -  As X  is p ro p o rtio n a l to  the en thalpy  of m ixing (Equation 3.6), so lvents w ith  low 

X  w ill have a low  energetic cost of exfoliation and  are expected to  show  good so lu te 

dispersibility. It is w orth  no ting  th a t negative values of x  s re  no t p e rm itted  by this 

equation . N egative x  can  occur w hen  the solute-solvent in teractions are very strong  

and can indicate true therm odynam ic solubility; slightly negative x  has been suggested 

for SWNTs dispersed in NM P [9, 40]. Nevertheless, this expression retains the physical 

m eaning of the Flory-H uggins param eter and  links it to interaction com ponents in the 

form  of HSPs.

In o rder to de te rm ine  values of x  for g rap h en e  d ispersions the HSPs of g raphene  

itself m u st be de te rm ined . O ne m ethod  to do  th is is to m ake the assu m p tio n  th a t 

correct values of g rap h en e  HSPs w ill give a p lo t of x  vs Cg w ith  the  least scatter. A 

MATLAB program * w as w ritten  to calculate x  using  Equation 3.10 w ith  user-selected 

values of 5o, 6p an d  5h  for the so lu te (graphene). These in p u t values w ere estim ated  

c rudely  from  solvents w ith  the h ighest Cg. The p rog ram  then  fit a s tra ig h t line to  a 

p lo t of log(C^) versus log(;\;) and  calculated  a pa ram ete r to gauge the  fitting qua lity

» The MATLAB programs were written by Dr. David Rickard for analysing SWNT-solvent systems

[146], and have been adapted for use in this thesis.
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(this w as the  square  root of the sum  of the sq u ared  line fit residuals). The p ro g ram  

rep ea ted  th is p rocedure for a w ide  range  of so lu te HSP values a ro u n d  the  m anually  

selected ones. The final o u tp u t of the p rog ram  w as the  set of So, Sp an d  Sh th a t gave 

the  best fit. As an  add itiona l calculation w ith  a h igher localised precision, the  fitting 

w as repeated  using a constrained non-linear optim isation m ethod using the "Fm incon" 

function  w ith in  M ATLAB's op tim isa tion  toolbox. This resu lted  in  best fit va lues of

Sd =  21.7 M P a i/2  ̂6p =  9.7 MPa^/^ and  6h  =  8 .5MPa^/^

However, there is a slight w eakness w ith  this m ethodology. Equation 3.10 is norm ally 

w ritten  by Charles H ansen w ith  a pre-factor of 0.25 before the second and  th ird  term s 

on  the righ t-hand  side [165], i.e.

kT i^D,a — ^D,b)^ +  0-25 {Sp̂ a — ^P,b)^ +  0.25 {6H,a ~  ^H,bY

This pre-factor is an em pirical term  that derives from solvent-selection routines. The p re­

factors ad just the w eighting of the po lar and  hydrogen  bond ing  H ansen  com ponents, 

h e lp in g  to  account for "good"  or "b ad "  solvents th a t w ou ld  o therw ise  be excluded  

by  calculations. Inclusion of the pre-factor is com m on in so lubility  research  a n d  is 

suppo rted  by notable quantities of em pirical data  [165], b u t its usage is no t supported  

by a rigo rous theoretical basis. In add ition , H ansen  no tes th a t d ifferen t values of the 

p re-fac to r are  ap p ro p ria te  for som e system s [165]. This is w h y  it h as  been  om itted  

from  the above analysis an d  w h y  a m ore  in tu itive fo rm  of x  has been  re ta in ed  in  

E quation  3.10. This p resen ts a p rob lem  w ith  the above analysis because a functional 

fo rm  of X m u st be w ritten  in to  the MATLAB p rog ram . R epeating  the  com pu ta tions  

includ ing  the  pre-factor of 0.25, or som e num ber close to  it, significantly  changes the 

values of the  o p tim um  HSPs. G iven the  req u irem en t of som e degree  of p o la rity  for 

successful g raphene dispersion , show n in Figures 5.7B and  C, it m ay be  the case tha t 

som e pre-factor value is needed  to determ ine the correct expression for X'

In  o rd er to  avoid th is p roblem , one can estim ate  the g rap h en e  H SPs u s in g  an  

alternative solvent screening m ethod [146,165]. This involves associating the graphene 

H SPs w ith  those of the m ost successful solvents. This can be do n e  by  tak ing  the 

w eigh ted  average of the H ansen  p a ram ete rs  of the  solvents; in  th is s tu d y  Cg is the 

q uan tita tiv e  m easure  of solvent efficiency an d  is u sed  as the  w eigh ting  factor. This
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approach has the benefit that solvents contribute to the final result in proportion to 

their quality and does not rely on the use of an explicit formulation of x -  The three 

HSPs can then be given by

E  C g ^ i ,s o lv e n t  
/ r  \ a ll s o lve n ts
W )  = ---------------- — r   ’

a ll s o lv e n ts

where i =  D, P, H and dissolvent is a Hansen component for each solvent. The summation 

is taken over all 40 solvents studied. This gives estimated HSPs for graphene of {So)  =  

18.0MPa^/^, {5p)  =  9.3MPa^^^ and { 6h)  =  7.6MPa^^^. These values agree well with 

those measured for carbon nanotubes by our group { S d ,s w n t  =  17.8 MPa^^^, S p ^ s w N T  =  

7.5MPa^^^ and <5h,swnt =  7.6MPa^^^) [1 4 6 ] and others [1 4 8 ]. It was expected that 

good graphene solvents would have HSPs close to those of graphene. Preliminary 

calculations of the graphene HSPs led to the selection of CPO and cyclohexanone from 

the HSPiP database, these solvents were measured as the best solvents. In addition, the 

worst solvents of heptane, hexane and pentane were discovered by looking for solvents 

with HSPs far from those estimated for graphene. This helps validate the methods 

used and the results obtained.

Using these computed values for the graphene HSPs allows the calculation of x  

for each solvent. Figure 5 .8  plots Cg as a function of x  using both sets of calculated 

graphene HSPs. Equation 3 .1 0 , excluding Hansen's 0.25 pre-factor, has been used. 

Inclusion of the pre-factor has been tested and has the effect of simply scaling the 

numerical values of X', this doesn't affect the observed trends or alter the interpretation 

of the results.

It is clear from Figure 5 .8  that Cg rises with decreasing x -  This means that solvent 

and graphene solubility parameters converge as the graphene dispersibility improves; 

this further validates the use of HSPs in the study of graphene-solvent dispersions. It 

also confirms that the estimated values of graphene HSPs are close to the true values. 

These figures clearly demonstrate that the exfoliation of graphite in solvents to produce 

graphene is strongly influenced by the energetic cost of exfoliation.

It is noteworthy that all solvents tested with Hansen parameters close to those 

estimated for graphene (i.e. low x) are shown to disperse graphene to some extent. 

This is in contrast to findings in literature for CNTs, where a significant number of
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Figure 5.8: Graphene dispersibility, Cg,  as a function of the Flory-Huggins parameter, X- (A) 

Plotted using graphene HSPs from MATLAB fitting. (B) Plotted using graphene 

HSPs from solvent screening.
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solvents with the correct HSPs failed to disperse SWNTs [1 4 6 ]. For SWNTs it was 

found that successful solvents were limited to amide solvents. It is thought that a 

solvent-specific interaction with the SWNTs, such as a charge-transfer process, is 

important in determining good dispersibility [1 4 6 ]. In the current graphene study the 

most successful solvent was a ketone (CPO) with no evidence that solvent-specific 

effects limit dispersibility. However, while raw dispersibility is highest for CPO, NMP 

as an intermediate solvent produces the best graphene flake thickness distributions and 

the most stable dispersions. Thus, the exact mechanism dictating graphene stabilisation 

by solvents remains unknown.

5 . 4  C O N C L U S I O N S

In conclusion, this work greatly enhances the field of liquid-phase graphene production. 

This work has demonstrated that graphene can be exfoliated from natural bulk graphite 

and dispersed in over 40 solvents, at the time this research was carried out 28 of these 

were new graphene solvents. TEM analysis confirms a high degree of exfoliation 

in even the poorest solvents, with significant populations of monolayer and bilayer 

graphene found regardless of the level of dispersibility. This is important as many of 

the new solvents have significant advantages over previously studied solvents such as 

NMP. For instance, use of NMP and similar solvents can be hindered by their high 

boiling points, often in excess of 200 °C, making the removal of solvent difficult; this 

applies for example in the case of depositing graphene flakes on surfaces by spray or 

drop casting. In addition, access to such a broad solvent set can facilitate the making 

of a diverse range of graphene-polymer composites.

The overall solvent-graphene interaction has been assessed through the use of surface 

tension data and Hildebrand solubility parameters. It has been confirmed, in line with 

previous work [1 0 ], that good graphene solvents are characterised by surface tensions 

close to 40 mj/m^ and by Hildebrand parameters around 23 MPa^^ .̂ This study has 

been extended by invoking the use of Hansen solubility parameters to examine the 

dispersive, polar and hydrogen-bonding components of the interaction. The Hansen
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solubility parameters of graphene have been estimated as ( S u )  =  18.0MPa^^^, (Sp)  =  

9.3MPa '̂^^ and ( S n )  =  7.6 MPa^^^. This has allowed the use of the Flory-Huggins 

parameter to illustrate that the energetic cost of exfoliation is an im portant factor 

governing the level of graphene dispersibility in solvents. Surprisingly, non-zero 

values of the polar and hydrogen-bonding components are required for a solvent 

to successfully disperse graphene, a non-polar material. Knowledge of the graphene 

Hansen parameters may lead to the future discovery of better solvents or solvent blends. 

Use of graphene Hansen parameters will also aid polymer selection for composite 

formation.





6
L I Q U I D - P H A S E  P R O D U C T I O N  OF G R A P H E N E  D I S P E R S I O N S  

BY E X F O L I A T I O N  OF G R A P H I T E  IN A Q U E O U S  S U R F A C T A N T  

S O L U T I O N S

6.1  I N T R O D U C T I O N

In Chapter 5, the production of graphene in a wide range solvents has been discussed. 

Such solvent-based processing produces high quality graphene but there are some 

drawbacks. When considering potential applications, some good graphene solvents 

such as NMP suffer problems associated with high boiling points. Some solvents like 

DMF require special handling if they are to be used in a safe manner. In addition, 

some solvents are relatively expensive compared to the negligible cost of the graphite 

starting material. Unfortunately, the safest, cheapest and most abundant solvent in the 

world, water, has far too high a surface tension to stably suspend useful quantities of 

graphene on its own. A lot of research has focused on chemically modifying naturally 

hydrophobic graphite to make a water-soluble graphene derivative, usually in the 

form of graphene oxide. In order to re-form graphene, additional reduction steps and 

high temperature annealing are required. However, the structural modifications of the 

graphene basal are impossible to completely reverse leaving a structurally damaged 

and electronically degraded end-product.

Thus, there is a need for an alternative, scalable, liquid-phase production technique 

to produce high quality graphene at a reasonable yield. The method should use non- 

oxidative processing conditions and should not require post-processing in the form of 

high temperature annealing or aggressive chemical treatments. In this chapter such a 

method is explored, using surfactants to stabilise graphene in an aqueous medium. 

The graphene is produced in a surfactant system similar to that previously applied to 

CNTs [27], using experimental conditions similar to those used in Chapter 5.

85
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6.2  E X P E R I M E N T A L  P R O C E D U R E

The graphite powder used in these experiments was as previously used in Chapter 

5 , purchased from Sigma Aldrich and sieved to remove the largest particles. Sodium  

dodecylbenzene sulfonate (SDBS) surfactant was purchased from Sigma Aldrich (lot 

no. 0 6 5 K2 5 1 1 ) and used as provided. Stock solutions of SDBS with concentrations 

between 5 and 10 m g/m l were prepared in Millipore water with overnight stirring. 

A typical sample was prepared by dispersing graphite in the desired SDBS solution 

in 25 ml cylindrical vials using 30 min of low power bath sonication. The resulting 

dispersions were left to stand for around 24 hrs to allow any unstable aggregates to 

form and then centrifuged at 500 rpm (25g) for 90 min. After centrifugation the top 

15 ml was decanted by pipette and retained for use. For optical characterisation, a range 

of graphene concentrations were prepared. To maintain fixed surfactant concentration 

across samples, all dilutions were carried out by adding surfactant solution with SDBS 

concentration identical to the dispersion being diluted.

Zeta potential measurements were carried out with a Malvern Zetasizer Nano system 

(see Section 4 .5 ), with the zeta potential determined by measuring the electrophoretic 

mobility and applying the Smoluchowski expression for plate-like particles (Equation 

4 .1 1 ). All measurements were carried out at 20 "C and at the natural pH of the 

dispersion unless otherwise stated.

Samples for AFM were prepared by spray-casting the dispersion onto freshly-cleaved 

mica. 1 ml of the dispersion was sprayed over the mica using an Evolution Airbrush 

spray gim (from www.graphics.co.uk). The mica surface was maintained at 120 °C 

using a hotplate. The spray gun was held approximately 20 cm from the mica surface 

and set to deliver a fine mist of the dispersion using a pressure of 1.5 bar. This method 

allowed the water to flash evaporate from the surface of the mica. After approximately 

0.5 ml of dispersion had been dispensed, the sample was rinsed by immersion in a 

water bath for 30 seconds and gently dried with compressed air. The remaining 0.5 ml 

of dispersion was applied and the sample rinsed again.
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Preparation of a typical graphene film was carried out immediately after centrifu­

gation (CF) by vacuum filtration of the dispersion through nitrocellulose membranes 

(pore size 25 nm) or alumina membranes (pore size 20 nm, Whatman Anodisc) suppor­

ted on a fritted glass holder. In some cases the resulting compact films were washed 

with water and dried overnight in a vacuum oven at room temperature at 1 0 “  ̂mbar. 

The film thickness, t, was estimated from the known deposited mass per unit area. 

M l  A  using t = ^/Ap,  where p is the film density. While the density was not precisely 

known, it was estimated as 2 0 0 0  kg/m ^, as these films were not expected to display 

significant porosity by analogy with graphene oxide films [7 5 ].

Electrical conductivity measurements were carried out with a four-probe method 

using a Keithley 2400 source meter. A linear array of four electrodes of length I were 

placed on the sample using silver paint. A DC current. I, was applied across the 

outer two electrodes with voltage, V, measured across the inner pair of electrodes. For 

voltage electrodes separated by width w on a film of thickness t, the resistance R was 

given by the inverse of the slope of the measured I — V  plot. R is related to the film 

resistivity p via

pw _ R s W

where Rs is defined as the sheet resistance of the thin film (units of O /D ). The 

conductivity, a, of the film was then given by cr =  1 /p  such that cr = l /Rgt .

XPS analysis was performed in a system equipped with a VG CLAM II electron 

analyzer and PSP twin anode source. Mg Ka {hv = 1253.6 eV) spectra were recorded 

at 10 eV pass energy and 2 mm slits, yielding an overall energy resolution of 0.85 eV. 

Samples were introduced via a loadlock and measurement base pressure was better 

than 10 — 9 mbar. Thermogravimetric analysis (TGA) was carried out using a Perkin 

Elmer Pyris 1 TGA in an oxygen atmosphere. The temperature was scanned from 25 to 

900 "C at 10 "C/min. The optical transparency of deposited films, when required, was 

determined by comparing the transmitted intensity of a HeNe laser (632 nm) through 

the film to the transmitted intensity through the filter membrane alone. Mild annealing 

of some of these deposited films (on alumina membranes) was carried out in a GERO
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H och tem pera tu ro fen  G m bH  tube furnace. Electrical m easurem ents to  de term ine  the  

sheet resistance of the films were m ade using a four probe technique w ith  silver p a in t 

as electrodes and  a Keithley 2400 source meter.

6.3 RESULTS A N D  D I S C U S S I O N

6.3.1 Dispersion Preparation and Optimisation

The sonication procedure used  in this study  produced pale grey dispersions of graphitic 

m ateria l as show n  in F igure 6.1 A, w ith  a decan ted  d ispersion  after CF show n  in  

Figure 6.1B. The dispersions were analysed first w ith UV-vis spectroscopy. Figure 6.1C 

p resen ts  typical spectra for an  SDBS so lu tion  an d  a d ispersion  w ith  in itial g rap h ite  

concentration, Q  ,, of 0.1 m g /m l. The absorption spectrum  of the graphitic d ispersion 

was flat and featureless, as expected from  calculations based on quasi tw o-dim ensional 

g rap h en e  and  bi-layer g raphene  and  from  resu lts  based  on g rap h en e  d isp e rsed  in 

solvents [10, 208]. Below 280 nm  a strong  absorp tion  band  is observed, this feature is 

attributable to absorption by the surfactant as it scales linearly w ith SDBS concentration, 

CsDBS/ w h ilst be ing  in d ep en d en t of the d ispersion  concentration. G raph ite  w as also  

expected to have an optical absorption feature near this region [209, 210] b u t it appears 

tha t the peak  w as largely obscured by the surfactan t's absorp tion  peak.

To estim ate the extinction coefficient, a, for these graphitic dispersions, a large stock 

(~  400 m l) of decan ted  d ispersion  w ith  =  0.1 m g /m l and  C s d b s  =  0-5 m g /m l  

w as p rep ared . A  precisely  m easu red  volum e of this d ispersion  w as filtered  u n d e r  

h igh  vacuum  onto  an  alum ina m em brane of know n m ass. The resu lting  com pact b u t 

rela tively  th ick  film (~  5 ^m ) w as w ashed  w ith  1 L of w ater an d  d ried  overn igh t 

a t ro o m  tem p era tu re  u n d e r  vacuum . The m ass of the deposited  m ateria l w as th en  

d e te rm in ed  using  a m icro-balance. From  TGA analysis of the film  (analysis by Dr. 

Fiona Blighe, n o t show n), it w as de te rm ined  tha t approx im ate ly  64% of the film  

w as graph itic ; the  rem ain d er w as a ttrib u ted  to residual surfactant. The h igh  level of 

res id u a l su rfac tan t w as n o t su rp ris ing  as the th ickness of the  film m ade  it d ifficult
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Figure 6 .2 : Absorbance per unit length (A =  660 nm) as a function of dispersion concentration 

after centrifugation, Cg.  Initial graphite concentration Cgj  =  0.1 m g/m l with 

C s D B S  =  0.5 mg/ml.

to remove the surfactant during film formation. Knowledge of the mass of graphitic 

material in the film allowed for the calculation of the dispersion concentration, Cg.  A 

sample of the stock dispersion was then serially diluted allowing the measurement 

of absorbance per imit length { A / I )  versus Cg,  as shown in Figure 6 .2 . A straight line 

fit through these points gave the extinction coefficient at 660 nm, via Equation 4 .5 , as 

Dig =  1390 L g'^ m'^. This was in reasonable agreement with the value determined for 

graphene dispersed in solvents [10]. The non-zero intercept of 0.72 m'^ compared with 

the residual absorbance of SDBS at 660 nm of 0.5 m‘̂  for C s d b s  =  0-5 m g/m l.

Knowing for these dispersions allowed the value of Cg  to be determined for 

all future samples. In an early attempt to optimise the preparation conditions the 

weight percent (100 x C^/Cg,) was used as a gauge of quality. The initial sample 

parameters of C g j  and C s d b s  were varied independently to find optimum values; this 

optimisation study was carried out by Dr. Yenny Hernandez. It was found that a 

maximum concentration after CF of Cg =  0.05 m g/m l could be achieved for Cgj =  

14 m g/m l when using a constant C s d b s  of 10  m g/m l, giving a fraction remaining
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of 0.35 wt% . It w as found  th a t =  0.1 m g /m l gave a y ield  of 3 w t% . H o ld in g  C^ / 

a t th is  value, C s d b s  w as then  varied  show ing  a m ax im um  w eigh t pe rcen t for C s d b s  

betw een  0.5 and  1 m g /m l, w ith  a fall-off in  Cg below  0.5 m g /m l. The critical m icelle 

concen tra tion  (CMC) of SDBS is know n  to be ab o u t 0.7 m g /m l [211, 212], a n d  the 

observed fall-off in concentration w as sim ilar to the behaviour of CN T/SDBS system s 

below  the CMC threshold  [17, 27]. In th is w ork, in  o rder to keep the concentration  of 

su rfac tan t to  a m in im um , all su b seq u en t experim ents w ere pe rfo rm ed  on  s ta n d a rd  

dispersions w ith  surfactant concentration held close to the CMC ( C s d b s  =  0-5 m g /m l, 

Cgj =  0.1 m g /m l).

6.3.2 Evidence of Exfoliation

To further characterise the exact form  of the nanocarbons in the dispersions, a detailed 

TEM  analysis of a s ta n d a rd  d ispersion  w as conducted ; this analysis w as cond u c ted  

jo in tly  w ith  Dr. Yenny H ernandez . TEM im aging  revealed a large q u an tity  of flakes 

of d ifferent types across a typical TEM grid , as show n in Figure 6.3. Som e m onolayer 

g rap h en e  flakes w ere observed  as show n  in  6.3A a long  w ith  m any  m onolayer p ro ­

tru sio n s from  m ultilayered  g raphene  stacks. A larger p ro p o rtio n  of the  flakes w ere 

few -layer g raphenes includ ing  bilayer and  trilayer m ateria l as show n  in  F igures 6.3B 

and  C. M any of the objects exhibited fo lding of the g raphene flake onto itself (Figure 

6.3D) w ith  a few instances of edge curling and scrolling (Figure 6.3E). A few very large 

a n d  th ick  objects of the type  show n  in  F igure 6.3F w ere also observed. It w as found  

tha t these w ere graphite  particles by the observation of p ro trusions of th in  m ultilayer 

g raphene. It is no tew orthy  th a t w hile  these types of flakes w ere rare  in  n u m b er they  

con tribu ted  d isproportionately  by m ass, e.g. in  the m easurem ents of extinction coeffi­

cient. It is likely that im proved centrifugation and decanting procedures w ould  remove 

such  objects completely.

By carefu lly  exam ining  the edges of the flakes observed  in  TEM it w as possib le 

to  co u n t the  nu m b er of g raphene  layers p e r flake for all b u t the  largest m ultilayer 

particles. This is illustrated  by the close-up TEM im ages of the edges of m ultilayered
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Figure 6.3: Selected TEM im ages of flakes p roduced  by surfactant-assisted processing of g rap h ­

ite. (A) A m onolayer g rap h en e  flake w ith  a sm all pa tch  of su rface  debris. (B) A 

bilayer g raphene flake. (C) A trilayer graphene flake. (D) A folded m ultilayer flake. 

(E) A m ultilayer flake show ing  edge  b en d in g  on rig h t h an d  side. (F) A large a n d  

th ick  flake; in se t show ing  m agnification  of m ark ed  edge  w ith  th in  p ro tru d in g  

g rap h en e  flakes. All scale bars are 1 ^ m  in length.

1500 nm 200 nm

Figure 6.4: C lose-up TEM im ages of g raphene flake edges show ing  visible layered s truc tu re
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Figure 6 .5 : Histogram of number of layers per flake for a standard dispersion from surfactant- 

assisted processing of graphite, sample size of 71 flakes. The data does not include 

rare large objects of the type shown in Figure 6 .3F.

flakes show n in Figure 6 .4 . A histogram  of the data is presented in Figure 6 .5 . The 

data show ed a good population of few-layer graphene w ith  ~  43% of the 71 flakes 

counted having <  5 layers. In general, the majority of these few-layer flakes had  

lateral dimensions ranging from 200 nm to ~  l/^m. Significantly, ~  3% were monolayer 

graphene. W hile this is a relatively sm all percentage, it is broadly in line w ith  the 

numbers observed in a range of solvents in the previous chapter, though not as good as 

NMP. Most importantly, the data confirms that monolayer graphene can be produced  

in aqueous media without the need for aggressive chemical treatment of the starting 

graphite material.

The TEM characterisation of these graphene flakes was extended further by the use 

of HR-TEM; this was carried out by Dr. Valeria N icolosi at the University of Oxford. 

Shown in Figure 6 .6 A is a HR-TEM image of the edge of a trilayer graphene flake. In 

this im age som e non-uniformities are present which are likely due to contamination  

from residual surfactant on the graphene surface. The inset show s a fast Fourier 

transform (FFT) of the flake image, displaying hexagonal rings of spots characteristic 

of a graphitic structure. The information given by the FFT under the given im aging
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Figure 6.6: High-resolution TEM images of surfactant exfoliated graphene flakes. (A) HR-TEM 

image of a section of a trilayer graphene flake. Inset: fast Fourier transform of 

a portion of the image. (B) Aberration corrected HR-TEM image of a graphene 

monolayer. Inset: fast Fourier transform of the region enclosed by the yellow box. 

(C) Filtered image of marked region in image B. (D) Intensity cross-section along the 

red dotted line of image C showing graphene hexagon width of 2.4 A. (E) Intensity 

cross-section along the blue dotted line in image C showing C-C bond length of 

1.44 A.
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conditions is equivalent to an electron diffraction pattern  [213]. The outer ring of 

{2110} spots are clearly brighter than  the inner set of {1100} spots, thus confirm ing 

that the im age is of a m ultilayer graphene flake [10]; the num ber of layers can be 

counted as three from the edge structure of the flake. Figure 6.6B is an im age of 

a section of a graphene monolayer captured using an aberration corrected TEM; 

this m achine com pensated spherical Cg aberrations allowing spatial resolution up 

to 0.12nm. In this case the FFT reveals {1100} spots that are m ore intense than  the 

barely visible {2110} spots, confirming that this an image of a graphene monolayer [10]. 

Again some non-uniformity is present in this image which can be attributed to either 

surface contaminants like residual surfactant or structural ripples along the graphene 

basal plane. The image in Figure 6.6B can be enhanced by using a low-pass filtering 

procedure (Fourier mask filtering using tw in circular pattern masks and 5 pixel edge 

smoothing). This procedure has the effect of removing the artefacts and non-uniformity 

in a phase contrast HR-TEM image to reveal the underlying crystal structure. This has 

been done on the marked yellow box. The result, shown in Figure 6.6C, displays atomic 

resolution showing clearly the hexagonal atomic lattice of graphene. Exam ining the 

intensity of the image along the red dotted line, shown in Figure 6.6D, gives a hexagon 

w idth of 2.4 A, very close to the expected value of 2.46 A for graphene. Similar analysis 

along the blue dotted line gives the plot in Figure 6.6E, displaying a C-C bond length 

of 1.44 A which is close to the expected value of 1.42 A [214].

The TEM analysis clearly demonstrates that graphene can be produced in surfactant- 

based systems. It is im portant to note that at no stage of the analysis, using low- 

resolution and high-resolution imaging, was there any evidence of large-scale structural 

defects in the flakes. This strongly suggests that this exfoliation procedure is non­

destructive. Further structural and chemical analysis of the flake quality will be given 

later in this chapter.
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Figure 6.7: Sedimentation curve for a standard graphene/SDBS dispersion ( C s d b s  —  

0.5 m g/m l, Cg = 0.006 m g/m l). Optical absorbance at 650 nm as a function of 

time with bi-exponential decay fit.

6 .3 .3  Dispersion Stability

TEM analysis confirms the chosen method gives good exfoliation of graphite to 

produce graphene. The usefulness of the method in any potential application is heavily 

influenced by the temporal stability of the dispersions. After CF it was observed 

that these surfactant-stabilised graphene dispersions were quite stable, with only 

moderate sedimentation over time periods of months. This was also the case for 

systems with low surfactant concentrations, i.e. C s d b s  =  O.lmg/ml. As previously 

done for solvent-exfoliated graphene, the stability was quantified using sedimentation 

profiles for material retained after CF. The accumulated data over 5 weeks for a 

standard dispersion is shown in Figure 6 .7 . The measured absorbance fell steadily over 

an extended time frame. A bi-exponential decay curve was fitted to the data, indicating 

a stable phase of 35 wt%. The fit indicates that 19 wt% of the material fell out with a 

time constant of ~  24 hrs, with the 46 wt% slowly sedimenting over much a longer
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Figure 6.8: Zeta potential spectra for a fresh graphene/SDBS dispersion ( C s d b s  =  0.5 m g/m l, 

=  0.006 m g/m l), an SDBS solution ( C s d b s  —  0.5 m g/m l) and a six week old 

graphene/SDBS dispersion ( C s d b s  =  0.5 m g/m l, C g  =  0.001 m g/m l). Inset; Zeta 

potential as a function of pH for the fresh graphene/SDBS dispersion.

time scale with a time constant of ~  209 hrs. These results compare well with earlier 

data for solvent-based graphene dispersions.

In order to shed more light on the how the dispersions were stabilised the zeta 

potential was examined. In this system, graphene was prepared using the anionic 

surfactant SDBS. Thus, one would expect that the SDBS weakly attached onto the 

exfoliated graphene flakes (via physisorption) and imparted an effective charge. This 

mechanism has allowed the successful dispersion of CNTs in water using a range of 

surfactants. As discussed previously, the zeta potential is the potential at the interface 

between the tightly adsorbed surfactant molecular ions and the diffuse region of the 

electrolytic double layer (EDL). Thus, it directly quantifies the electrostatic repulsion 

between charged surfactant-coated flakes and gives a measure of stability. The zeta 

potential was determined using the Henry equation given in Equation 4.11 and 

applying Smoluchoski's approximation for spherical or plate-like particles such that
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^ =  nvjtriQ, where t] is the solution viscosity and }i is the measurable electrophoretic 

mobility.

As shown in Figure 6 .8 , a peak zeta potential of — 44mV was observed in a fresh 

graphene/SDBS dispersion. This value is well beyond the —25mV threshold for 

colloidal stability of negatively charged particles, indicating good dispersion stability 

with a minimal tendency towards re-aggregation of flakes. The small shoulder at 

—76mV is likely due to free SDBS in the dispersion as this peak matches well with the 

peak for pure SDBS at C s b d s  =  0.5 mg/ml.

The pH of the fresh dispersion was also varied by addition of HCl and NaOH, with 

the data shown in the inset. The natural pH of the fresh graphene/SDBS dispersion 

was 7.4, this agrees well with literature data for CNT/SDBS dispersions [2 1 2 ]. As 

the pH  was raised by increased [OH“], there was a trend towards more negative 

zeta potential values. This suggests that inter-particle repulsions were increased as 

more charges were added to the negatively biased flakes. For acidic dispersions at 

lower pH  values a less negative zeta potential was observed, consistent with charge 

neutralisation and destabilisation of the system. This zeta potential versus pH trend is 

in line with trends reported for graphene oxide and reduced graphene oxide [7 8 ]. By 

lowering the pH, the zeta potential approached the limit of stability of the system but 

did not switch sign, i.e. the isoelectric point was never reached. This is may be due to 

very high surface coverage of the graphene flakes by SDBS ionic molecules or a buffer 

action by the free surfactant in the dispersion.

For comparison, the zeta spectrum of a six week old sample is also shown in Figure 

6 .8  w ith main peak at —78mV and shoulder at — 103mV. In this case the peak can 

be attributed to the free surfactant while the shoulder represents the graphene flakes. 

The drop in intensity of the graphene peak relative the SDBS peak was likely due to 

the drop in Cg over the six week period. The observed shift of the graphene peak to a 

more negative zeta potential indicates that the electrophoretic mobility, }i, increased 

in magnitude. It is plausible to suggest that this was caused by a shift in the mean 

flake diameter towards smaller and hence more mobile flakes. To test this theory TEM 

analysis of the aged dispersion was carried out. This showed that only small flakes 

remained in the dispersion after six weeks. These were typically few-layer graphene
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w ith  flakes less th an  500 nm  in  diam eter. This can be  linked  to  the sed im en ta tion  

analysis suggesting  the presence of a non -sed im en ting  phase. Taking the  ev idence 

from  TEM, sedim entation and zeta potential data together one can suggest that the first 

sed im en ting  phase  consists of large flakes (fragm ents of g raphite) th a t inadverten tly  

rem ained  in  the d ispersion  after CF, these are  flakes of the type  show n  in  F igure 

6.3F. M ed ium  sized flakes can be iden tified  as those tow ards the r ig h t side  of the 

distribution in Figure 6.5, w hich fall ou t of the dispersion over the 6 week period. This 

leaves sm all flakes rem ain ing  in  the d ispersion  th a t d isp lay  an  increase in  |^ | an d  

hence an  increase in  |^| com pared  to the fresh dispersion.

6.3.4 Stabilisation Mechanism

H aving  exam ined  the stab ility  of these g raphene/S D B S  d ispersions, one can now  

consider the  underly ing  stab ilisation  m echanism . This can be achieved th ro u g h  the 

app lication  of DLVO theory. This theo ry  exam ines the  in teractions betw een  charged  

species inside an electrolyte. In our case the SDBS m olecular ions have adsorbed  onto 

the graphene flakes im parting an effective charge w ith  free surfactant ions and  sodium  

coun terions m ak ing  up  the  su rro u n d in g  electrolyte. The balance of repu lsive  an d  

attractive forces betw een the  charged  colloidal particles w ill d icta te  w h e th e r a given 

d ispersion  w ill rem ain  stable or collapse follow ing aggregation  of the particles.

The above zeta po ten tia l da ta  quantifies the electrostatic  rep u ls io n  betw een  the 

graphene flakes. This can be used to derive the repulsive potential energy betw een two 

charged flakes of area A  separa ted  by a d istance D via Equation 3.19

V d l v o  ~  ^ A e r S o K C ^ e ~ ' ' ^

The term  k is the inverse of the Debye screening length  and  relates back to the size of 

the EDL. This can easily be calculated using  Equation 3.11:

_ I L nizj
SrSokT

K now ing th a t C s d b s  w as 0.5 m g /m l (500g /m ^ ), w ith  SDBS hav ing  a m olar m ass of 

348.48 g /m o l, gives the num ber density of surfactant m olecules as no =  8.6 x 10^̂  m~^.
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Each molecule dissociates to give two ions each having charge of magnitude 1. Thus, 

in our system the Debye length can be written as

Plugging in the dielectric constant of water £r = 80 and absolute temperature taken 

as T =  293 K gives k~̂  = 8.1 nm for this graphene/SDBS system. Knowing k and the 

experimental data for ^ ~  50 mV means Vdlvo can be calculated.

The attractive forces between the graphene flakes can be modelled via the idealised 

van der Waals interaction between two discs. To a first approximation the van der 

Waals interaction can be treated in isolation from the solvent. In this case, the total 

attractive potential, Vi,dw, can be written as Equation 3 .1 8

where p is the atomic areal density and C is a constant of proportionality. This equation 

can be reduced by relating the ^  to the energy required to separate two sheets in

graphite from their van der Waals minimum at separation do — 0.35 nm [1 1 ] to infinity; 

this is the surface energy 7 . The graphene surface energy has been roughly estimated 

in Chapter 5 , using Figure 5 .5 , as ~  70mJ/m^. Setting A — 7  and D = do gives

Thus, using these estimated parameters, the overall interaction potential energy 

Vt ~  Volvo ~~ can be plotted as a function of sheet separation D for a typical 

graphene/SDBS dispersion. This is shown as Vj I A  in Figure 6 .9 . From this graph it 

can be seen that the surfactant-stabilised graphene flakes feel a potential barrier as they 

approach each other. This repulsive barrier peaks at Vr,Max for a given zeta potential 

and resists aggregation effects. This barrier is responsible for the stabilisation of the 

surfactant-coated graphene flakes.

It is worth noting that the value of V7  maj:, as derived so far, is a lower limit. This 

is because the attractive component has been over-estimated. The calculation 

used to derive V^aw treated the interaction as between parallel sheets in vacuum. In 

reality, the presence of the solvent, i.e. water, between the graphene flakes will screen

(6 .2 )

_  Anp^C
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Figure 6 .9 : Plot of total interaction potential energy per unit area, V j  /  as a function of

the van der Waals interaction. The upper bound for V r M a x  can be taken in the case of 

infinite solvent screening of the van der Waals interaction at the m inim um  possible 

sheet separation of 0.35 nm. This would mean treating V ^d w  as negligible. This upper 

bound of V j M a x  along with the lower bound are plotted in the inset of Figure 6 .9 . The 

curves are similar, w ith upper and lower bounds quite close together showing typical 

Vr,M ax  values in the range 2 — 5 meV/nm^ for ^ in the range 30 — 50 mV. These barrier 

values are quite large and w ould suggest a strong resistance to aggregation in the 

chosen sample.

As the derivation of V j  relied on several crude approximations, the numerical values 

derived can only reliably be used to com pare similar graphene systems. This m odel 

serves to illustrate the physics underlying the stabilisation of graphene in aqueous 

surfactant-based systems. It shows that the observed stability can be related back to 

the electrostatic repulsion betw een charged colloidal particles and  the fundam ental 

attractive interactions between dispersed flakes.

separation D for two charged parallel sheets. Repulsive component V q i v o  and 

attractive component also plotted. Inset: plot of lower and upper limits of the 

maximum net repulsive interaction energy Vj,Max as a function of zeta potential.
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Figure 6.10: (A) SEM and (B) optical images of a typical graphene film made by vacuum  

filtration. Film thickness was estimated at 50 nm. In (A) thin regions of the film 

allow the porous nitrocellulose membrane to be visible.

6.3.5 Graphene Films - Characterisation

To exam ine the  quality  of the su rfactan t-assisted  g raphene  d ispersions a n d  to ex­

p lore po ten tia l uses th in  films w ere cast by vacuum  filtration of standard  d ispersions 

on to  po rous m em branes. SEM an d  optical im ages of a typical film on  a n itrocellu ­

lose m em brane are show n  in F igure 6.10. Sim ilar film s w ere also cast on  a lum ina  

m em branes.

The facile p ro d u c tio n  of films of g raphene  as show n  here  enab led  fu rth e r charac­

terisation  of the  flake quality. The novel electronic p roperties  of g raphene  are h igh ly  

sensitive to  the presence of defects such as oxide functional groups. It w as critical to 

determ ine w hether the chosen exfoliation procedure dam aged the physical or chemical 

m ake-up of the flakes. This was done by exam ining graphene films deposited on porous 

alum ina m em branes using  Ram an, FTIR and  X-ray photoelectron spectroscopies.
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Raman Spectroscopy

The deposited graphene films were initially characterised by Raman spectroscopy. 

Examples of typical spectra for a thin film deposited on an alumina membrane are 

shown in Figure 6.11. This film was similar to that shown in Figure 6.10 w ith large 

flakes embedded in a matrix of small flakes. All spectra were normalised to the 

intensity of the G-band. As per the starting graphite powder, the large flakes showed 

no D-band. This strongly supports the HR-TEM data that the processing used does not 

result in the formation of significant quantities of defects on the graphitic basal plane. 

The 2D-band of the large flake resembles that of graphite. This shows that the flake 

was > 5 layers [186, 190, 192]. This minimum thickness estimate and the large lateral 

dimensions means that such flakes are likely to be those that make up the rapidly 

sedimenting phase of the dispersions, as measured by Figure 6.7.

The spectrum for the small sub-micron sized flakes looked similar to that from films 

made using solvent-exfoliated graphene in NMP [10] (shown by the dashed black 

line in Figure 6.11). A small D-band was visible with intensity relative the G band 

similar to that seen in the solvent-exfoliated graphene. It is stressed that the spectral 

w idth and intensity of this D-band were far smaller than those seen in literature 

for graphene-oxide and reduced graphene-oxide [76, 79, 80, 215]. Also of note is the 

small size of the flakes relative the size of the laser spot and Raman spectroscope 

resolution (estimated at 3 f<m). Thus, while the presence of basal plane defects cannot 

be completely ruled out, it is reasonable to suggest that the observed D-band in the 

small flakes was largely due to edge contributions. The shape and intensity of this 

band, together with the absence of the D-band in large flakes, shows that the graphene 

films were composed of flakes with a low defect content.

The shape of the 2D-band for the small flakes can be examined with reference to 

literature (Figure 4.5). The shape is characteristic of thin flakes composed of less than 

five graphene layers. The 2D-band in Figure 6.11 was composed of a time-averaged 

value at a single laser spot location. To assess the uniformity of the film, a survey of 

the Raman spectra for the small flakes at over 30 random locations was carried out 

(by Ronan Smith). At every location the spectra were characteristic of flakes less than
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Figure 6 .ii: Raman spectra for a graphene film (~  300 nm thick) deposited on an alumina 

membrane and rinsed with 17.5 ml water. Spectra associated with small flakes 

(~  l^ m  or less) and a large flake (> 5^m ) are shown along with a reference 

spectrum for the starting graphite powder The dashed line is a Raman spectrum 

from a comparable film of small flakes made using a graphene/NM P dispersion.
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Figure 6 .12; ATR-FTIR spectra of graphene films. Spectra for three graphene film s having  

undergone three different washing regimes are shown. Films were ~  300 nm  thick 

and deposited on alumina. Reference spectra for the alumina membrane and SDBS 

are also shown.

five layers as shown in Figure 6 .1 1 . This shows that minimal aggregation occurred 

during film formation, with the small graphene flakes randomly assembling and not 

re-forming Bernal (AB) stacked graphite particles.

FTIR Spectroscopy

ATR-FTIR spectra were also acquired for ~  300 nm thick graphene films. Figure 6 . 1 2  

shows spectra for three films subjected to different washing regimes. These spectra 

show only very small features centred at 1100 cm'^ and 2900 cm'^. By comparison 

to the reference spectra it is clear that these features are attributable to residual 

surfactant trapped in the film. While the observed peaks in FTIR spectra cannot be 

analysed quantitatively, it is clear that none of the various washing regimes succeeded 

in completely removing the surfactant. A key feature of the spectra in Figure 6 . 1 2  is 

the complete absence of peaks associated with C—OH ( 1340 cm'^) and -COOH (1710 

to 1720 cm'^) groups [6 9 , 7 1 , 7 8 , 8 1 ]. The spectra are in stark contrast to those provided
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Figure 6 .1 3 : XPS spectrum for a thin graphene film produced by vacuum filtration and dried 

under vacuum. The Shirley background has been removed and empirical fits for 

C —OH and C = 0  have been added.

in literature for films made from reduced graphene oxide [69, 78] or chemically 

derived graphene [74, 80, 215]. This is further evidence that this surfactant-assisted 

exfoliation technique does not chemically functionalise the graphene/graphite and 

that the deposited films are composed of largely defect-free material.

X -R ay Photoelectron Spectroscopy

As a final test for the presence of functional groups, XPS spectra were taken for a very 

thin graphene film on alumina. This analysis was carried out by Zhiming Wang on a 

film of ~  30 nm thickness, results are shown in Figure 6.13. The Shirley background 

has been removed to correct for asymmetry in the spectrum from inelastically scattered 

photoelectrons [216]. The spectrum was dominated by a feature near 285 eV that 

corresponded to the Carbon Is core level - this was associated with the graphitic 

carbon from the film. There was no evidence of sulphur in the spectra, suggesting that 

the top few nanometres of the film were relatively free of surfactant.
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In order to fully explain the observed spectra a manual fitting procedure was carried 

out. A spectrum for HOPG was recorded and additional small fitting components 

for C —OH and C = 0  were included, at 286eV and 287.5eV respectively [9 0 , 2 1 7 ]. This 

gave the fitted red line in Figure 6 .1 3  that closely matched the graphene film spectrum. 

Requiring these fits indicates that low levels of oxidation have occurred during the 

processing. However, the levels of any oxidation are very small. The main C—C peak 

makes up 8 6 % of the C is  spectrum. This is similar to that found in reduced graphene 

oxide films that have been thermally annealed to around 1100 °C under vacuum [2 1 8 ]. 

Taking these results together with the Raman and FTIR data indicates that while a 

very low level of oxidation is induced by the processing, there is minimal structural 

damage to the graphene flakes.

Optical and Electrical Properties

To test the optical and electrical properties of such films, the optical transparency 

and sheet resistance were recorded for a number of thin films deposited on alumina 

membranes, with thickness ~  30 nm. These films had transmittance of ~  62%, de­

termined by comparing the transmitted intensity of a 632 nm HeNe laser through the 

deposited film and the bare membrane. Sheet resistance values of ~  9 7 0 k n /D  were 

measured, giving a DC conductivity of ~  35 S/m . This was quite a low value but it 

was believed to be largely due to the presence of residual surfactant; as mentioned 

previously thick films contained around 35wt% residual surfactant after washing. 

In an attem pt to remove surfactant and promote better inter-flake contacts, the film 

was annealed at 250 °C in A r/N z for 2 hr s. After annealing the transmittance was 

unchanged but the sheet resistance had fallen to 22.5 kO /D , corresponding to a DC 

conductivity of ~  1500 S/m . This value is still significantly lower than the ~  6500 S /m  

measured for similar films produced using graphene/NM P dispersions [1 0 ] or from 

reduced graphene oxide [7 8 ].
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When considering the usefulness of such thin films in electronic applications, a 

figure of merit given by the ratio of electrical to optical conductivity {(iDcl^^opt) is 

usually used. This can be calculated from

^  , (60) 
‘'op' R , -  l )

where Zq =  377 O is the impedance of free space and T is the film transmittance. This 

ratio needs to be > 35 to meet the bare minimum industry requirements for rivalling 

ITO in transparent conductor applications, requiring for example Rg < 100 O /D  with 

transmittance T > 90% [219]. More stringent requirements even specify a need for 

o'Dcl(^opt > 220 [219]. While a detailed study of the potential uses of graphene as a 

transparent conductor are beyond the scope of this thesis, it is worth briefly considering 

the above data in the context of this figure of merit. The post-anneal sample had 

Rg ~  2 2 .5 k n /n  at 62% transmittance, giving (TDcl^^opt ~  0.06. Subsequent work by 

our group has shown that using improved graphene/surfactant dispersions and better 

film preparation conditions can lead to DC conductivities around 1.5 x 10“* S /m  [220]. 

This represented a significant improvement with optimum films having C u d ~  0.4, 

in line with the best results from chemically-modified graphene [219, 220]. These 

results indicate that surfactant-processed graphene films are not good enough for 

transparent conductor applications. It has been subsequently shown that regardless 

of the processing method, a network of such small graphene flakes will be limited by 

fimdamental constraints [219]. However, it is clear that film formation using surfactant- 

processed graphene has many advantages including lack of toxicity, cost, scalability 

and ease of transfer to surfaces. Using nitrocellulose membranes, the samples can be 

easily transferred from to a range of substrates including PET, glass and quartz using 

acetone vapour. Such conductive films could be easily used in applications where 

transparency is not critical such as sensors or in electrodes in thin film capacitors and 

batteries.
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Figure 6 .1 4 : AFM images of spray deposited grapher\e. (A) 10 ^m x 10 ^m scari showing 

large numbers of deposited flakes. (B) Individual flake, with cross section taken 

across green line, showing apparent folding. (C), (D) and (E) Magnified images of 

individual flakes with cross sections along green lines.
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6.3.6 Deposition on Surfaces - AFM  Characterisation

The w ork on  su rfac tan t-based  g raphene  d ispersions p resen ted  so far in  th is  chap ter 

has focused on  characterising  the d ispersions an d  exam ining  flake q ua lity  u sing  

vacuum  filtered films. Depositing individual graphene flakes onto flat solid surfaces is 

im p o rtan t for characterisation  by scanning  p robe analysis an d  for o ther s tu d ies  th a t 

require isolated graphene. Such deposition can be problem atic for graphene exfoliated 

in am ide solvents as the solvent's high boiling point leads to slow evaporation, allowing 

sufficient tim e for extensive re-aggregation  to occur [10]. W hile the aqueous system  

considered  here allow s for facile solvent rem oval, the p roblem  of residual su rfac tan t 

rem ains. In an extensive study, carried out jointly  by m yself and  Paul J. King, several 

m ethods w ere exp lored  to deposit a s tan d a rd  g raphene/S D B S d ispersion . Three 

d ifferent substra tes  w ere considered: S iO j/S i, SiO a/Si functionalised  w ith  3-am ino- 

p ropy l-triethoxysilane (ATPS) and  m ica. These substra tes  are com m only  used  for 

scanning probe characterisation of CNT dispersions [25, 27, 35, 36, 38, 39,158, 221, 222]. 

The s tan d a rd  d ispersion  w as app lied  to these substra tes  by a n u m b er of m ethods 

includ ing  d rop-casting , d ip-coating, sp in-coating  an d  spraying. In  m ost cases, the 

resu lts  e ither show ed lack of adhesion  of g raphene  to the substra te  o r excessive 

coverage w ith  SDBS. This is no t su rp rising  given that, p e r un it volum e of d ispersion , 

the su rfactan t typically  h ad  two orders of m agn itude  h igher m ass than  the g raphene 

flakes. Thus, it w as necessary  in this s tu d y  to  rem ove the excess su rfac tan t after 

deposition. The optim um  procedure involved spray casting the dispersion onto freshly 

cleaved m ica, follow ed by  gentle  rinsing  w ith  water. We specu late  th a t the m ica 

substra te  w orked  w ell d u e  to the  residual surface charge after cleavage [221]. It is 

likely th a t im provem ents in  the concentration  of d ispersed  g raphene  relative to the  

surfactan t w ill m ake fu tu re  deposition  easier, facilitating the use of som e of the o ther 

techniques m entioned  above.

A sam ple  of the AFM  im ages ob tained  is show n in  F igure 6.14. Large n um bers  of 

flakes can be seen  in  the  10 }im  x 10 fim  AFM  im age. In add ition , a sm all n u m b er of 

aggregates w ith  heigh ts >  12 nm  w ere observed. The largest flakes w ere sim ilar in
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Figure 6 .1 5 : Statistics derived from AFM analysis of 182 graphene flakes deposited on mica.

lateral size to those observed in TEM, a typical example is shown in Figure 6.14B 

with some debris in the top right corner of the image. This flake shows interesting 

step height features across what appear to be flake folds similar to those observed in 

TEM imaging (Figure 6.3D), the red arrows marks steps of 1.22 nm and 0.63 nm. These 

features are consistent with bilayer and monolayer step heights, as literature sources 

report monolayer graphene having heights ~  In m  [77, 223, 224]. Figures 6.14C, D 

and E show small flakes with cross sections for each. It is worth noting that although 

monolayer graphene has thickness around 0.4 nm, substrate-tip interactions, residual 

material (in this case surfactant), humidity and different tip oscillation settings in 

tapping mode AFM can result in shifts of observed monolayer graphene heights of 

around 1 nm [225].

This AFM analysis was extended by examining images of a large number of flakes 

(182), ignoring aggregates with height > 12 nm, to yield a distribution of flake dimen­

sions (height, length and width). This data is presented in Figure 6.15. The lateral 

dimensions of length and width were corrected for tip distortion by subtracting 50 nm.
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The data shows that ~  10% of flakes had thickness ~  1 nm, consistent with monolayer 

graphene. The length and width data indicate peaks of ~  250 nm and ~  150 nm, 

these are significantly different to the TEM data where the majority of thin flakes 

were ~  1 ^m wide. It is possible that this discrepancy is due to small flakes being 

washed through the holes in the TEM carbon mesh, thereby biasing the TEM results. 

Alternatively, it is possible that the larger flakes were more unstable towards the water 

rinsing process and were preferentially removed. The aspect ratio data show most 

flakes had length/w idth  ratios up to 2, though some ribbons were observed with 

aspect ratios approaching 13.

As mentioned above, some aggregated material with height > 12 nm was observed, 

with some of these objects having lateral dimensions ranging from 300 nm to ~  2 ̂ m. 

As some of these objects have relatively small lateral dimensions they cannot be 

associated with the large flakes seen in TEM or observed to be embedded in deposited 

graphene films. It is proposed that these are clusters of small exfoliated graphene flakes 

that re-aggregated during the AFM deposition process. Spraying the surfactant-based 

dispersion onto the heated mica substrate yielded significant quantities of exfoliated 

graphene but also an extensive coating of SDBS. The subsequent rinsing was necessary 

to remove this SDBS residue. It can be speculated that this washing not only removed 

SDBS from the mica surface but also from the deposited graphene. At the very least, 

some of the graphene flakes were likely to be mobile during the rinsing process; if 

these flakes were mobile and deficient in surfactant coating then aggregation was 

likely. These aggregates would then be left behind on the substrate. This assessment is 

supported by the strong dependence of the aggregation observed on the deposition 

processes used and the details of the washing/drying process. The data presented here 

relates to the optimum deposition process that was found for this system. Despite the 

presence of some aggregates, thin exfoliated graphene material can be easily observed, 

opening the way for further characterisation of individual deposited flakes.
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6.4 C O N C L U S I O N S

This work was the first of its kind, demonstrating a method to produce graphene in 

surfactant/w ater solutions with the aid of ultrasound. The method is simple, cheap, 

safe and scalable, requiring only graphite, water and surfactant w ithout the need 

for aggressive chemical treatments. The process yields large quantities of few-layer 

graphene with < 5 layers, with smaller quantities of monolayer material. TEM analysis 

shows these flakes are of high quality. The exfoliated graphene flakes are reasonably 

stable with larger flakes sedimenting out time-scales of ~  6 weeks. The system is well 

described by colloidal theory and is shown to be stabilised against re-aggregation by a 

potential barrier that derives from the electrostatic repulsion between surfactant-coated 

flakes. The liquid-phase dispersions readily permit the formation of thin and thick 

films of randomly oriented graphene via vacuum filtration. The dispersions can also 

be spray cast to give isolated individual flakes for further study, with the potential to 

scale up the spraying process to give very thin networks of flakes. AFM analysis of 

small deposited graphene flakes shows heights consistent with monolayer material. 

Characterisation of ensembles of these flakes in film form, by Raman, FTIR and XPS 

analyses, confirms the quality of the material with only low levels of defects or oxides 

on the graphene basal plane. The films can be made semitransparent and are reasonably 

conductive, making them suitable for a range of potential future applications. This 

work enhances the field of liquid-phase graphene processing, with improvements to 

the dispersion processing and film formation anticipated. Some of these improvements 

were pursued as part of this thesis and are dealt with in the next chapter.
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7.1  IN T R O D U C T I O N

The work presented in the C hapter 6 showed that graphene can be successfully 

produced via mild sonication of graphite in su rfactan t/w ater systems. It was shown 

that the chosen processing conditions yielded dispersions of pristine, largely few- 

layer graphene w ith final concentrations < 0.01 m g /m l. The sim ple m ethod used 

boasts significant advantages including negligible cost, scalability and high safety. 

However, w ith such low graphene concentrations, the dispersions shown up  till now 

are com pletely im practical for m any applications. G raphene oxide, by com parison, 

can be prepared w ith concentrations around I m g / m l  in organic solvents [76, 84, 

86, 226] and in w ater at concentrations up to 7 m g /m l [217]. In order to gain full 

advantage from  dispersions of pristine graphene using su rfactan t/w ate r systems, 

the dispersion concentration needs to be greatly im proved w hilst m aintaining high 

graphene quality. The goal of the work show n in this chapter is to prepare aqueous 

surfactant-stabilised dispersions of graphene at high concentrations, building on earlier 

results that used mild sonication of graphite followed by centrifugation. This was 

attem pted by optim ising various experim ental param eters and em ploying long bath  

sonication times (up to 430 hours).

7 .2  EX P E RI M EN T AL  PROCEDURE

N atural flake graphite was used in all experim ents (Branwell G raphite Ltd, G rade 

RFL 99.5, cost ~€3 kg'^) and used as provided. Sodium  cholate (SC), purchased from

1 1 5
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Sigma Aldrich (SigmaUltra > 99%), was dissolved in Millipore water and made up 

to various concentrations between 0.01 and 20 mg/ml. Typical graphene dispersions 

were prepared by adding graphite at initial graphite concentration of Cgj =  5 m g/ml 

using a total sample volume of 400 ml SC solution in 500 ml capped round-bottomed 

flasks. Ultrasonication was carried out in a low power sonic bath. The nominal power 

output of the bath was rated at 80 W but the true output was estimated at 16 W, this 

was done by measuring the temperature increase while sonicating a known mass of 

water. The sonic bath typically operates at a temperature of around 60 °C. However, 

due to the long sonication times used in these experiments, continuous re-filling of 

the sonic bath water by siphoning from a reservoir was needed to maintain sonication 

efficiency and prevent overheating. Samples extracted from the flasks by pipette were 

left to stand overnight to allow any large unstable graphite aggregates to form and 

then centrifuged in 14 — 28 ml glass vials for either 30 or 90 minutes. Centrifugation 

rates of 500 — 5000 rpm (25 — 2500^) were used. After centrifugation the top two thirds 

of the dispersions were extracted by pipette and retained for use.

Optical absorption measurements and sedimentation measurements were performed 

as before. Samples for TEM analysis were prepared as before on holey carbon grids 

(400 mesh). Bright-field TEM images were taken with a Jeol 2100, operated at 200 kV. 

Energy filtered TEM (EF-TEM) images were taken with the FEI Titan operating at 80 kV, 

selecting the carbon energy loss spectrum using a 15 eV plasmon window centred at 

25 eV.

Deposited films were prepared by vacuum filtration onto porous mixed cellulose 

ester membranes (Millipore, 0.025 [im pore size, 47 mm diameter). Thin deposited films 

were transferred onto glass slides by wetting with isopropanol to remove trapped 

air between the film and substrate to improve adhesion. The glass slide was then 

saturated with an acetone vapour and immersed in acetone baths followed by a rinse 

in a methanol bath to complete the removal of cellulose. Free-standing films were 

prepared by vacuum filtration onto porous alumina membranes (Millipore, 0.2 jim 

pore size, 47 rrun diameter) and drying in a 70 °C oven. TGA analysis was performed 

on a Perkin-Elmer Pyris 1 in an oxygen atmosphere.
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T he d isp e r s io n  p rep ara tion , o p tim isa tio n  o f  ex p er im en ta l p a ra m eters , a n d  film  

p rep aration  sh o w n  in  th is  chapter w ere  carried o u t jo in tly  w ith  P au l J. K ing.

7.3 R E S U L T S  A N D  D I S C U S S I O N

7.3.1 Production of H igh-Concentration Graphene D ispersions

T he m eth o d  ch o sen  in  th is w ork  for p rep arin g  g ra p h en e  d isp ers io n s  req u ired  the u se  

o f  so n ic a t io n  fo llo w e d  b y  cen tr ifu g a tio n . T h u s, it w a s  e x p e c te d  th at o p t im is in g  th e  

d isp ersio n  param eters w o u ld  enhance the final grap h en e concentration  an d  d isp ersio n  

quality. T he m ain  param eters co n sid ered  w ere  the in itia l grap h ite  con cen tra tion  (C g,), 

the su rfactan t con cen tration , the CF rate (a;) and  th e  so n ica tio n  tim e (tsonk)-

T he other key co m p o n en t o f the sy stem  is  the ch o sen  surfactant. In C hapter 6 SDBS  

w a s se lected  because it had  b een  proven to be effective in  d isp ersin g  carbon n an otu b es  

[27]. H o w ev er , there are m a n y  su rfactan ts ava ilab le . A  b rief s tu d y  o f  a s e le c t io n  o f  

sev en  d ifferent surfactants w a s carried ou t, u s in g  fixed  in itial grap h ite  con cen tration s, 

fix ed  so n ic a tio n  tim es an d  fix ed  CF rates at a v a r ie ty  o f  su rfactan t co n cen tra tio n s . 

T he su rfa cta n ts  te s ted  w ere  SD B S, s o d iu m  d o d e c y l su fa te  (SD S), lith iu m  d o d e c y l  

su lfa te  (LDS), so d iu m  d ecy l su lfa te  (SD eS), cety l tr im eth y lam m on iu m  b rom id e (CTAB), 

h o u se h o ld  Fairy liq u id  an d  so d iu m  ch o la te  (SC). In th is in itia l stu d y , so d iu m  ch o la te  

p er fo rm ed  th e  b est (m o lecu la r  sk etch  g iv e n  in  F igu re 2.6), b e in g  r ea d ily  so lu b le  in  

w a ter  u p  to  v ery  h ig h  co n cen tra tio n s a n d  g iv in g  a h ig h  y ie ld  o f  g ra p h en e . It w a s  

u se d  for a ll ex p er im en ts  s h o w n  in  th is  chapter. T h e read er is referred  to  su b se q u e n t  

w ork  led  b y  R onan Sm ith  for a d e ta iled  s tu d y  o f the u se  o f  a w id e  ran ge o f  io n ic  an d  

n o n -io n ic  surfactants for g ra p h en e  d isp ers io n  [227].

T he first part o f th is  s tu d y  d eterm in ed  the o p tim u m  so d iu m  ch o la te  co n cen tra tio n  

(C sc)/ u s in g  fix ed  p aram eters =  5 m g /m l ,  tsonk — 2 4 hrs an d  C F tim e  3 0 m in  at 

CO =  1000 rpm . T he in itia l so n ica tio n  tim e  an d  CF rate w ere  c h o se n  b a se d  o n  w o rk  

d o n e  in  our grou p  w ith  g r a p h e n e /N M P  d isp ersio n s [228]. The reason ab ly  h ig h  in itia l 

g ra p h ite  con cen tra tio n  w a s  c h o se n  as th e  a im  o f th e  s tu d y  w a s  to  m a x im ise  th e
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Figure 7 .1 : Absorbance per unit cell length as a function of sodium cholate concentration.

Cĝ i = 5mg/ml, fson/c = 24hrs, cv = 1000 rpm for 30min.

final dispersed graphene concentration. It is noted that the chosen sonication time 

was already much longer than that used for the earlier graphene/SDBS systems. The 

measured absorbance per unit cell length at 660 nm after CF (A/I) was used to measure 

efficiency as a function of surfactant concentration, this data is shown in Figure 7.1. Also 

shown in the inset of Figure 7.1 is a typical absorbance spectrum for these dispersions. 

As expected, and seen before with graphene/SDBS dispersions, the spectrum was 

mostly flat and featureless. However, for these higher concentration dispersions an 

inter-band absorption feature around 270 nm characteristic of graphite/graphene was 

observed [78, 209, 210].

From Figure 7.1, it is clear that the dispersion concentration peaked strongly for 

Csc =  0.1 mg/ml. This is somewhat surprising as the optimum value was expected 

to be closer to the CMC of SC (~ 5 mg/ml), as was observed for graphene/SDBS 

dispersions. The new data indicates that the CMC is not an important parameter for 

the graphene/sodium cholate system at least. The reason for the observed behaviour is 

not clear. One can speculate that it may be due to the 2D nature of the graphene flakes, 

whereby the surfactant cannot encapsulate a given flake (micelle size typical a few

300 600 900 1200
Wavelength (nm)
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No CF 500 rpm 1000 rpm 1500 rpm 2000 rpm 5000 rpm

Figure 7 .2 ; Photos of surfactant stabilised dispersions. Left, as-prepared stock dispersion 

without centrifugation. The centrifuged samples have been diluted by a factor 

of 10  to highlight the concentration change.

run, flake sizes > 100 nm) but rather randomly adsorbs onto the flake surface. In this 

scenario the presence of micelles in the surrounding surfactant solution may not be 

necessary. If this is the case, the earlier linking of optimum SDBS concentration with 

CMC may have been incorrect. Another puzzling attribute of Figure 7 .1  is the behaviour 

at higher surfactant concentrations where a fall-off in dispersion concentration is 

observed. The reason for the observed behaviour remains unknown. Nevertheless, the 

optimum concentration found here is lower than the C s d b s  = 0.5 m g/m l used before 

which should assist residual surfactant removal. Thus all subsequent dispersions, 

unless stated otherwise, were prepared with Cgc =  0 . 1  m g/m l.

The next dispersion parameter studied was the CF rate. A stock graphene dispersion 

was prepared w ith Cĝ i =  5 m g/m l and t sonic =  24hrs, with portions centrifuged at 

different rates from 500 — 5000 rpm (25 — 2500 g) for 90 min. 90 min CF times were 

chosen for this and all subsequent experiments as it was found to be more effective at 

removing graphite starting material and aggregates than a 30 min CF. In all cases the 

dispersions were very dark, even after CF. On dilution, a gradation in concentration 

was apparent, as shown in Figure 7 .2 .

In order to properly assess the concentrations of these dispersions, the extinction 

coefficient, %, needed to be determined. This was done by measuring A / I  at 660nm
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for large stocks of dispersions across the range of <jO  shown in Figure 7 .2 . These 

dispersions (in excess of 400 ml) were then filtered through pre-weighed porous 

alumina membranes. After drying under warm vacuum, the films were re-weighed to 

give the deposited graphitic mass. TGA analysis was performed on material scraped 

off the alumina membranes, with derivatives of the mass curves shown in Figure 7 .3 . 

Integrating these curves across the peaks attributable to sodium cholate allowed the 

content of graphitic material to be determined for each film. It was found that these 

unwashed films were largely composed of graphitic material, having 15 — 30% residual 

surfactant by mass. Plotting A  /  / versus the dispersion concentration, as shown in the 

inset of Figure 7 .4 , gave the extinction coefficient from the line slope via Equation 4 .5 .

As shown in Figure 7 .4 , the extinction coefficient was largely invariant with (jo ,  with a 

mean value of (a^) =  6600 L g~^ m “^

This value is significantly higher than the initial estimate of 1390 L g'̂  m"̂  for 

low concentration graphene/SDBS dispersions, and also higher than the value of 

2460 L g'̂  m'  ̂ reported for graphene dispersed in amide solvents [1 0 ]. As the graphene 

flakes have been produced using similar processing conditions across all three studies 

one would expect the extinction coefficient values to match fairly closely. In my view  

the earlier measurements suffered from experimental errors that were not present in 

the current work, these may explain the discrepancies. Firstly, in both of the previous 

measurements, the dispersions were prepared with centrifugation conditions that 

were not optimised and so contained some nano-graphite particles - these were the 

large thick flakes of the type shown in Figure 6 .3 F. The particulates, comprised of the 

order of perhaps hundreds of graphene layers, would have a mass equivalent to many 

exfoliated flakes. This may be significant as the equation used to derive the value of dg  

was as follows:
■'̂ 660 / ..<7 .1)

where Aeoo nm is the absorbance of the dispersion, V  is the volume of dispersion filtered,

M is the mass of material deposited on the filtration membrane from the dispersion 

and I is the path length of the measurement cuvette ~ ^ / v  defines the dispersion 

concentration Cg. It is reasonable to suggest that the nano-graphite particles could
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have a lower light attenuation effect per unit mass than well-exfoliated graphene flakes. 

This can be justified by crudely considering the light absorption per graphene layer of 

~  2.3% [51- 5 3 ], a 40-layer thick nano-graphite particle would block all light incident on 

it. If another nano-graphite particle had more than 40 layers then the light absorption 

effect was the same while the mass of the particle was increased. Thus, from Equation 

7.1 it can be seen that such thick nano-graphite particles could contribute to a reduced 

Ahuinm/M ratio and so lead to a lowered value. It will be shown in subsection 7 .3.2  

that improved processing conditions reduced the population of these nano-graphite 

residual particles for the work shown in this chapter. In addition, much higher masses 

of material (~  100  mg) were deposited in the new measurements in order to derive Cg. 

Thus, the errors involved in weighing and assessing the graphitic mass through TGA 

analysis were greatly reduced compared to work on low-concentration graphene/S- 

DBS dispersions. This also compares favourably with the work on graphene/N M P 

dispersions where low dispersion concentrations led to very small masses of graphene, 

of the order of only 2 mg, being assessed to derive Cg [10]. Taking into account the 

reduced impact of nano-graphite residuals and the greatly reduced errors in dispersion 

concentration analysis the new value of (a^) =  6600 L g“  ̂m “^should be much more 

reliable.

With the value of ocg known, the change of concentration as a function of co was 

assessed. The data in Figure 7.5 shows that as u) was increased the dispersion concen­

tration fell from about 0 .2 m g/m l to 0.03mg/ml; an empirical scaling of Cg with 

was observed. It was found later during the course of this work that the dispersion 

concentrations could be increased by raising the initial graphite concentration 

whilst maintaining the 50 : 1 ratio of graphite to sodium cholate initially used. One of 

these stock solutions was prepared using Iggnic = 170 hrs, with Q  , =  25 m g/m l and 

Csc =  0.5 m g/m l. This gave the data shown in the inset of Figure 7 .5 , demonstrating 

that graphene concentrations in excess of 1 m g/m l can be achieved through the use of 

prolonged low power ultrasonication.

The final processing parameter to be explored was the sonication time. Previous work 

in our group using graphene/N M P dispersions had shown that the final dispersed 

graphene concentrations could be readily increased by extending the bath sonication
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Figure 7 .7 : Sedimentation behaviour for a typical high concentration graphene dispersion. This 

dispersion had been diluted by a factor of 2 in 0.1 m g /m l SC solution.

time [2 2 8 ]. To test if such behaviour applied to graphene/surfactant systems, a large 

400 ml stock dispersion was prepared in a round-bottomed flask with Cgj =  5 m g/m l 

and Csc =  0.1 m g/m l. This flask was sonicated for ~  430 hrs, with 5 ml aliquots 

removed during this period and centrifuged at a; =  1500 rpm. The aliquots were 

centrifuged at a; =  1500 rpm giving the concentration versus tsonic dats shown in 

Figure 7 .6 . The dispersion concentration showed a sharp increase over the first 100 hrs 

or so, with a more gradual increase thereafter, ultimately reaching 0.3m g/m l. The 

dispersion concentration also shows an empirical scaling with ^/tgonici similar to that 

seen in graphene/N M P dispersions [2 2 8 ]. In addition, use of higher initial graphite 

and sodium cholate concentrations yields a similar concentration scaling with time, 

giving 0.93 m g/m l concentrations after 170 hrs, as shown in the inset of Figure 7 .6 . 

These concentrations are two orders of magnitude higher than those shown in Chapter 

6  for typical graphene/SDBS dispersions and represent a major improvement.

The usability of these high concentration dispersions is strongly affected by their 

temporal stability. This was tested by sedimentation measurements on a typical disper­

sion {Cĝ i =  5m g/m l, Csc =  0.1 m g/m l, tsonk = 24 hrs, u) =  1500 rpm); this dispersion 

had to be diluted by a factor of 2 with 0.1 m g/m l SC solution to allow sufficient trans-
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mitted intensity from the probe lasers. The data shown in Figure 7 .7  shows excellent 

stability. Over 5 days, 97% of the sample remained suspended. This compares very 

favourably with results discussed in Chapter 6  for low concentration systems where 

only 60% of material remained over the same time period. In Chapter 6  the initial 

sedimenting phase (19 wt%) with time constant 24 hrs was attributed to large thick 

flakes resembling nanographite rather than few layer graphene; these were flakes 

inadvertently left in the dispersion after decantation. The absence of these large flakes 

in the current dispersions and improved stability is attributed to the use of a higher 

CF rate (1500 rpm vs 500 rpm) which has yielded more efficient flake separation.

It is likely that additional optimisation of sonication conditions will further increase 

the dispersed concentrations. For example, employing high powered point probe or 

horn tip sonication results in more concentrated energy transfer to the starting material. 

This combined with adjustments to the starting material concentrations should yield 

high concentration dispersions in less time than required with low powered sonic baths. 

Horn tip processing has been employed by Green and Hersam [2 2 9 ] for graphene/SC 

dispersions, resulting in concentrations around 0.3 m g/m l. In our group we can now 

routinely prepare high concentration graphene/SC dispersions around 2 m g/m l using 

pulsed horn tip sonication over time-frames of a few days.

It is noted that work on very high concentration aqueous graphene dispersions 

(> 0.3 m g/m l) post-dates the main body of work of presented in this chapter. Therefore, 

the remaining results in this chapter relate to large stock dispersions (400 ml) prepared 

via mild bath sonication, with Cĝ j =  5m g/m l and Csc =  0 .1  m g/m l.

7 .3 .2  Exfoliation Quality - TEM Analysis

Despite the high yield and good stability shown by these dispersions, the quality of 

the flakes produced must be evaluated. The flake size and thickness was evaluated 

w ith TEM analysis. TEM analysis was chosen due to the ease of sample preparation 

and the easy measurement of lateral flake dimensions. As before, thickness estimates 

were possible by careful examination of flake edges. Use of TEM analysis also avoided



H I G H - C O N C E N T R A T I O N  S U R F A C T A N T  S T A B I L I S E D  G R A P H E N E  D I S P E R S I O N S

Figure 7.8: Selected TEM images from high concentration aqueous graphene/SC dispersions.

Wide area bright field images and isolated flakes at a; =  1500 rpm for different 

honic- (-A) 72 hrs, (B) 144 hrs, (C) 433 hrs, (D) 2 hrs, (E) 144 hrs and (F) 144 hrs. (G), 

(H) and (I) Isolated flakes imaged using energy filtered TEM. Monolayer graphene 

flakes shown in (D), (E), (G) and (H). All scale bars 500 nm.

the deposition-related problems experienced previously with AFM analysis, though it 

is possible that lateral flake dimensions may be biased towards larger flakes due to 

loss of the small flakes through holes in the grid.

TEM analysis was used to characterise a wide range of dispersions, made either 

under conditions of variable sonication time {tsonk ■ 6 — 433 hrs) with fixed cu = 

1500 rpm or using a variable CF rate (a> : 500 — 5000 rpm) with fixed tsonic =  24 hrs. 

A sample of the images obtained at fixed to — 1500 rpm, using bright field TEM 

imaging, are shown in Figures 7.8A-F. Also shown are selected EF-TEM images of 

flakes produced in this study, displaying enhanced contrast due to removal of the
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zero-loss electrons. From all these images, the high quality of the flakes is apparent 

with well-exfoliated material produced. A few thick objects opaque to the electron 

beam, with lateral dimensions 4 — 15 pirn, were observed across the entire TEM grid 

in the sample with lowest CF rate of 500 rpm. These were nanographite particles, but 

their population was small - by examining several low-magnification TEM images 

the number fraction of these particles was estimated at less than 2%. At CF rates 

of 1500 rpm and above no such objects were observed. One of the prim ary concerns 

commonly raised by peers in relation to the use of long sonication times was that 

the graphene would be severely damaged or destroyed. From the images in Figure 

7 .8 , this is clearly not the case with no evidence of large-scale defects or holes in the 

graphene flakes, even for those exposed to sonication times of over two and a half 

weeks (433 hrs). It is also interesting to note the high aspect ratios seen in many of the 

flakes, including monolayer and bilayer ribbons as illustrated in Figures 7 .8 D and F 

respectively.

A large set of TEM images was analysed to derive statistical data on the exfoliation 

state of the graphene. This was done for a grand total of 1000 flakes, w ith a total 

of N t  =  100 for each CF rate and sonication time chosen. A monolayer number 

fraction N \  /  N7 of ~  10% was observed across all sonication times at a; =  1500 rpm. 

By taking the ratio of the number of monolayers counted to the total number of layers 

observed across all flakes [10], an estimated monolayer mass fraction of 1.1 wt% was 

derived. The TEM analysis found that the combined num ber fraction of monolayer 

and bilayer flakes was A/i_2 /N j  =  50%, while the fraction of flakes w ith less than 5 

layers was N 1- 4 / N T  =  80%. These data demonstrate a very high degree of exfoliation 

in these samples. In addition, the value of N i / N j  rose to ~  20% for the sample 

having oj =  5000 rpm, made using 24 hrs sonication. The rise in monolayer number 

fraction with increased CF rate is consistent with subsequent work shown in literature 

using the surfactant sodium deoxycholate (SDOC, Figure 2 .6 ), a close relative of 

SC, where a monolayer number fraction of ~  26% was found using a CF rate of 

10000 rpm  [2 3 0 ]. This is important as it shows that enrichment of monolayer graphene 

in surfactant-stabilised dispersions is possible by simply increasing the centiifugation 

rate. In addition, density gradient ultracentrifugation has been applied to graphene/SC
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systems, showing that these types of dispersions can be further processed to sort 

the graphene flakes by layer number [229, 231]. While there is a cost to be paid 

with reduced overall dispersion concentration, this can be offset by making higher 

concentration stock graphene dispersions as discussed earlier.

The TEM data can be analysed using the plots shown in Figure 7.9. The full data set 

of the number of layers per flake (N), length (L), width (W) and aspect ratio (L/ W)  

analyses are given as histograms in the Appendix, Figures 10.2 and 10.3 on pages 

183 and 184, respectively. From Figures 7.9A-C, the mean number of layers per flake, 

mean flake length and mean flake width all decrease with increasing CF rate. Over 

the range 500 — 5000rpm, (N) falls from 5.2 to 3.4, (L) falls from 1200 to 500nm and 

(W) falls from 600 to 300 nm. This shows that increased CF rates preferentially remove 

larger flakes. In all dispersions some small flakes with lengths as short as 50 nm were 

observed. These results are as expected and agree with work on high concentration 

graphene/NM P dispersions [228] and graphene/surfactant systems [229-231].

A surprising result is given by the data in Figures 7.9E-G, where the flake dimensions 

are observed to hardly vary with sonication time. Over a broad range from 6 — 433 hrs 

the flake dimensions remain fairly constant with (N) ~  4, {L) 800 rmi and (W) ~

350 nm. The dispersions display a similar size distribution during prolonged sonication, 

with increasing concentrations of material produced. As a further experiment, a stock 

of graphene/SC dispersion sonicated for 48 hrs was settled and transferred to a clean 

round-bottomed flask, with a further 48 hrs sonication applied. This had the effect of 

removing the starting graphite material and exposing the already dispersed material to 

further sonication. TEM analysis of the original and re-sonicated dispersions showed 

no noticeable change in flake dimensions. A recent study on very high concentration 

graphene dispersions in NMP also showed an absence of extensive scission under 

prolonged sonication conditions [232]. The dependence of nanoparticle dimensions 

on sonication time has been examined in literature in the context of CNT dispersions 

[233, 234]. It was shown that sonication-induced scission relies on stress transfer caused 

by motion of the CNTs relative to the surrounding fluid; this motion is due to the 

collapse of cavitation bubbles in the liquid phase [234]. If the applied tensile stresses 

in the dispersed material exceeds the maximum tolerable stress then fracture occurs;
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standard error of mean values.
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in the case of CNTs this happens over tim e until a critical length is reached [233]. The 

absence of such behav iour in  g rap h en e /su rfac tan t system s m ay po in t to a lim itation 

in  the  stress-transfer in  the system . The difference in  behav iour m ay  be re la ted  to 

the 2D n a tu re  of the  g raphene  flakes com pared  to the ID  CNTs. It is possib le  tha t 

surfactan t slippage at the g rap h e n e /su rfac tan t/w a te r  double interface m ay also lim it 

stress transfer.

A final observation  from  Figures 7.9D an d  H  is the fairly constan t m ean  flake as­

pect ratio  rang ing  betw een  2.0 and  2.5. This is in ag reem en t w ith  p rev ious w ork  on 

g raphene/N M P  system s [228] and w ith earlier data from  AFM analysis of g raphene/S - 

DBS d ispersions. This suggests th a t son ication-induced  exfoliation (and  scission) 

favours asym m etric flakes, w ith the form ation of some very high aspect ratio graphene 

ribbons as show n in Figure 7.8.

7.3.3 Graphene Quality - Raman Analysis

The quality  of the graphene dispersions was further analysed by Ram an spectroscopy. 

Thin  film s w ere p rep a red  by vacuum  filtration from  the sam e sets of d ispersions 

analysed  by TEM. These films w ere then  transferred  to glass, w ith  R am an spectra  

taken  at a nu m b er of po in ts  on each film. R epresentative spectra are given in  Figure 

7.10. All of the film  spectra  show ed 2D -bands tha t are indicative of exfoliation an d  

consisten t w ith  few -layer m ateria l [189, 190, 229]. In all cases, sign ificant D -band 

in tensities w ere observed, w ith  larger peaks th an  the s tarting  pow der. The observed  

D and  D ' b ands are due  to the in troduction  of defects du ring  the processing, and  are 

attribu tab le to either flake edges or basal p lane defects. The form ation of edge defects 

is inevitable as the sonication process breaks up  the starting  g raph ite  crystals to form  

sm aller graphene flakes. These flakes have m ore edges per un it flake area, resulting  in 

a h igher edge defect population.

To exam ine th is m ore closely, the  m ean  D:G b an d  in tensity  ratios (Id / I c ) of  the 

th in  film s w ere exam ined  as functions of tgonk arid cv. From  Figure 7.11A, Id / I q w as 

surprisingly  invariant w ith  sonication time, displaying values around  0.57. This shows
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Figure 7.10; Raman spectra for thin films made with high concentration graphene dispersions.

Spectra have been normalised to the intensity of the G-band. These films were 

deposited on glass, with a reference spectrum for the starting graphite powder 

also shown.
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Figure 7.12: Mean Raman D:G band intensity ratio as a function of mean graphene flake 

length. Blue data points are taken from data on high concentration graphene/SC 

dispersions that were separated by size-exclusion column chromatography [235]. 

The dashed line is a linear fit data for samples with varied co and data from Smith 

et. al. [235]

t h a t  p r o l o n g e d  s o n i c a t i o n  i n  a q u e o u s  s u r f a c t a n t  s y s t e m s  d o e s  n o t  i n t r o d u c e  n e w  

f l a k e  e d g e s  i n  t h e  d i s p e r s i o n s .  T h i s  i m p l i e s  t h a t  t h e  g r a p h e n e  f l a k e s  a r e  n o t  c u t  t o  a  

s i g n i f i c a n t  e x t e n t  d u r i n g  p r o l o n g e d  s o n i c a t i o n ;  t h i s  d a t a  a g r e e s  s t r o n g l y  w i t h  t h e  T E M  

f l a k e  s i z e  a n a l y s i s .  M o r e  i m p o r t a n t l y ,  F i g u r e  7 .1 1  A  i n d i c a t e s  t h a t  t h e  f l a k e s  d o  n o t  

s u f f e r  i n c r e a s e d  b a s a l  p l a n e  d a m a g e  a s  tgonk  i s  i n c r e a s e d ,  e v e n  u p  t o  e x t r e m e l y  l o n g  

d u r a t i o n s .

A  d i f f e r e n t  p i c t u r e  i s  p a i n t e d  b y  F i g u r e  7 .1 1 B ,  w h e r e  I d / i c  i n c r e a s e d  s i g n i f i c a n t l y  

w i t h  C F  r a t e .  T h i s  i n d i c a t e s  t h a t  f l a k e s  p r o d u c e d  a t  h i g h e r  r o t a t i o n  r a t e s  a r e  e i t h e r  

s m a l l e r ,  a s  s u g g e s t e d  b y  T E M  d a t a ,  a n d / o r  p o s s e s s  a  h i g h e r  d e n s i t y  o f  b a s a l  p l a n e  d e ­

f e c t s .  T o  c o r r e l a t e  t h e  R a m a n  a n d  T E M  d a t a ,  o n e  c a n  c o n s i d e r  t h e  r e l a t i o n s h i p  b e t w e e n  

t h e  R a m a n  i n t e n s i t y  a n d  l a t e r a l  f l a k e  d i m e n s i o n s .  T h e  v a l u e  o f  I d  i s  p r o p o r t i o n a l  t o  t h e
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to ta l flake ed g e  len g th  p ro b e d  b y  th e  lase r ( /p  oc (L) +  (W )) w h ile  Iq is p ro p o r tio n a l 

to  th e  flake area  {Iq {L) (W)) .  M o d ellin g  th e  flakes as rec tang les m ean s  th a t

T his p ro p o rtio n a lity  accoun ts for th e  ch an g e  in  D:G ra tio  d u e  to  the  fo rm a tio n  of n ew  

ed g es as g ra p h e n e  flakes a re  fo rm ed  from  th e  p a re n t b u lk  crysta l. A s the  flake asp ec t 

ra tio  is n e a rly  c o n s ta n t ac ross all sam p le s  ((V w ) ~  2.2), th e  c o n tr ib u tio n  o f e d g e s  to  

th e  D:G ra tio  can  b e  w ritte n  in  te rm s  of flake len g th  as

w h e re  a a n d  k a re  co n stan ts . In  ad d itio n , th e  m e a su re d  R am an  in te n s ity  ra tio  h a s  a 

c o n tr ib u tio n  fro m  th e  s ta r tin g  g ra p h ite  p o w d er, {^‘̂ /h)po^,der- A ssu m in g  th e  D  b a n d  

in ten s ity  is d o m in a te d  by  flake ed g es, one can  w rite

For th e  g ra p h ite  u sed  in  th is study, {^o/ic)powder ~  allow s E q u atio n  7.3 to  be

p lo tte d  a s  sh o w n  in  F ig u re  7.12. T he d a ta  re la tin g  to  sam p le s  a n a ly se d  w ith  v a r ie d  

son ication  tim es is m ark ed  by the  op en  red  circles, as expected  this d a ta se t is c lu ste red  

d u e  to  the  invariance of flake size w ith  tson/c- Th^ d a ta  re la tin g  to  the sam p les  p re p a re d

ro u g h ly  scales linearly  th ro u g h  the  o rig in  as w o u ld  be  expected  if ed g e  defects accoun t 

for the  observed  D:G ra tio s [228]. A n  in teresting  observation  on  the observed  flake size 

v a r ia tio n  can  b e  m a d e  b y  co n s id e r in g  su b se q u e n t w o rk  in  o u r  g ro u p  b y  S m ith  et. al. 

[235]. A  h ig h  co n cen tra tio n  a q u e o u s  g ra p h en e  d isp e rs io n  w as p re p a re d  w ith  so d iu m  

ch o la te  u s in g  h o rn  tip  son ication . T he d isp e rs io n  w as cen trifu g ed  m ild ly  a n d  p a sse d  

th ro u g h  a p o ro u s  gel filtra tio n  m e d iu m  p a c k e d  in to  a co lu m n . T h is s ize  ex c lu s io n  

c h ro m a to g ra p h y  tec h n iq u e  a llo w ed  p h y s ica l s e p a ra tio n  o f th e  g ra p h e n e  flakes b y  

la te ra l size (in o u r case size selection  w as achieved  by tu n in g  the  cen trifu g a tio n  sp eed , 

as  sh o w n  b y  TEM  a n d  R am an  d a ta ) . T he A^d/ zc a n d  (L)~^ d a ta  fro m  th e  v a r io u s  

co lu m n  fractions collected  h as  been  ad d e d  as the  b lu e  s ta rs  in  F igure 7.12. T his sh o w s 

a n  ex ce llen t c o r re la tio n  as th e  c h ro m a to g ra p h y  d a ta  c lo se ly  fo llow s th e  tre n d  se t b y

(7 -2)

powder
(7 4 )

w ith  v aried  co show ed  n early  linear A h / i ^  scaling w ith  (L) \  The com bined  se t of d a ta
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v a ry in g  o ’. T h is in d ica tes  th a t  th e  tw o  v e ry  d iffe ren t p ro c ess in g  te c h n iq u e s  can  y ie ld  

v ery  s im ila r average g ra p h en e  flake sizes w h ile  th e  closely  m a tch ed  R am an  D:G b a n d  

ra tio s  in d ica te  flakes of s im ila r q u a lity  a re  fo rm ed .

By co n s id e r in g  th e  d a ta  fro m  b o th  s ize -se lec tio n  ro u tin e s , a fittin g  p a ra m e te r  for 

E q u a tio n  7.3 oi  k ^  0.6 f im  w as fou n d ; th is  w as so m ew h a t h ig h e r th a n  v a lu es  of ~  0.3 

fo u n d  in  so lven t-d ispersed  g rap h en e  system s [228, 232, 236]. T he so lven t sy stem s w ere 

p ro cessed  u sin g  less aggressive cen trifugation  co n d itio n s th a t co u ld  in fluence flake size 

sta tistics a n d  red u ce  D:G ratios, th u s  ex p la in in g  the  d ifferen t fit value. A ltern a tiv e ly  the 

d a ta  co u ld  in d ica te  a g en u in e  d iffe rence in  th e  d efec t d en s ity  in  g ra p h e n e /s u r fa c ta n t  

d isp e rs io n s . F rom  th e  lim ited  d a ta  availab le  it is n o t c lea r w h e th e r  th e  o b se rv ed  D:G 

ra tio s  c a n  b e  so lely  e x p la in e d  b y  e d g e  fo rm a tio n  d u e  to  so n ic a tio n -in d u c e d  scission . 

It is p o ss ib le , th o u g h  un likely , th a t  a b a sa l-p la n e  d e fec t c o n tr ib u tio n  th a t  in c reases  

lin ea r ly  w ith  {L)~^ is c o n tr ib u tin g  to  th e  s lo p e  of th e  line  fit in  F ig u re  7.12. A t b e s t 

w e can  s ta te  th a t the  linear scaling  of A^d/z^ scaling  w ith  {L)~^ is co n sis ten t w ith  ed g e  

fo rm a tio n .

7.3.4 Film Formation

O ne of th e  key s tren g th s  of p ro d u c in g  aq u eo u s g rap h en e  d isp ers io n s is th e ir ease of use  

in  a ra n g e  o f app lica tions. W hile  su rfac tan t-s tab ilised  g ra p h e n e  h as  b ee n  a sse ssed  for 

u se  in  tra n sp a re n t co n d u c tin g  film  ap p lica tio n s [49, 219, 220], m an y  o th e r possib ilities  

a re  o p e n e d  b y  th e  av a ilab ility  o f h ig h  co n c e n tra tio n  d isp e rs io n s . D isp e rs io n s  o f th e  

ty p e  d isp la y e d  in  th is  c h a p te r  a re  su itab le  fo r th e  fo rm a tio n  o f co m p o s ite  m a te r ia ls , 

u s in g  w a te r-so lu b le  p o ly m ers . In  ad d itio n , th ey  c o u ld  b e  u s e d  to  fo rm  m u c h  th ick e r 

film s th a n  have b een  sh o w n  in  th e  w o rk  p re se n te d  so  far.

To d em o n stra te  this, free-s tan d in g  assem blies of ra n d o m ly  stacked  few -layer g rap h en e  

have b een  p re p a re d  by  scaling u p  the  m ass d ep o sited  o n  filter m em b ran es v ia  v acu u m  

filtra tio n , im ag es  o f th ese  film s a re  sh o w n  in  F ig u re  7.13. F re e -s ta n d in g  film s w ere  

p re p a re d  w ith  th ick n esses  in  th e  ra n g e  50 — 120 ^m . T he film s w e re  m a t t  o n  to p  b u t 

sh in y  o n  the  side  fo rm ed  in  contact w ith  the  filter m em b ran e , an  exam ple  of th e  sh in y
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Figure 7 .1 3 ; Free-standing graphene films from aqueous graphene/SC dispersions. Films made 

with Cgj = 5m g/m l, Csc =  0.1 m g/m l. (A) Photo of film prepared using 171 hrs 

sonication. (B) SEM image of crack on the surface of a film. (C) SEM image of 

a fracture edge showing protruding graphene ribbons. (D) Cross-sectional SEM 

image of a fracture edge. Films in (B), (C) and (D) prepared using 24 hrs sonication.
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face is shown in Figure 7 1 3 A. The SEM images show that the flakes were well aligned 

in the film plane. From these images the flakes appear to have randomly packed, with 

many very thin protruding flakes visible including ribbons of the type shown in 7 .1 3 C. 

The 2D bands of the Raman spectra of these films matched those of the thin films, 

confirming that the flakes remain electronically decoupled and do not stack in an 

ordered AB arrangement to re-form graphite. A slightly higher averaged Id /  Ic ratio 

was observed on the shiny sides of the films compared to the matt side, suggesting that 

the smoother surface was formed by smaller flakes that packed tightly to dominate 

the initial formation of the film.

The films displayed reasonable mechanical properties (measured by Umar Khan), 

with Young's moduli (Y) typically in the range 4 — 10 GPa and ultimate tensile strengths 

(UTS)  around 15 — 30 MPa. These values are very similar to those found in films made 

from graphene/N M P dispersions [2 2 8 ] but fall short of values of reported for films 

made with GO (Y ~  40 GPa, UTS  ~  100 MPa [7 5 ]) and reduced GO (Y ~  20 — 43 GPa, 

UTS  ~  250 MPa [7 8 , 2 3 7 ]). The reason these films are mechanically weaker than their 

GO and reduced GO counterparts likely rests in the absence of oxide functional groups; 

these oxide groups can significantly improve inter-flake linkages through hydrogen 

bonding interactions [7 3 ]. The presence of residual surfactant may also influence 

the mechanical properties. The films also displayed promising electrical properties 

(measured by Sukanta De), displaying mean conductivity values of 1.75 x 10"̂  S /m  

after annealing at 500 ”C for 2 hrs under an argon/hydrogen atmosphere. Again, this 

agrees very well with values found in free-standing graphene/N M P films and with 

work on optimised flexible thin films of graphene from aqueous surfactant systems 

[2 2 0 ].

7 .4  C O N C L U S I O N S

To conclude, the work presented in this chapter has demonstrated that highly concen­

trated and stable aqueous suspensions of graphene can be produced using surfactant 

stabilisers. Concentrations exceeding 1 m g/m l can be achieved using a facile, low-



H I G H - C O N C E N T R A T I O N  S U R F A C T A N T  S T A B I L I S E D  G R A P H E N E  D I S P E R S I O N S

cost, safe and scalable procedure utilising low power ultrasonication. High quality 

dispersions can be produced, with increased bath sonication times, t s o n k r  yielding in­

creased concentrations that empirically follow s / t g o n k  dependence. Mild centrifugation 

at 1500 rpm yields dispersions with ~  10% monolayer number fraction and ~  80% 

of graphene flakes composed of fewer than 5 layers. Over a sonication time range 

of ~  430 hrs the flake dimensions were largely invariant under mild centrifugation 

conditions ( c o  =  1500 rpm) with (A/) ~  4, (L) ~  800nm and (W) ~  350nm. It was 

shown that the monolayer number fraction can be increased to ~  2 0 % by simply 

increasing the centrifugation rate to 5000 rpm, suggesting that rotation rate optimisa­

tion can be used to form dispersions enriched with monolayer graphene. In addition, 

increasing the centrifugation rotation rate from 1500 rpm  to 5000 rpm  reduced the 

flake dimensions to (N) rs_/ 3 .4 / (L) ~  500 nm and (W) ~  300 nm; this suggests a 

degree of flake size sorting is possible by tuning the centrifugation parameters. The 

scaling of the Raman D-band to G-band intensity ratio. I d / ^ C f with sonication time 

and TEM imaging shows that prolonged sonication does not measurably damage 

the graphene flakes or reduce their lateral dimensions through sonication-induced 

scission. The I d / ^ g  scaling with centrifugation rate is largely consistent with new 

edges being observed due to overall flake size reductions. The flake size and Raman 

data correlate well with surfactant dispersed graphene flakes physically separated 

by size using column chromatography [2 3 5 ]. The dispersions can be easily cast into 

conductive free-standing films with good mechanical and electrical properties. These 

dispersions, and their resultant films, can facilitate the large-scale production of a 

range of graphene-based devices and composite materials where aqueous liquid-phase 

processing is advantageous.



8
B E Y O N D  G R A P H E N E :  2D N A N O S H E E T S  F R OM  L I Q U I D - P H A S E  

E X F O L I A T I O N  OF I N O R G A N I C  LAYERED C O M P O U N D S

8.1 IN T R O D U C T I O N

Thus far, the work presented in this thesis has focused on the liquid-phase production of 

graphene. Dispersions of predominantly few-layer graphene have been demonstrated 

using sonication-induced exfoliation of layered graphite material. While graphene is 

an important and potentially useful 2D crystal, it is important to note that a myriad of 

other layered materials exist. These layered materials are a largely untapped resource 

which, given a simple scalable exfoliation method, could yield a set of nanosheets 

offering diverse electronic and physical properties coupled with high specific surface 

areas. In this chapter, the experimental methods and characterisation techniques used 

previously with graphene, as shown in Chapters 5 to 7, are applied to inorganic 

layered compounds. Two sets of layered materials are examined, with the aim of 

producing solvent-based dispersions of well-exfoliated material. The first class of 

materials discussed are the transition metal dichalcogenides (TMDs), with emphasis 

on M0S2 and WS2. These materials are combined with graphene and CNT dispersions 

to form hybrid films. A hybrid M0S2/CNT material is demonstrated and its potential 

for use in lithium ion batteries is examined. The second set of materials discussed 

in this chapter are used in thermoelectric devices, w ith nano-structuring suggested 

as a route to improve device performance [112]. The specific materials examined are 

BizTej, BiaSej and SbaSe3; a discussion of the preparation and characterisation of 

solvent-based dispersions of these materials is given.

1 3 9
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8.2 E X P E R I M E N T A L  P R O C E D U R E

Commercially available starting powders of M0 S2 and WS2 from Sigma Aldrich were 

used; these powders consisted of platelets with lateral sizes ranging from a few microns 

to around 20 ^m. BiaTej, BizSej and Sb2Se3 chunks (approximately 5 mm pieces) were 

purchased from Cerac Incorporated (via ABSCO UK). The powders were used as 

supplied while chunks were cut down into small fragments with a razor blade before 

use. For M0 S2 and WS2 the solvents NMP, NVP and CHP were used, while CHP was 

used for preparing Bi2Tej, Bi2 Se3 and Sb2Se3 dispersions. All solvents were purchased 

from Sigma Aldrich.

M0 S2 and WS2 dispersions were prepared using either bath, horn or point probe 

sonication. Bath-sonicated samples were prepared with initial powder concentrations 

of 5 m g/m l using 400 ml solvent volume in 500 ml round bottom flasks, and sonicated 

for 48 hrs. Bath-sonicated dispersions were used to determine the extinction coefficients 

of the dispersions. Point probe sonication was used for samples studied with detailed 

TEM analysis, these were prepared at initial concentrations of 10 m g/m l in 14 ml 

vials using 1 hr sonication at a nominal output of 38%. Samples prepared with a horn 

tip used 10 — 15 m g/m l initial powder concentrations in 100 ml volumes with 3 hr 

sonication at 75% amplitude. All samples were settled overnight and centrifuged at 

1500 rpm  for 60 or 90 min.

Point probe sonicated dispersions in NMP were deposited on holey carbon grids 

for TEM analysis. Dispersions of M0 S2 were also deposited for scanning Raman, SEM 

and AFM analysis by spray casting. High concentration M0 S2 /N M P dispersions at 

0.36 m g/m l were diluted by a factor of 100 in IPA. Silicon wafers with 300 nm thermally 

grown oxide were rinsed with IPA and blow dried prior to use as substrates. The 

silicon was pre-heated to 90 °C and 2 ml of the diluted was applied using an Evolution 

Airbrush at a pressure of 1.5 bar. Alignment marks were scored onto the substrate 

after deposition and the resulting silicon debris gently blown away by compressed air.

The horn-sonicated dispersions were used for the preparation of hybrid films by 

blending with graphene or SWNT dispersions. Graphene dispersions were prepared
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in DMF via 48 hr bath sonication. Iljin SWNTs were dispersed in CHP at 1 m g/m l 

using 5 min point probe sonication at 20% amplitude followed by 1 hr bath sonication 

and a further 5 min probe sonication; these dispersions were not centrifuged in order 

to maintain a high concentration of SWNTs. The M0 S2 /W S 2  dispersions were blended 

with graphene/SW NT dispersions using precise volumes to give controlled mass 

fractions. Free-standing hybrid films, with mass close to 50 mg, were prepared by 

vacuum filtration onto alumina membranes.

M 0 S2  hybrid films for battery testing were made using concentrated M 0 S2  disper­

sions. These were prepared by taking stock dispersions in CHP centrifuged at 1500 rpm 

and applying a second centrifugation step at 15000 rpm for 4 hrs at a temperature of 

10 °C. This had the effect of forming a highly concentrated dispersion at the bottom of 

the Eppendorf centrifuge tubes, the relatively clear supernatant was discarded and the 

concentrate extracted and diluted with IPA. This concentrate was then blended with 

Iljin SWNT dispersions in CHP and diluted by a factor of approximately 20 with IPA. 

These diluted blends were then filtered onto nitrocellulose membranes. A reference 

film made with M0 S2  only was also prepared. The resulting films were transferred, 

using acetone vapour and baths, to copper foils to be tested as cathodes in coin cell 

lithium ion batteries. The testing and analysis of these films was performed by collabor­

ators Dr. Jun Chen from the Intelligent Polymer Research Institute at the University of 

Wollongong and Prof. Andrew Minett from the Laboratory for Sustainable Technology 

at the University of Sydney. The electrochemical testing of these foils was carried 

out using 2032 coin cells. The cells were assembled inside an argon-filled glove box 

using an electrolyte solution of IM lithium hexafluorophosphate (LiPFg) in ethylene 

carbonate/diethyl carbonate (EC/DEC, 1 : 2 v /v  ratio) with lithium metal foil as the 

counter electrode. Charge-discharge tests were performed at a rate of 100 mA g'̂  in 

the range 0.1 — 3.0 V.

BiaTeg, Bi2 Se3  and Sb2 Se3  dispersions were largely prepared using horn tip (up 

to 3 hr) and point probe sonication (up to 90 min), with bath sonication also used  

for early testing. Centrifugation was typically carried out at a rate of 500 rpm or 

1000 rpm for 45 mins. The lower intensity centrifugation compared to the TMDs was 

found to be sufficient to remove the largest aggregates from the dispersions whilst
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m ain ta in in g  h ig h  co n cen tra tio n s , th is  can  b e  ex p la in ed  b y  th e  h ig h e r d en s ity  of these  

m a te ria ls  co m p a red  to  g ra p h en e  o r TM D s. For th in  film  fo rm a tio n  o n  g lass o r silicon 

su b s tra te s , co n cen tra te d  BizTej d isp e rs io n s  w ere  p re p a re d  u s in g  a seco n d  ce n tr ifu g a ­

tio n  a t  10000 r p m  fo r 3 h rs , d ilu te d  w ith  IPA a n d  filte red  o n to  n itro ce llu lo se  b efo re  

b e in g  tra n s fe rre d . R am an  sp ec tra  fo r Bi2Te3 film s d e p o s ite d  o n  a lu m in a  m e m b ra n e s  

w ere collected w ith  a 532 n m  laser an d  20 x  lens w ith  m an u a lly  red u ced  laser in tensity  

to  red u ce  sam p le  h e a tin g  a n d  b u rn in g .

8.3 R E S U L T S  A N D  D I S C U S S I O N :  M O S 2  A N D  WS2

8.3.1 Dispersion Preparation and Optical Characterisation

It w a s  fo u n d  th a t  p o w d e rs  of b u lk  M0S2 a n d  WS2 co u ld  b e  su ccessfu lly  d isp e rse d  

u s in g  a v arie ty  of u ltraso n ica tio n  types, in c lu d in g  b a th  son ication , h o rn  tip  a n d  p o in t 

p ro b e  m e th o d s . For b o th  m a te ria ls , h o m o g e n e o u s  d a rk  g re en  d isp e rs io n s , free  of 

v isib le  partic les, w ere p ro d u ced  in  a w id e  ran g e  of so lvents w ith  NM P, N V P an d  C H P  

fo u n d  to  b e  q u ite  effective [238]. SEM  im ag es o f th e  s ta r tin g  m a te r ia ls  a n d  p h o to s  o f 

ty p ica l d isp e rs io n s  are  g iven  in  F igu re  8.1.

T he o p tica l a b so rp tio n  sp ec tra  o f all M0S2 a n d  WS2 d isp e rs io n s  p re p a re d  w e re  

reco rd ed . In  all sam p les , across all so lven ts, the  a b so rp tio n  sp ec tra  for b o th  m a te ria ls  

sh o w ed  d is tin c t p e a k s  b e lo w  700 nm . T he o b se rv ed  fe a tu re s  a p p e a re d  to  s it o n  a 

b ack g ro u n d , w h ich  w as m o st likely  d u e  to  scattering . In o rd e r to  exam ine th is fu r th e r 

the spec tra  w ere  p lo tted  usin g  logarithm ic  axes. F igure 8.2 gives the  ab so rp tio n  sp ec tra  

for typ ical M0S2 a n d  WS2 d isp ers io n s p re p a re d  by 48 h r  b a th  son ication  in  NVP. F rom  

th is  p lo t, th e  b a c k g ro u n d  a p p e a rs  to  b e  a p p ro x im a te ly  lin ea r in  th e  n o n -re so n a n t 

reg io n  of the  sp ec tru m . This pow er-law  d ep en d en ce  of the  ab so rb an ce  on  w av elen g th  

{A  <x A“ ’̂ ) is characteristic  of ligh t sca tte ring  [239]. T hree types of sca tte ring  are possible: 

(i) R ay le igh  sc a tte rin g  b y  m o lecu les  w ith  s ize  m u c h  sm a lle r  th a n  th e  w av e len g th  of 

in c id e n t lig h t, (ii) T y n d a ll sca tte rin g  th a t  is in d e p e n d e n t  o f w av e len g th  a n d  (iii) M ie 

sca tte rin g  co v erin g  sca tte rin g  b e tw een  R ayleigh  a n d  T yndall sca tte rin g  reg im es [239].
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Figure 8.1: Images of starting material and typical M0S2 and WS2 liquid phase dispersions.

(A) SEM image of M0S2 bulk starting powder (B) SEM image of WS2 bulk starting 

powder. (C) Dispersions of M0S2 and WS2 prepared in NMP using point probe 

sonication and centrifugation at 1500 rpm.

Mie scattering is described by exponents — 1 < >/ < —4 [2 3 9 ]; the fitted data in Figure 

8 .2  is consistent with Mie scattering with rj =  —3.3 and —3.9 for M0 S2  and WS2 

respectively. Subtracting the scattering background gives the absorption spectra of 

the M0 S2 and WS2  as shown in the inset of Figure 8 .2 . Absorption peaks at 671 nm 

and 621 nm are observed in M0 S2  and at 629 nm in WS2 ; these spectral features agree 

w ith literature data relating to micro-mechanically exfoliated and electrochemically 

deposited M0 S2  [9 9 , 2 4 0 , 2 4 1 ] and fragmented bulk WS2 crystals [1 1 0 ].

The next step in characterising these dispersions was to determine the extinction 

coefficients. This was done in a similar manner to that used for high concentration 

graphene dispersions in Chapter 7 . Large stock dispersions of M0 S2  and WS2  were 

prepared by bath sonication, centrifuged and filtered through PVDF membranes 

(0.22 }im) of known mass. Following deposition, the films were dried for 24 hrs at 

70 °C and re-weighed to derive the deposited mass; TGA analysis confirmed that the 

NVP solvent had been removed. Green coloured filtrates were observed indicating 

loss of some of the dispersed particles through the membranes. The value of  A l l  

for the filtrates was compared to that of the initial stock dispersion to correct the
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Figure 8.2: Optical absorption spectra for M0S2 and WS2 dispersions in NVR Dashed lines 

show power-law scattering backgrounds fitted in the non-resonant regions of the 

spectra. Inset: absorbance per unit cell length with scattering background A / I bk 

subtracted.

values of deposited mass (12wt% and 46wt% of dispersion mass had been retained 

in the filtrate for M 0 S2  and WS2  respectively). This allowed calculation of extinction 

coefficient values of k m o S z  —  1900 L m‘  ̂ and «ws2 =  1000 L g‘* m‘\  Dispersions 

with concentration of the order of 1 m g/m l after 1500 rpm CF were routinely obtained 

using horn tip or point probe sonication. Such high concentrations can enable the 

production films, polymer composite materials and hybrid materials; some of these 

applications will be explored later in this chapter.

The usefulness of these liquid-phase dispersions is strongly influenced by their 

temporal stability. This was assessed by sedimentation measurements using typical 

M 0 S2  and WS2  dispersions prepared by bath sonication in NVP. The data in Figure 

8 . 3  shows that the M 0 S2  dispersion was very stable, with 94% of material remaining 

suspended after three weeks. The WS2  dispersion showed some sedimentation with 

70% remaining over the same time period, with a stable phase from the decay fitting of 

56%. This level of stability still allows a very good processing window. It is likely that
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Figure 8 .3 : Sedimentation behaviour for typical M0 S2 and WS2 dispersions. The dispersions 

were prepared using 48 hrs bath sonication in NVP with 90 min centrifugation at 

1500 rpm. Fitted exponential decay curves are indicated by red dashed lines.

the use of optimised dispersion parameters (i.e. solvent choice, sonication conditions 

and CF rotation rate) can improve the observed stability further.

8.3 .2  Exfoliation Quality  - T E M  Analysis

TEM analysis was carried out in order to assess the quality of the dispersed materials. 

In general, large quantities of thin nanosheets were observed. Figure 8.4 shows a 

selection of images of these flakes. Flakes of the types shown in Figures 8.4A-D were 

frequently observed, with many very thin small flakes deposited on the surface of the 

holey carbon mesh and on the surface of larger flakes (these small flakes are visible in 

Figure 8.4B and C). A HR-TEM image of a WS2 flake is shown in Figure 8.4E, with the 

inset showing a fast Fourier transform of the marked area. The relative intensity of EFT 

or electron diffraction spots cannot be used to infer the layer number as calculations 

of the structure factors for M0S2 and WS2 showed that electron diffraction intensity 

ratios were insensitive to the number of stacked layers [238]. From these types of 

images and their FFTs, it was clear that the hexagonal structure of the original bulk



L I Q U I D - P H A S E  E X F O L I A T I O N  OF I N O R G A N I C  LAYERED C O M P O U N D S

(A)

100 nm

(B)

100 nm

(C) (D)

100 nm 500 nm

Figure 8.4: TEM and STEM images of M0S2 and WS2 from exfoliation in NMP. (A) and (C) 

TEM images of M0S2 flakes. (B) and (D) TEM images of WS2 flakes. (E) HR-TEM 

image of a thin plane protruding from a multi-layer WS2 flake, inset FFT of the area 

marked with the yellow box. (F) High contrast STEM image of a cluster of M0S2 

flakes..
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WS2 had  been retained - this was confirm ed by the absence of new  spots characteristic 

of a superla ttice  an d  sp o t sp litting  in  the  FFTs [242]. This is im p o rtan t as it show s 

th a t the processing has not structurally  converted the WS2 atom ic configuration from  

hexagonal 2H to octahedral IT, this type of atom ic re-arrangem ent has been observed 

w hen exfoliating TMDs using lithium  ion intercalation [105-108]. Figure 8.4F show s an 

assortm ent of M0S2 flakes im aged using  annu lar dark-field  STEM. From  this im age a 

range of flake sizes and  thicknesses are visible, w ith  very  th in  layers appearing  as the 

darkest objects. A nnular dark-field STEM im aging gives better layer contrast for TMDs 

th an  for g raphene  as the electron energy  loss d u e  to R utherfo rd  scattering  by atom s 

is rough ly  p ropo rtiona l to the  square  of the  a tom ic n u m b er [201]. H igh  reso lu tion  

STEM im aging com bined w ith  EELS analysis was used by our collaborators (Dr Valeria 

Nicolosi and  co-workers. University of Oxford) to show  that such th in  M0S2 and  WS2 

layers had  electron loss spectra distinct from  the bu lk  m aterials, ind icating  successful 

exfoliation [238]. In addition, they confirm ed the presence of m onolayer m aterial using 

atom ic reso lu tion  aberra tion  corrected  HR-TEM  com bined  w ith  the  s im u la tion  of 

in tensity  d istributions.

The TEM analysis of M0S2 and  WS2 can be ex tended  by looking at the d im ensions 

of a large nu m b er of flakes. This w as done  by exam ining  low -res TEM im ages of the 

type show n in Figures 8.4A-D. For graphene, it has been show n that edge counting is a 

reasonably reliable way to determ ine layer num ber. However, in  TM Ds the ind iv idual 

layers of the m ateria l are  th ree  a tom s thick. This m ore  com plicated  s tru c tu re  m akes 

edge counting  m ore difficult. A m ore accurate w ay to conduct the s tu d y  w ou ld  be to 

explo it the h ig h  contrast of STEM im aging, using  fixed m icroscope cond itions an d  a 

precisely  calibrated  annu lar dark-field  detector. This could  allow  the use of in tensity  

cross sections a t flake edges to  reliably coun t layer num ber. H ow ever, such  analysis 

requ ires special equ ipm en t, is tim e consum ing  a n d  can be com plicated  by  sam ple  

con tam ina tion  caused  by the  STEM probe. T hus, the  flake th ickness analysis w as 

a ttem pted  using careful edge-counting, in the sam e m anner as for graphene, noting the 

approxim ate outcom e of the results. Statistics of lateral flake dim ensions were reliable. 

The data  is sum m arised  in  Figure 8.5. From  Figure 8.5A and  E, few-layer flakes m ade 

u p  the m ajority  com ponents of the d ispersions. The M oS2and WS2 flakes h ad  lateral
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Figure 8 .5 : Statistical TEM analysis of TMD flake dimensions: num ber of layers per flake (N), 

length (L), w idth (W) and aspect ratio (L/W ). Data for 98 M0 S2 (A-D) and 147 WS2 

(E-H) are shown. Samples were prepared using 1 hr point probe sonication in NM P 

using CP rate of 1500 rpm.
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dimensions in the range 50 — 1000 nm. In general, the flakes were smaller than those 

found previously in graphene with mean lengths of 170 nm and 248 nm observed in 

M0 S2 and WS2 respectively. The smaller sizes of these flakes, compared to graphene, 

is possibly a reflection of the lower tensile strength of the parent crystal, offering lower 

resistance to sonication induced scission. Alternatively, the higher density of the TMDs 

may result in a distribution of smaller flake sizes being selected by the centrifugation 

process [1 9 5 ]. The sonication process produced asymmetric flakes, with aspect ratio 

distributions for both materials matching each other closely. The mean aspect ratio 

values were very similar to those shown previously in Chapter 7  for aqueous graphene 

dispersions.

8.3.3 M0S2 Deposition on Surfaces - AFM , SEM and Raman

The M0S2 and WS2 dispersions shown in this work are highly versatile and nanoflakes 

of these materials were deposited for further study. It was found that exfoliated 

flakes could be easily deposited on surfaces by spray casting, this was done for M0S2 

dispersed in NMP by point probe sonication. A 20 x 20 ^m region of the substrate was 

isolated using alignment marks and characterised with non-resonant scanning Raman 

spectroscopy (using a 488 nm laser), AFM and SEM.

Figures 8 .6 A and B show AFM and SEM images of a 6.2 x 6.2 }im  area containing 

small flake-like objects, these objects were typical of those observed across the substrate 

w ith sizes in the range 50 nm — 1 pm. Shown in Figure 8 .6 E are close-up SEM and 

AFM images of the flake highlighted with the yellow box in Figure 8 .6 B, along with a 

horizontal AFM cross section.

Raman spectroscopy was used in order to determine whether the observed objects 

were M0 S2 . The Raman features of bulk M0 S2 are well-known. Under 488 nm laser 

excitation conditions, as used here, an in-plane vibrational mode (E^ )̂ at 383 cm'  ̂

and an out-of-plane vibration (Ajg) at 408 cm'  ̂ are observed in bulk 2 H-M0 S2 [1 0 3 , 

1 0 5 , 1 0 7 , 2 4 3 - 2 4 5 ]. Raman spectra of the spray deposited material closely resembled 

2 H-M 0 S2 with peaks at 382 cm'  ̂ and 406 cm" ,̂ as shown in Figure 8 .6 C for a typical
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Figure 8.6: M 0 S2 flakes deposited on silicon. (A) AFM image, (B) SEM image, (C) R am an 

spectrum  of a typical M 0 S2 flake, Lorentzian peak fits as red  lines, (D) scarm ing 

Raman map of the same 6.2 x 6.2 }im  area in A and B. (E) Left - SEM image. M iddle 

- AFM image. Right - horizontal AFM cross section of flake m arked by yellow box 

in (B). (F) AFM flake thickness statistics for 100 M0 S2 flakes.
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object. The higher energy Aig mode can be described by a single Lorentzian fit centred 

at 405.5 cm'^ with a FWHM of 5.8 cm '^ these values agree with literature data for 

mechanically exfoliated bi-layer M0S2 sheets analysed with a 514 nm excitation source 

[245]. The lower energy mode also follows a single Lorentzian profile with a peak at 

381.9 cm'^ and FWHM of 4.5 cm'^; the peak position is in line with the 382 — 384 cm"' 

range for few layer mechanically exfoliated flakes though the spectral line w idth is 

slightly broader than the ~  2 cm'^ reported in literature [245].

The key point to note is that while spectra such as the one shown in Figure 8.6C 

indicate the presence of thin flakes, they confirm that the M0S2 flakes produced are 

of the 2H polytype. Flakes produced by lithium ion intercalation of M0S2 have been 

shown to undergo an intercalation-induced phase transformation to IT-M0S2 bearing 

an octahedral atomic configuration [105, 108, 246]. In 1T-M0S2 the mode is inactive 

[105, 107]. Additional distortion due to the intercalation process has also been shown 

to result in the activation of new Raman modes [107]. The flakes produced in this 

work bear Raman signatures exclusive to 2H-M0S2 and are consistent with pristine 

samples of mechanically exfoliated M0S2 crystals [245]. This is significant as it confirms 

that solvent assisted exfoliation yields undistorted 2H-M0S2 and that no structural 

transformations occur due to the processing.

Raman mapping centred around the Ajg mode (scanning grid size 300 nm. Figure 

8.6D) allowed identification of M0S2 flakes. M0S2 flakes made up the majority of the 

objects seen in AFM and SEM imaging, though some of the smallest objects observed 

did not have the required Raman signature - these contaminants were probably 

particles of silicon debris from the substrate marking process. Across a sample of 50 

M0S2 flakes, the E^  ̂peak centres fell within the range 376 — 384 cm'^ while the Ajg 

peak centres were in the range 400 — 406 cm‘\  Such shifts and peak broadening have 

been observed in the Raman spectra of chemically synthesised few-layer M0S2 and in 

fullerene-like M0S2 [244]. In order to test if the shifts were due to size effects, the AFM 

heights and Raman spectral features were compared for the 50 M0S2 flakes studied. 

No obvious trend with flake thickness was observable. The data is plotted in Appendix 

Figure 10.4 on page 185. It is quite possible that the use of an unfiltered maximum 

intensity Raman excitation laser caused variable sample heating, resulting in the peak
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shifts - the maximum intensity laser source was required to produce an adequate 

Raman signal for mapping and M0 S2 flake identification. In addition, literature data 

does not examine lateral size effects, leaving open the possibility that variations in 

flake lateral dimensions, thickness and shape affect the Raman signal.

As part of this analysis, a set of M0 S2 flake heights were obtained. The height 

data for 50 flakes is summarised in Figure 8 .6 F. It was foimd that larger objects with 

lateral dimensions 500 — 1000 nm tended to be thicker than smaller flakes, sometimes 

with heights in the tens of nanometres as shown to the right of the distribution. The 

SEM images indicated some aggregation was present which would skew the data 

towards larger heights. The smaller flakes below ~  500 nm in size were much thinner 

in general with heights in the range 3 — 7 nm. A few steps in the range 0.9 — 1.2 nm 

were observed consistent with M0 S2 monolayers, meaning the small flakes were likely 

3 — 7 layers thick. These small flakes dominate the distribution in Figure 1 0 .4 F. No 

unambiguous monolayer material was observed with AFM and this was likely due 

to aggregation effects. It is noted that the AFM analysis was somewhat limited by 

the available equipment, use of a higher resolution instrument with larger scan areas 

and > 512 samples per line and > 512 lines per image would facilitate the search 

for monolayer and bi-layer material and yield more accurate step height information. 

Contact mode AFM could also be considered to yield better topographic information.

8 .3 . 4  TM D Films and Hybrid Materials

The M0 S2 and WS2 dispersions were easily prepared in large volumes at high concen­

trations (0.5 — 1 mg/ml) using bath or horn tip processing. This enabled the formation 

of free-standing films. These liquid-phase systems are highly versatile, allowing the 

facile formation of hybrid films by simply blending with dispersions of other nano­

materials. Figure 8 .7 A shows photos of free-standing films prepared with pure M0 S2 

and WS2 dispersions, along with a graphene film and hybrid films. The SEM images 

in Figure 8 .7 B and C show that the M0 S2 and WS2 flakes roughly aligned themselves 

in the plane of the film. These films showed no evidence of impurities and had surface
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Figure 8.7; Images of M0S2 and WS2 nanosheet films and hybrid materials. (A) Photos of 

free-standing M0S2, WS2 and graphene films along with hybrid films made of 

50 : 50 mass ratio blends. (B) and (C) SEM images of the surfaces of pure M0S2 

and WS2 nanosheet films. (D) and (E) SEM images of the surfaces of free-standing 

MoS2(WS2)/graphene hybrid films at 50 : 50 mass ratios. (F) and (G) SEM images 

of fractured edges of hybrid MoS2(WS2)/SWNT films.
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m o r p h o l o g y  t h a t  c l o s e l y  r e s e m b l e d  t h e  g r a p h e n e  f i l m s  s h o w n  i n  C h a p t e r  7 .  I n d e e d ,  

i n  t h e  S E M  i m a g e s  o f  t h e  h y b r i d  f i l m s  s h o w n  i n  F i g u r e  8 . 7 D  a n d  E  i t  i s  i m p o s s i b l e  

t o  d i s t i n g u i s h  M 0 S 2  a n d  W S 2  f r o m  g r a p h e n e .  T h e  a d d i t i o n  o f  g r a p h e n e  i n  m a k i n g  

t h e  50%  m a s s  f r a c t i o n  h y b r i d s  i m p r o v e d  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  M 0 S 2  a n d  W S 2 .  

T h e  p u r e  g r a p h e n e  f i l m  h a d  Y o u n g ' s  m o d u l u s  o f  ~  1 G P a .  C o m p a r i n g  p u r e  T M D  a n d  

h y b r i d  f i l m s ,  t h e  Y o u n g ' s  m o d u l u s  r o s e  f r o m  ~  0.4 G P a  t o  ~  1.8 G P a  f o r  M 0 S 2  a n d  

f r o m  ~  1.8 G P a  t o  ~  3.2 G P a  f o r  W S 2  ( t h e s e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  b y  U m a r  

K h a n ) .

I n  a  s i m i l a r  f a s h i o n ,  T M D s  c a n  b e  b l e n d e d  w i t h  S W N T s .  I n  t h i s  c a s e ,  t h e  M 0 S 2  

a n d  W S 2  f l a k e s  w e r e  b l e n d e d  w i t h  I l j i n  S W N T s  n a n o t u b e s  t h a t  h a d  b e e n  o r i g i n a l l y  

d i s p e r s e d  i n  C H P .  A s  s h o w n  i n  F i g u r e  8 . 7 F  a n d  G ,  t h e  M 0 S 2  a n d  W S 2  f l a k e s  w e r e  

e m b e d d e d  i n  a  n e t w o r k  o f  l o n g  S W N T s .  I t  w a s  f o u n d  t h a t  f i l t e r i n g  t h e  t o t a l  b l e n d e d  

d i s p e r s i o n  v o l u m e  o f  u p  t o  2 0  m l  o n t o  a  f i l t e r  m e m b r a n e  a t  o n c e  p r o d u c e d  a n  i n h o m o -  

g e n e o u s  f i l m ,  w i t h  a  h i g h e r  c o n c e n t r a t i o n  o f  M 0 S 2  o r  W S 2  o n  t h e  f i l m  s i d e  i n  c o n t a c t  

w i t h  t h e  m e m b r a n e  a n d  a  r o u g h e r  t o p  s u r f a c e  r i c h  i n  S W N T s .  T o  o v e r c o m e  t h i s ,  a  

l a y e r e d  d e p o s i t i o n  p r o c e s s  w a s  u s e d ,  w i t h  s m a l l  a l i q u o t s  o f  2 — 5 m l  o f  d i s p e r s i o n  

f i l t e r e d  a t  a  t i m e  a n d  a l l o w i n g  e a c h  a l i q u o t  t o  d r y  a n d  c o m p a c t  b e f o r e  a p p l y i n g  t h e  

n e x t  a l i q u o t .  T h i s  p r o d u c e d  m o r e  r o b u s t  a n d  h o m o g e n e o u s  h y b r i d  f i l m s .

A  s e t  o f  M 0 S 2 / S W N T  h y b r i d  f i l m s  w e r e  p r e p a r e d  f r o m  c o n c e n t r a t e d  M 0 S 2  d i s p e r ­

s i o n s  o n  n i t r o c e l l u l o s e  a n d  t r a n s f e r r e d  t o  m e t a l  f o i l s .  T o  i l l u s t r a t e  t h e  p o t e n t i a l  u t i l i t y  

o f  h y b r i d  T M D  f i l m s  t h e s e  s a m p l e s  w e r e  t e s t e d  a s  a  c a t h o d e s  i n  l i t h i u m  i o n  b a t t e r i e s .  

T h e  b a t t e r y  c e l l  o p e r a t e d  b y  r e v e r s i b l y  e x c h a n g i n g  L i +  i o n s  w i t h  t h e  w o r k i n g  m a t e r i a l  

v i a  t h e  e l e c t r o l y t e ;  f o r  a n  M 0 S 2  e l e c t r o d e  t h i s  e x c h a n g e  p r o c e s s  c a n  b e  w r i t t e n  a s  

x L i  - I -  M 0 S 2  ^  L i ; c M o S 2 . T h e  l i t h i u m  i n t e r c a l a t e s  i n t o  t h e  l a y e r e d  s t r u c t u r e  o f  M 0 S 2 ,  

r e s u l t i n g  i n  a  c o n v e r s i o n  f r o m  2H  t o  I T  s t r u c t u r e  [ 2 4 7 ] .  I n i t i a l  t e s t i n g  o f  t h e  h y b r i d  

f i l m s  i n d i c a t e d  a  m a r k e d  i m p r o v e m e n t  i n  p e r f o r m a n c e  o v e r  M 0 S 2  f i l m s  p r e p a r e d  b y  

s o l v e n t - a s s i s t e d  e x f o l i a t i o n .  F i g u r e  8 . 8  s h o w s  d a t a  f o r  a  p u r e  M 0 S 2  f i l m  a n d  a  80%  

M o S 2 - 2 0 %  S W N T  h y b r i d  f i l m .  T h e  M 0 S 2  f i l m  s h o w s  a  r a p i d  d e g r a d a t i o n  i n  c a p a c i t y  

o v e r  t h e  f i r s t  10 c y c l e s ,  w i t h  8 6 %  o f  c a p a c i t y  l o s t  b y  t h e  40*’’ c y c l e .  T h e  h y b r i d  f i l m  p e r ­

f o r m e d  b e t t e r  o v e r  t h e  s a m e  n u m b e r  o f  c y c l e s  w i t h  75%  o f  t h e  i n i t i a l  c a p a c i t y  r e t a i n e d .  

T h i s  d a t a  c o m p a r e s  w e l l  w i t h  l i t e r a t u r e  f o r  o t h e r  M 0 S 2 - b a s e d  n a n o - s t r u c t u r e d  a n d  c o m -
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posite materials tested in lithium batteries over similar numbers of charge/discharge 

cycles [2 4 7 - 2 5 1 ]. The rapid fall-off in M0S2 electrode capacity has been attributed in 

literature to aggregation and degradation of active particles during charge/discharge 

cycling [2 5 2 ]. In the M0S2/SWNT nanocomposite, the M0S2 flakes are distributed in 

a mechanically robust CNT network with restricted mobility, this should help limit 

aggregation. In addition, the highly electrically conducting CNT network facilitates 

electron transfer during lithiation and de-lithiation processes. Figure 8.9 shows the 

results of extending the testing of the hybrid cell to 100 cycles. Also shown is the 

Coulombic efficiency, this metric relates charge input and output through the cell. 

The Coulombic efficiency was high at above 95% for all measurements and indicated 

low energy losses over the charge/discharge cycles. The extended testing revealed 

a gradual degradation in charge capacity. The final capacity of 222 mAh g '^  is very 

close to that observed in a similar M0S2 /  SWNT hybrid film prepared using M0S2 and 

SWNTs exfoliated in aqueous surfactant systems [2 5 3 ]. The reason for the observed 

degradation with charge cycling is unclear and further tests are under way to study 

this; several factors including the CNT mass fraction, current density used, electrolyte 

degradation and CNT purity may be significant.

As the data presented here is limited primarily to charge capacity as a function 

of cycle number, a full comparison with other battery systems is not possible. With 

future work performance metrics such as power density, self-discharge levels, tem­

perature performance and specific production costs can be derived for M0S2 /  CNT 

hybrid electrodes of the type discussed above - this will enable a full assessment of 

the true value of the current work and allow for the setting of targeted performance 

improvements. One limiting factor in the overall performance of Li-ion batteries is long 

charge/discharge times, which are largely due to the limited diffusion rate of Li"̂  ions 

to the interior of the electrode material. Thus, it would be advantageous to increase the 

porosity of the electrode material. One could envisage exploiting the relatively porous 

structure of CNT networks in a hybrid system to increase ion flow capacity. In addition, 

the use of exfoliated 2D materials could improve charge/discharge rates if they could 

be assembled in such a way as to form a porous electrode that retains a high specific 

surface area. While charge/discharge data for the system above is not yet available, it is
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instructive to compare the final capacity at 100 cycles to other battery cathode materials. 

Most Li-ion cells operate with natural graphite cathodes with a theoretical maximum 

capacity of around 370 mAh g'* [2 5 4 ]. Current state-of-the art cells being examined for 

use in all-electric vehicle applications use cathode materials based on cobalt oxides, or 

compounds containing various ratios of cobalt/nickel/m anganese/alum inium  [2 5 5 ]. 

These cathode materials typically have capacity of the order of 340 — 680 mAh g"̂  

[2 5 5 ]. Thus, on capacity alone the hybrid material demonstrated here needs significant 

improvement to begin rivalling state of the art systems. These improvements could 

come from the use of improved CNTs with better electrochemical performance and the 

use of more stable exfoliated layered compounds. Nevertheless, the battery measure­

ments shown here illustrate a key application for liquid-phase exfoliated nanomaterials. 

The processing enables the simple formation of hybrid materials with properties that 

surpass the original material. It is hoped work in progress will shed further light on 

the behaviour of these battery systems and lead to further improvements.

8 .4  RESULTS A N D  D I S C U S S I O N ;  BI2TE3 A N D  RELATED C O M P O U N D S

The general method of sonication-assisted exfoliation in liquid-phase systems can be 

extended to other layered materials. In this section, the exfoliation of BiaTcj, BiaScj 

and Sb2Se3 is explored; sonication of these materials resulted in dark grey/black 

dispersions. As for M0S2 and WS2, a selection of good graphene solvents including 

CHP, NMP and NVP were found to be effective dispersal media for these materials. 

Figure 8 .1 0  gives typical optical absorption spectra for these materials dispersed in 

CHP using 10 min point probe sonication in CHP. The band gaps for these materials are 

typically ~  0.3 eV (4000 nm) [1 3 5 , 1 3 8 , 2 5 6 ] which was beyond the range of available 

spectrometers. Optical transitions are visible at 272 nm, 268 nm and 264 nm (in BizTej, 

512863 and Sb2Se3 respectively).

The stability of these types of dispersions was assessed by sedimentation analysis, 

this data is shown in Figure 8 .1 1 . Fitted exponential decay curves are also shown. It is 

clear that the Sb2Se3 dispersion was less stable than the others with fitting indicating a
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Figure 8.io: Optical absorption spectra for BizTcj, BijSej and SbzSej dispersed in CHP by 

10 min point probe sonication and 1000 rpm centrifugation.
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Figure 8 .ii: Sedimentation behaviour of BiaTej, BijSej and SbaSej dispersions in CHP. Samples 

at initial concentration C, =  5 m g/m l were point probe sonicated for 10 min and 

centrifuged at 1000 rpm. Fitted exponential decay curves are indicated by red 

dashed lines.
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Figure 8.12; Final BijTej dispersion concentration and percentage of starting material retained 

as a function of (A) initial concentration and (B) sonication time.

Stable phase of only 24%. Comparing the fits for BiiTej and Bi2 Se3 shows very different 

fitting constants despite the similarity of the curves, this appears to be an artefact 

of the fitting process that could be addressed by recording the data over a longer 

time period. Nevertheless, after 24 hrs over 96% of material remained dispersed for 

all three systems, with over 89% remaining after three days in all cases. After three 

weeks, ~  55% of Sb2 Se3 and ~  70% of the Bi2 Te3 and Bi2 Se3 remained dispersed. This 

data suggests reasonable stability of the dispersions and allows a good processing 

window. Further refinements in solvent selection and centrifugation parameters will 

help improve the stability further.

The preparation conditions of BiiTej dispersions were studied in further detail. The 

first parameter assessed was the extinction coefficient. The dispersions were found 

to follow Beer-Lambert behaviour upon dilution. As done previously for M0 S2 , the 

mass contained in a known volume of stock dispersion was determined by filtration 

onto a pre-weighed membrane. This allowed calculation of an extinction coefficient
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o f  ccBi2T63 =  800 L  g ‘* m ‘S  a t  a n  a r b i t r a r y  w a v e l e n g t h  o f  740 n m .  F o l l o w i n g  t h i s ,  t h e  

e f f e c t  o f  s o n i c a t i o n  t i m e ,  tg o n k ,  a n d  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  s t a r t i n g  m a t e r i a l ,  C „  

w a s  i n v e s t i g a t e d .  F i g u r e  8 .1 2 A  s h o w s  a  m a r k e d  i n c r e a s e  i n  f i n a l  c o n c e n t r a t i o n  a s  

C , i s  s c a l e d  u p  b e f o r e  s a t u r a t i n g  a t  t h e  h i g h e s t  v a l u e s  o f  C , ,  w i t h  c o n s t a n t  y i e l d s  

o f  a r o u n d  9%  f o r  a l l  i n i t i a l  c o n c e n t r a t i o n s  s t u d i e d .  A  s c a l i n g  o f  c o n c e n t r a t i o n  w i t h  

s o n i c a t i o n  t i m e  w a s  a l s o  o b s e r v e d ,  a s  d i s p l a y e d  i n  F i g u r e  8 .1 2 B .  U n l i k e  t h e  h i g h  

c o n c e n t r a t i o n  g r a p h e n e  s y s t e m s  d i s c u s s e d  i n  C h a p t e r  7 , t h e  t r e n d  d i d  n o t  q u i t e  f o l l o w  

y /tg g n ic  b e h a v i o u r .  H o w e v e r ,  a s  s e e n  b e f o r e ,  i n c r e a s i n g  t h e  s o n i c a t i o n  t i m e  i m p r o v e d  

t h e  f i n a l  c o n c e n t r a t i o n  o f  d i s p e r s e d  m a t e r i a l .  T h e  u s e  o f  h i g h e r  i n i t i a l  c o n c e n t r a t i o n s  

c a n  i m p r o v e  y i e l d s  f u r t h e r ,  a l l o w i n g  u p  t o  45%  o f  t h e  i n i t i a l  m a t e r i a l  t o  b e  d i s p e r s e d .

S a m p l e s  o f  t h e s e  d i s p e r s i o n s  w e r e  a n a l y s e d  b y  T E M .  F i g u r e s  8 .1 3 A  a n d  C  s h o w  

e x a m p l e s  o f  r i b b o n - l i k e  B iz T c j  s t r u c t u r e s .  I n  g e n e r a l  t h e s e  f l a k e s ,  a n d  o t h e r s  l i k e  t h e m ,  

w e r e  q u i t e  o p a q u e  t o  t h e  e l e c t r o n  b e a m  w h e n  c o m p a r e d  t o  t h e  m a t e r i a l s  d i s c u s s e d  

u p  t i l l  n o w ,  i .e .  g r a p h e n e ,  M 0 S 2  a n d  W S 2 . T h i s  w a s  p a r t l y  d u e  t o  t h e  m a t e r i a l  b e i n g  

m o r e  d e n s e  a n d  h a v i n g  c o n s t i t u e n t  a t o m s  w i t h  h i g h e r  a t o m i c  m a s s e s  r e l a t i v e  g r a p h e n e  

a n d  t h e  T M D s  i m a g e d  p r e v i o u s l y ;  t h i s  r e s u l t e d  i n  e n h a n c e d  s c a t t e r i n g  o f  i n c i d e n t  

e l e c t r o n s  y i e l d i n g  h i g h e r  c o n t r a s t  [ 2 0 1 ] .  A n o t h e r  f a c t o r  w a s  t h a t  t h e  e x f o l i a t i o n  w a s  

n o t  a s  c o m p l e t e  a s  b e f o r e ,  w i t h  m o s t  o f  t h e  f l a k e s  c o m p o s e d  o f  m o r e  t h a n  a  f e w  l a y e r s .  

I n  a d d i t i o n ,  t h e  l a c k  o f  c l e a r  e d g e  c o n t r a s t  i n  t h e s e  t y p e s  o f  f l a k e s  p r o h i b i t e d  t h e  u s e  

o f  q u a n t i t a t i v e  t h i c k n e s s  a n a l y s i s  b y  e d g e  c o u n t i n g .

N e v e r t h e l e s s ,  i n  n e a r l y  a l l  c a s e s  t h i n  p r o t r u d i n g  r e g i o n s  w e r e  o b s e r v e d .  A  c l o s e  u p  

o f  a  t y p i c a l  e d g e  i s  s h o w n  i n  F i g u r e  8 .1 3 B . I n  t h e  i n s e t ,  a  f a s t  F o u r i e r  t r a n s f o r m  o f  t h e  

i m a g e  d i s p l a y s  a  h e x a g o n a l  p a t t e r n  i n d i c a t i n g  a  h e x a g o n a l  p a r e n t  c r y s t a l  s t r u c t u r e .  I n  

a d d i t i o n ,  d i r e c t  m e a s u r e m e n t  o f  t h e  o b s e r v e d  h e x a g o n a l  l a t t i c e  f r i n g e s  s h o w s  a  l a t t i c e  

s p a c i n g  o f  0.219 n m ,  t h i s  i s  i n  p e r f e c t  a g r e e m e n t  w i t h  l i t e r a t u r e  d a t a  o n  c h e m i c a l l y  

s y n t h e s i s e d  B i j T e j  n a n o p a r t i c l e s  [1 3 9 ,  2 5 7 ] ,  a n d  w i t h  s i m p l e  d i r e c t  c a l c u l a t i o n s  b a s e d  

o n  t h e  k n o w n  l a t t i c e  c o n s t a n t  o f  =  0.4384 n m  [ 1 3 0 ,  1 3 1 ] .  F i g u r e  8 .1 3 D  a l s o  s h o w s  a  

B iz S e g  f l a k e  i m a g e d  w i t h  a n n u l a r  d a r k - f i e l d  S T E M . T h e  c l o s e - u p  o f  t h e  m a r k e d  y e l l o w  

s q u a r e  s h o w n  i n  F i g u r e  8 .1 3 E  c l e a r l y  i l l u s t r a t e s  t h a t  t h e  l a y e r e d  s t r u c t u r e  o f  t h e  p a r e n t  

b u l k  c r y s t a l  h a s  b e e n  r e t a i n e d ,  w i t h  e x p o s e d  s i n g l e  Q L s  v i s i b l e .  T h e  e n h a n c e d  s u r f a c e  

a r e a  o f  t h e s e  f l a k e s  a n d  t h e  p r e s e n c e  o f  t h i n n e d  e d g e s ,  w i t h  e x p o s e d  Q L s ,  m a y  a f f e c t
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Figure 8 . 1 3 : TEM and STEM images of material found in Bi2Te3 and Bi2Se3 dispersions pre­

pared in CHP. (A) and (C) Ribbons of BizTej. (B) High resolution image of the 

region marked by the red square in (A) with spacing of lattice fringes marked, 

inset showing FFT of the image. (D) STEM image of a BizSe3 flake with close-up 

of the area marked by the yellow square shown in (E).
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Figure 8.14: SEM images of (A-C) BiaTej, (D) BijSej and (E) SbzSej flakes and thin films. The 

large flake in (B) and the cluster of flakes in (C) were suspended on a TEM grid.

electrical and  therm al characteristics; this m ay prove usefu l in fu tu re  therm oelectric  

device applications and  in  the m aking of nano-structu red  com posites.

To fu rth e r characterise  these m ateria ls, film s w ere p rep a red  an d  tran sferred  to 

silicon substra tes. SEM im ages of flakes an d  th in  films p rep ared  from  BiaTej, BiaSej 

a n d  Sb2Se3 are show n  in F igure 8.14. For all m aterials, the  film s w ere com posed  of 

a d iso rd e red  array  of p late le ts of various sizes rang ing  from  abou t 20 n m  to several 

Jim. The film s w ere n o t m echanically  ro b u st an d  w ere easily  ru b b ed  off glass or 

silicon substra tes, w ith  bare  patches and  cracks visible in SEM im aging  of th in  films.
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F ig u re  8.15; S E M /E D X  an a ly sis  o f BiaTej film  d ep o s ite d  on  a PVDF m e m b ran e . EDX sp e c tru m  

a c q u ire d  u s in g  20 kV  e lec tro n  b eam . Inset: SEM  im ag e  o f th e  s a m p le d  area.

The poor packing of the flakes made electrical measurements on the films difficult. 

Typical electrical conductivity values of between 10“  ̂ and 10“  ̂S /m  were measured 

for BizTej films, far below typical literature values in excess of 10  ̂ S/m . It is noted 

that the nano-structured BizTej samples shown in literature typically used some form 

of high pressure compression an d /o r sintering process to form dense pellets from 

nano-crystals for subsequent electrical and thermal testing [120, 2 5 8 -2 6 4 ] , future work 

can consider using a similar densification/ annealing process on material produced by 

liquid phase exfoliation.

The chemical composition of the films was also examined. A Bi2 Te3  film deposited 

on PVDF was tested with EDX. Silicon was not used as a substrate as intense silicon 

X-ray features dominated the spectra and were found to corrupt the elemental analysis. 

The EDX spectrum is shown in Figure 8 .1 5 , with an SEM image of the area sampled 

in the inset. The bismuth M line and tellurium L line are the dominant peaks in the 

spectrum. Some oxygen, carbon and fluorine were also detected. The detection of



L I Q U I D - P H A S E  E X F O L I A T I O N  OF I N O R G A N I C  LAYERED C O M P O U N D S

Elem ent Em ission line W eight % Atom ic %

C K 14.6 49.2

0 K 2-5 6.2

F K 12.8 27.1

Bi M 37.0 7-1

Te L 33.1 10.4

Table 8.1: EDX elemental analysis for exfoliated BiaTej deposited on a PVDF membrane
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Figure 8.16: Raman spectra at three points along a film of BizTej flakes deposited on an alumina 

membrane. Spectra were collected with low laser power and 10 min acquisition 

times, averaged over two accumulations.
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carbon and fluorine can be attributed to the penetration of the high tension electron 

beam into the underlying PVDF membrane with molecular formula — (C2H2f2)„ —• 

The oxygen detected was also probably due to functional groups attached to the PVDF 

during manufacturing to render it hydrophilic. The results of the elemental analysis by 

the SEM/EDX software are shown Table 8.1. This shows a Te:Bi ratio of 1.46, within 

4% of the expected stoichiometric ratio of 1.5; the difference may be due to a slight Te 

deficiency caused by sonication-induced damage or maybe be attributed to uncertainty 

in the the EDX analysis. Significantly, the data shows that the processing has not 

introduced large-scale contamination or dramatically altered the chemical composition 

of the BiaTej flakes.

In addition, Raman spectra were collected from a BizTej film deposited on an alumina 

membrane. Due to the low thermal conductivity of BizTcj, pronounced heating effects 

and visible sample burning made the acquisition of a large number of spectra difficult. 

Low laser intensities and long accumulation times were required. Figure 8.16 shows 

spectra collected from three points on a typical film. A series of peaks are visible 

from each spot, two peaks are common to all three spectra. The peak labelled 

at 138.1 cm'^ is an IR and Raman active out-of-plane (c-axis) vibration commonly 

observed in BiaTej while one of the spectra also featured a related Ai^^ out-of-plane 

vibration [130, 132, 133, 257, 265]. The peak at 116.3 c m '\ labelled A^^, corresponds 

to an IR active out-of-plane vibration. This mode is normally Raman inactive in bulk 

BizTej but has been observed in mechanically exfoliated and chemically synthesised 

BiiTej nanoflakes [130, 132, 133, 257]. The activation of this peak has been attributed 

to the loss of crystal periodicity normally found in bulk BiiTej as flakes are thinned 

and new inter-layer interfaces are formed [133]. Another feature typical of BiaTej is 

normally found around 100 cm'^ and is denoted E | and corresponds to an in-plane 

lattice vibration, this feature was not observed within the limits set by the noise of the 

spectra of Figure 8.16. This feature has been shown to be largely absent in 2D BizTej 

synthesised by chemical vapour transport [257]. In mechanically exfoliated flakes, the 

E^ peak also showed a drop in intensity relative the A\^ peak with decreasing flake 

thickness [133]. The dominance of the peak over the E | in liquid-phase exfoliated 

flakes may indicate the loss of bulk crystalline properties as surface-to-volume ratios
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are increased. The shoulders of the AJ,, peak at 112.5 cm‘‘ and 113.8 cm‘  ̂ and the peak 

at 152 cm'^ in one of the spectra are unknown features.

Finally, dispersed Biz Teg flakes were spray-cast onto silicon and analysed by AFM. 

Figure 8 .1 7 A and B show samples of two regions analysed. The SEM images show a 

random scattering of flakes, similar to the thin films in Figure 8 .1 4  but with a lower 

areal density. On close examination, widespread clustering of flakes and aggregation 

is present. Figure 8 .1 7 C gives statistics for heights measured across 100 objects - these 

measurements were taken from higher magnification AFM scans within the areas 

shown in Figure 8 .1 4 . Only 6 % of objects could be classed as very thin with height 

< 10 nm (corresponding to about 10 QLs or three unit cells), the majority were much 

thicker with a mean value of 37 nm. The high values are partly due to aggregation, 

though with reference to the TEM images it appears that incomplete exfoliation has 

occurred. This may be due to a lower tensile strength of BizTej and perhaps stronger 

inter-layer van der Waals interactions relative to materials like graphite; this may 

result in more facile tearing of the flakes under the tensile stresses applied to the bulk 

material during sonication [2 2 8 , 2 3 8 ]. Nonetheless, these flakes show enhanced surface 

to volume ratios that could increase surface electronic effects. Furthermore, literature 

data shows a marked reduction in the in-plane and cross-plane thermal conductivity 

( k )  of mechanically exfoliated ~  50 nm thick BizTej stacks, with in-plane k  reduced 

by factor ~  2.4 and cross plane k  reduced by factor ~  3.5 from bulk values [1 3 2 ]. By 

analogy, similar thermal conductivity effects can be expected from the liquid-phase 

exfoliated material shown here. In addition, the dispersions can be easily processed 

and mixed with other nanomaterials such as graphene, CNTs, TMDs or others for 

the formation of hybrid materials, as illustrated for M0 S2 and WS2 earlier. Future 

studies on the formation of these hybrids could potentially yield novel cost-effective 

thermoelectric materials with high electrical conductivity and high Seebeck coefficients.
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Flake thickness (nm)

Figure 8 .1 7 ; AFM/SEM analysis of BizTcj flakes deposited on silicon by spray casting. (A) and

(B) show AFM (left, orange) and SEM (right, grayscale) images of two different 

14 /Ym areas analysed. (C) Histogram of BijTej flake thickness. All scale bars are 

4 in length.
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8.5 C O N C L U S I O N S

The work presented in this chapter has demonstrated that the sonication-assisted liquid- 

phase processing techniques previously used to produce graphene can be extended 

to form a wide range of other layered nanomaterials. Very stable dispersions of two 

transition metal dichalcogenides, M0S2 and WS2, have been prepared in common 

amide solvents. TEM analysis shows the flakes are of high quality and provides 

evidence of large-scale exfoliation to yield flakes that closely resemble graphene and 

few-layer graphene in shape and appearance. Further studies of deposited M0S2 flakes 

by scanning Raman spectroscopy showed features characteristic of 2H-M0S2. This 

confirmed that the preparation procedure did not chemically modify the crystalline 

structure to yield a IT octahedral geometry and distinguishes the chosen method 

from traditional Li-ion intercalation exfoliation routines. In addition, the Raman data 

allowed positive identification of M0S2 flakes to allow characterisation by SEM and 

AFM. The AFM data showed the presence of small few-layer flakes consistent with the 

TEM results, though a correlation between flake height and Raman peak shifts was 

not found.

Hybrid materials consisting of M0S2 and WS2 blended with graphene and SWNTs 

were successfully prepared. Testing of M0S2/SWNT films for Li-ion battery applica­

tions showed improved cycling stability and storage capacity compared to pure M0S2 

films. Some degradation was observed over large numbers of charge/discharge cycles 

with further work required to improve performance. The M0S2/SWNT hybrid system 

provides proof-of-concept. The range of hybrid materials that could be formed in this 

manner is extensive, with the ability to utilise not just graphene and CNTs but also a 

broad collection of polymers and other exfoliated TMDs.

Finally, the exfoliation of a class of materials with known thermoelectric properties 

and topological insulator qualities was examined. Dispersions of Bi2Te3, Bi2Se3 and 

Sb2Se3 were prepared in CHP. TEM and SEM analysis showed nanoflakes had been 

produced which retained the layered structure of the bulk materials. Raman spectra 

showed peaks characteristic of Bi2Te3 with possible spectral evidence of surface effects.
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EDX analysis confirmed that the production process did not yield chemically modified 

Bi2Te3 flakes. AFM and SEM analysis of deposited Bi2Te3 flakes showed some evidence 

of aggregation and confirmed TEM evidence suggesting limited exfoliation in these 

materials. Nonetheless, the enhanced surface to volume ratio of these nanomaterials 

warrants further study and may lead to the observation of novel electrical characterist­

ics. In addition, the facile production of hybrids of these materials through liquid-phase 

processing will facilitate future studies in thermoelectric devices.
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C O N C L U S I O N S  A N D  F U TUR E WORK

9.1  C O N C L U S I O N S

The aim of this thesis was to study the uhrasound-assisted exfoliation and dispersion 

of layered nanosheets in liquid phases. Across all systems studied, the processing 

method offered a scalable route to produce high quality material without the need for 

aggressive chemical treatments. To begin, this study examined the exfoliation of graph­

ite to produce graphene across a broad range of solvents. It was shown that graphene 

could be successfully produced in over 40 solvents, 28 of which were new graphene 

solvents. It is noted that significant populations of monolayer and bilayer graphene 

were observed, even in solvents showing poor dispersibility. TEM analysis of graphene 

produced across all six solvents showed > 63% of flakes were composed of 1 — 5 

graphene layers. This is important as many of the new solvents have advantages over 

those previously studied such as NMP, including low boiling points and compatibility 

w ith polymers to facilitate composite formation. The energetics of graphene-solvent 

interactions have been examined. It was confirmed that good graphene solvents have 

surface tensions close to 40 mj /  m^ and Hildebrand parameter 23 MPa^/^ Study­

ing the dispersions in terms of Hansen solubility parameters showed that dispersive 

interactions alone do not specify good solvents and that a degree of solvent polarity 

is required to disperse graphene well. In addition the Hansen solubility parameters 

of graphene itself have been estimated as { So)  =  18.0MPa^^^, (Sp)  =  9.3MPa^^^ and 

{6h ) =  7.6 MPa '̂^^. This has allowed the Flory-Huggins parameter to be calculated for 

each solvent to show that the energetic cost of graphene exfoliation strongly influences 

the ability of a solvent to disperse graphene.

Graphene production in aqueous systems using surfactant stabilisers was demon­

strated for the first time. It was shown that large quantities of few-layer graphene

1 7 1
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could be readily produced (~  43% < 5 layers), including significant quantities of 

monolayer material as proven with reference to electron diffraction data. The flakes 

were shown to be of high quality with no evidence of large-scale structural defects. 

This showed that oxidative chemical treatments or other functionalisation routines are 

not required to produce graphene in water-based systems. The dispersions were shown 

to be reasonably stable over a time frame of ~  6 weeks. Zeta potential measurements 

and the application of DLVO theory probed the stabilisation mechanism, proving the 

dispersions were stabilised against re-aggregation by electrostatic repulsions between 

surfactant coated graphene flakes. The graphene flakes were deposited to form films 

and shown to be composed of few-layer material by Raman spectroscopy, in agreement 

with TEM data. FTIR and XPS analyses confirmed the quality of the material with 

evidence of only very low levels of oxidation. AFM analysis demonstrated that spray 

casting allows small flakes to be easily deposited, revealing a significant population of 

flakes with thickness consistent with monolayer material.

High concentration surfactant-stabilised graphene dispersions were also prepared. 

Graphene concentrations exceeding 1 m g/m l were made using low power sonication 

for long times and optimised starting concentrations of graphite and surfactant. The dis­

persion concentration followed tsonic behaviour. Mild centrifugaHon at a; =  1500 rpm 

yielded very stable dispersions having an estimated 10% number fraction of graphene 

monolayers with ~  80% of flakes composed of < 5 layers. Higher centrifugation rates 

were shown to increase the monolayer yield. Raman and TEM analyses showed that 

prolonged sonication up to ~  430 hours did not reduce overall flake dimensions 

((L) ~  800 nm, (W) ~  350 nm) or increase the density of basal plane defects. The 

concentration of the high concentration dispersions scaled with t o ^ ^ ,  with increased 

rotation rates shown to decrease the overall graphene flake size. The ratio between 

the Raman D-band and G-band intensities was shown to scale linearly with the flake 

dimensions, with an observed trend in defect density that was consistent with the 

formation of new flake edges. The Raman and flake size data compared well to that 

obtained from studies on graphene-surfactant dispersions physically size selected 

using column chromatography. Free-standing films composed of predominantly few- 

layer graphene flakes were prepared with mechanical and electrical properties that
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compared well to similar films shown in literature prepared from reduced graphene 

oxide.

Finally, other materials composed of layered atomic planes were studied. Very stable 

high concentration dispersions of exfoliated M0S2 and WS2 were prepared in solvent- 

based systems. These dispersions showed optical features characteristic of the parent 

crystals. TEM analysis confirmed that large-scale exfoliation occurred, revealing flakes 

similar in appearance to graphene. Raman spectra of M0S2 flakes showed that the 

original bulk 2H crystal structure had been retained, this distinguished the chosen 

m ethod from alternative methods using lithium ion intercalation where transforma­

tions to a IT structure are observed. Scanning Raman measurements confirmed the 

nature of M0S2 flakes deposited on silicon by spray casting and enabled AFM ana­

lysis to reveal small flakes with heights consistent with 3 — 7 layer thickness. Hybrid 

materials were prepared by blending M0S2 and WS2 dispersions with graphene and 

single-walled carbon nanotubes. M0S2/carbon nanotube films were tested as cathode 

materials in lithium ion batteries. The hybrid film showed enhanced capacity and cyc­

ling stability compared to the exfoliated M0S2. Dispersions of thermoelectric materials 

Bi2Te3, Bi2Se3 and Sb2Se3 were also prepared by sonication in solvent systems and 

shown to have moderate temporal stability. TEM and AFM studies of Bi2Te3 flakes 

showed that partial exfoliation had occurred, although protrusions of thin quintuple 

layers were frequently observed. TEM and SEM/EDX analysis confirmed that the core 

crystal structure and stoichiometry of Bi2Te3 was retained during processing. Raman 

spectra from Bi2Te3 flakes showed features characteristic of the bulk material whilst 

displaying peak intensity ratios that suggest enhanced surface effects.

Overall, I strongly feel this thesis contributes to the understanding and development 

of diverse liquid-phase dispersions of exfoliated layered materials and that this work 

will promote future advances in nanomaterials research.
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9 .2  F U T U R E  W O R K

The methods and results shown in this thesis enhance the availability of layered mater­

ials to researchers. It is hoped the knowledge gained in relation to solvent performance 

and Hansen solubility parameters for graphene will facilitate the formulation of high 

performance solvent blends and polymer composite materials. A similar study is under 

way in our group to determine the Hansen solubility parameters of a selection of 

transition metal dichalcogenides, this will further advance the study of solvent-based 

exfoliation routines. The work on surfactant-assisted graphene exfoliation in water 

offers an alternative liquid-phase processing route with a number of benefits including 

minimal cost, high safety and compatibility with aqueous reagents. These dispersions 

are suitable for a wide range of applications with work in progress examining their use 

in gas sensors and electrodes in energy storage devices. The successful liquid-phase 

exfoliation of layered inorganic materials such as M0S2 and WS2 offers an exciting 

opportunity to exploit layered structures with a wide range of useful attributes. As part 

of this future work we are currently investigating ways to improve the performance of 

lithium ion batteries using blends of various liquid-phase dispersed low dimensional 

nanomaterials. Furthermore, the availability of liquid-dispersed layered compounds 

offers a route to form nanostructured hybrid materials which may have advantageous 

thermoelectric performance for energy conversion applications.

Some aspects of this future work can be specified more precisely as targeted projects 

for future PhD candidates. These are now given for the study of the effects of ultra­

sound in the liquid-phase processing of layered materials and for the development of 

high performance thermoelectric materials based on 2D nanostructures.

9 .2 .1  Investiga tion  o f  the m echanics/kinetics o f  u ltrasound-assisted liquid-phase exfoliation  

o f 2D  materials

It has been shown that liquid-phase dispersions of exfoliated layered materials such as 

graphene or M0S2 can be formed in suitable media by applying ultrasonic energy to
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bulk  paren t m aterials [9, 10, 162, 238]. However, there is only a lim ited understand ing  

of the role of u ltrasound  and  the role of the starting  m aterial.

The first part of this study  w ould aim  to examine the influence of m odified sonication 

param eters on a m odel system , e.g. graphite exfoliated to graphene. Different sonication 

frequencies cou ld  be tested  an d  resu lts  com pared  to  litera tu re  w h ere  fixed 20 kH z 

frequency  genera to rs  w ere used . By exam in ing  the  size a n d  defect densities  of the 

graphene flakes w ith  TEM and Ram an spectroscopy, im proved p roduction  procedures 

can be derived.

Following this the variation of yield w ith  other param eters that influence sonication 

such  as solvent viscosity and  tem pera tu re  w ould  be tested. In particu lar the s tu d y  of 

so lvent v iscosity  could  be re la ted  d irectly  to  the  sonic w ave p ro p ag a tio n  w ith in  the 

liqu id  m edium .

To further know ledge of the effects of sonication on the quality of m aterial produced , 

tip -enhanced  R am an spectroscopy cou ld  be used  to exam ine the basal p lane  and  

edge defect densities of the flakes. O bserved trends could be related  to the sonication 

frequency. In addition, tip enhanced Ram an could be used  in the determ ination  of the 

defect densities of different starting m aterials (e.g. HOPG, Kish graphite, various m ined 

graphites). In add ition , FTIR and  XPS spectroscopies can be used  to assess the extent 

of chem ical functional g roups in  the sta rtin g  m aterial. This analysis of the  s ta rtin g  

m ateria l cou ld  be re la ted  back  to the quality  of the  g rap h en e  flakes p ro d u ced . The 

d a ta  could also poten tia lly  be fitted to sim ulations based  on  the fractu re  of defective 

g ra p h e n e /g ra p h ite  crystals w ith  a v iew  to u n d e rs tan d in g  the influence of defects in 

the shear of graphite crystals during  sonication and the factors influencing the sizes of 

graphene flakes produced .

9.2.2 Investigation of the improvement o f thermoelectric devices using liquid-exfoliated 2D  

nanomaterials

Thermoelectric m aterials have prom ise for use in energy conversion b u t im provem ents 

in  the therm oelectric figure of m erit Z T  are needed to m ake their w idespread  usage vi-
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able. In particular, the availability of 2D thermoelectric materials like bismuth telluride 

opens the prospect of using nano-structuring to improve devices [112].

One of the challenges with current work on thin film thermoelectrics lies with 

determination of ZT. Whilst electrical conductivity (a), Seebeck coefficient (S) and 

carrier concentrations can be determined easily, say using deposited contacts, the 

thermal conductivity (k) is not easy to measure. Most work to date on thin-film 

thermoelectric devices has relied on using bulk values for thermal conductivity or 

on cross-plane measurements. Work is now under way to measure all the relevant 

thermoelectric parameters for thin films systems using a van der Pauw testing method. 

Thus, the first part of this project would be to adapt this van der Pauw technique 

to characterise thin films of thermoelectric materials produced in different ways (e.g. 

assembly of flakes deposited from liquid phases, co-sputtering and electrodeposition). 

This would work would develop a much-needed characterisation protocol for thin-film 

thermoelectric materials and lead into the next phase of the project.

2D thermoelectric materials could be used to fabricate thin films hybrids with 

anisotropic thermal and electrical conductivities. The components of these hybrids 

could be judiciously selected to maximise ZT. As one case, CNT fillers (high a) could 

be coupled with exfoliated Bi2Te3 (high S). By forming films the iD CNT network will 

be aligned in the film plane, with in-plane alignment of the 2D material also possible. 

One would then expect that the values of in-plane and cross-plane S, a  and k  should 

differ considerably. What is not known is if these properties would vary in a correlated 

fashion or if the use of a thermally and electrically conductive component would 

benefit the overall ZT. By using the previously developed ZT  measurement technique, 

together w ith existing methods for cross-plane measurements, the anisotropy in ZT 

could be determined. Percolation behaviour across S, <r and k as a function of the 

composition of these systems could also be studied. This knowledge would lead a 

wide range of hybrid systems being be developed for further study.

These optim um  systems could then be applied to produce a test device. One can 

visualise one simple geometry where stacks of thin film thermoelectric hybrids could 

be fabricated. Potentially by electrically insulating the stacks from the other using 

a dielectric a bulk thermoelectric block could be fabricated. Within this block each
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layer could act as its own independent thermoelectric device, which may give may 

have advantages in some device applications. Indeed, the formation of novel device 

architectures from thin-film thermoelectric hybrid materials could itself warrant a 

further study.
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10 .1  G R A P H E N E  DI SP ERS IB IL IT Y I N  SOLVENTS

Table lo.i: Graphene dispersibilities, Hansen solubility parameters and Hildebrand parameters 

for all 40 solvents studied. Hansen and Hildebrand parameters were taken from 

HSPiP software. Most of this data can also be found in Hansen Solubility Parameters 

- A User's Handbook [165].

Solvent <̂D

MPa»/^

S p

MPa^/^

S h

MPa^/^

S j

MPa^/^

Cg

^ g /m l

ACg

^ g /m l

1. Cyclopentanone (CPO) 17.9 11.9 5-2 22.1 8.5 1.2

2. Cyclohexanone 17.8 8.4 5-1 20.3 7-3 1-3

3- N-formyl piperidine 

(NFP)

18.7 10.6 7.8 22.9 7-2 1.0

4- N-vinyl pyrrolidone 

(NVP)

16.4 9-3 5-9 19.8 5-5 1-5

5- i,3-Dimethyl-2-

imidazolidinone

(DMEU)

18.0 10.5 9-7 23.0 5-4 1-3

6. Bromobenzene 19.2 5-5 4.1 20.4 51 -

7- Benzonitrile 18.8 12.0 3-3 22.5 4.8 0.6

8. Benzyl benzoate 20.0 5-1 5-2 21.3 4-7 1.9

9- N-methyl-pyrrolidone 

(NMP)

18.0 12.3 7-2 23.0 4-7 1.9
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Solvent 3p

MPa^/^

Sh

MPa^/^

6 j

MPa^/^

Cg

^ g / m \

ACg

/<g/ml

10. N,N-Dimethylpropylene 

urea (DMPU)

17.8 9-5 9-3 22.2 4.6 1-3

11. 7-Butyrolactone (GBL) 18.0 16.6 74 25.6 4.1 1.1

12. Dimethylformamide

(DMF)

17.4 13-7 11.3 24.9 4.1 14

13- AJ-ethyl-pyrrolidone

(NEP)

18.0 12.0 7.0 22.7 4.0 0.7

14. Dimethylacetamide

(DMA)

16.8 11.5 9 4 22.4 3-9 1-5

15- Cyclohexylpyrrolidone

(CHP)

18.2 6.8 6.5 20.5 3-7 1.0

16. Dimethyl sulfoxide 

(DMSO)

18.4 16.4 10.2 26.7 3-7 1-5

17- Dibenzyl ether 19.6 34 5-2 20.6 3-5 0.6

18. Chloroform 17.8 31 5-7 18.9 34 0.7

19- Isopropanol (IPA) 15.8 6.1 16.4 23.6 3 1 1.0

20. Chlorobenzene 19.0 4-3 2.0 19.6 2.9 0.5

21. i-octyl-2-pyrrolidone

(N8P)

17.4 6.2 4.8 19.1 2.8 1.0

22. 1-3 dioxolane 18.1 6.6 9-3 21.4 2.8 14

23. Ethyl acetate 15.8 5-3 7-2 18.2 2.6 1.2

24. Quinoline 20.5 5.6 5-7 22.0 2.6 0.6

25- Benzaldehyde 19.4 74 5-3 21.4 2-5 1-5

26. Ethanolamine 17-5 6.8 18.0 26.0 2-5 0.4

27- Diethyl phthalate 17.6 9.6 4-5 20.5 2.2 1-9
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Solvent

MPa^/"

S p

MPa^/^

S h

MPa^/^

5j

MPa^/^

Cg
H % / m \

ACg

^ g / m \

28. N-dodecyl-2-pyrrolidone

(N12P)

17-5 4.1 3.2 18.3 2.1 1 . 1

29. Pyridine 19.0 8.8 5-9 21.8 2.0 1-7

30. Dimethyl phthalate 18.6 10.8 4-9 22.1 1.8 0.4

31- Formamide 17.2 26.2 19.0 36.7 1-7 -

32. Ethanol 15.8
G

O
G

O 19.4 26.5 1.6 0.7

33- Vinyl acetate 16.0 7-2 5-9 18.5 1-5 0.7

34- Acetone 15-5 10.4 7.0 19.9 1.2 0.4

35- Water 15-5 16.0 42.3 47.8 1.1 0.4

36. Ethylene glycol 17.0 11.0 26.0 33.0 1.0 0.8

37- Toluene 18.0 1.4 2.0 18.2 0.8 0.4

38. Heptane 15-3 0.0 0.0 15-3 0.3 0.4

39- Hexane 14.9 0.0 0.0 14.9 0.2 O . I

40. Pentane 14.5 0.0 0.0 14.5 0.16 0.05
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Figure lo.i: Graphene dispersibihty, Cg, as a function of the sum of polar and hydrogen 

bonding HSPs
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Co
un

ts
 

C
ou

nt
s

A P P E N D I X

A
6 hrs

24 hrs

72 hrs20

146 hrs

433 hrs

0 1  2 3 4 5 6 7 8 9  10 11 12
Number of layers per flake, N

C
6 hrs30-

20 -

24 hrs3 0 - i

10 - !

40- 72 hrs

20 -

40-
30-
20 -

10 -

146 hrs

433 hrs

0.0 0.5 1.0 1.5 2.0 2.5
Flake width, W (urn)

25
20
15
10
5
0

20
15
10
5

i2 25

20
15
10
5

30 
20 
10 
0

0 1 2 3 4 5 6
Flake length, L (urn)

30
20
10
0

20
10

c  20 

o  10

20

10

30 
20 
10 
0

2 4 6 8 10 12 14 16
Flake aspect ratio, LIW

D
6 hrs

24 hrs

72 hrs

146 hrs

433 hrs

B
6 hrs

24 hrs

72 hrs

146 hrs

433 hrs

■ ~ H  i ~ i

Figure 10.3 : Histograms of TEM data as a function of sonication time, fsomc- All samples 

prepared using 90min CF time with co = 1500 rpm, Cgj =  5 mg/ml, Csc = 

0.1 mg/ml.



10-3 I N O R G A N I C  L A Y E R E D  C O M P O U N D S  -  M O S 2  A F M  D A T A

10 .3  I N O R G A N I C  L A Y E R E D  C O M P O U N D S  -  M O S 2  A F M  D A T A

4 5 -

4 0 -

3 5 -

I 3 0 -  

2 5 -x :
D )

■q)s z 2 0 -

(U

TO 15 -

LL
1 0 -

374 376 378 380 382 398 400  402  404  406  408

Raman shift (cm'^)

Figure 10.4: Flake he igh t from  A F M  analysis vs Raman peak p os ition  fo r so lvent exfo lia ted  

M0S2. Flakes were deposited on s ilicon  by spray casting and analysed v^ith  a



pm:
■:‘ ' % ' r - i l  II; '  > ’ '  *



B IB L IO G R A P H Y

[1] K roto, H. W., H eath , J. R., O 'B rien, S. C., C url, R. R, an d  Smalley, R. E. (1985) 

C60: Buckm insterfullerene. Nature ^18, 162-163.

[2] lijim a, S. (1991) Helical m icrotubules of graphitic  carbon. Nature 354, 56-58.

[3] Baughm an, R. H., Zakhidov, A. A., and de Heer, W. A. (2002) C arbon N ano tubes- 

the Route Toward A pplications. Science 297, 787-792.

[4] Terrones, M. (2004) C arbon  nanotubes: synthesis an d  p roperties , electronic de­

vices and other em erging applications. International Materials Reviews 49, 325-377.

[5] Colem an, J. N., Khan, U., Blau, W. J., and  G un 'ko , Y. K. (2006) Sm all b u t strong; 

A review  of the m echanical p roperties of carbon nano tube-po lym er com posites. 

Carbon 44, 1624-1652.

[6] Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y, Dubonos, S. V., 

Grigorieva, I. V., and Firsov, A. A. (2004) Electric Field Effect in A tom ically Thin 

C arbon Films. Science ^06, 666-669.

[7] Geim, A. K., and Novoselov, K. S. (2007) The rise of graphene. Nature Materials 6, 

183-191.

[8] N obelprize.org, The Nobel Prize in Physics 2010. 2010; h t tp : / /w w w .n o b e lp r iz e . 

o r g /n o b e l_ p r iz e s /p h y s ic s / la u re a te s /2 0 1 0 / .

[9] C olem an, J. N. (2009) L iquid-Phase Exfoliation of N an o tu b es a n d  G raphene. 

Advanced Functional Materials 19, 3680-3695.

[10] H ernandez , Y. e t al. (2008) H igh-yield  p roduction  of g raphene  by  liqu id -phase  

exfoliation of graphite. Nature Nanotechnology 3, 563-568.

[11] P ierson, H. O. Handbook of Carbon, Graphite, Diamond and Fullerenes - Properties, 

Processing and Applications) W illiam A ndrew  P ub lish ing /N oyes, 1993.

1 8 7



B I B L I O G R A P H Y

[12] F rad k in , E. (1986) C ritica l b e h a v io r  o f d iso rd e re d  d e g e n e ra te  sem ico n d u c to rs . 

II. S p ec tru m  a n d  tra n sp o r t p ro p e rtie s  in  m ean-field  theory. Physical Review B 33, 

3263.

[13] W ei, B. Q ., Vajtai, R., a n d  A jayan, P. M . (2001) R eliab ility  a n d  c u r re n t c a rry in g  

cap ac ity  o f ca rb o n  n an o tu b es . Applied Physics Letters 79, 1172-1174.

[14] Yu, M .-R , L ourie , O ., Dyer, M. J., M olon i, K., Kelly, T. R , a n d  R uoff, R. S. (2000) 

S tre n g th  a n d  B reak ing  M ech an ism  o f M ultiw aU ed  C a rb o n  N a n o tu b e s  U n d e r  

T ensile L oad . Science i S j ,  637-640.

[15] lijim a. S., an d  Ichihashi, T. (1993) Single-shell carbon  n an o tu b es  of i-n m  diam eter. 

N ature  363, 603-605.

[16] C h iang , I. W., B rinson, B. E., H u an g , A. Y , W illis, P. A., B ronikow ski, M. J., M ar­

g rave, J. L., Sm alley, R. E., a n d  H au g e , R. H . (2001) P u rifica tio n  a n d  C h arac te ri­

za tio n  of Single-W all C arbon  N an o tu b es (SWNTs) O b ta in ed  from  the  G as-Phase 

D eco m p o s itio n  o f C O  (H iP co  P rocess). The Journal o f Physical Chemistry B 105, 

8297-8301.

[17] M cD o n a ld , T. J., E n g trak u l, C ., Jones, M ., R um bles, G ., a n d  H eb en , M . J. (2006) 

K inetics o f PL q u en ch in g  d u rin g  sing le-w alled  ca rbon  n an o tu b e  re b u n d lin g  an d  

d ia m e te r -d e p e n d e n t su rfa c ta n t in te rac tio n s . Journal o f Physical Chemistry B 110, 

25339-25346.

[18] R eibold , M., Paufler, P., Levin, A. A., K ochm ann, W., Patzke, N ., an d  M eyer, D. C. 

(2006) M ateria ls : C a rb o n  n a n o tu b e s  in  an  a n c ie n t D a m a scu s  sab re . Nature 444, 

286-286.

[19] N a n o se n so rs , h t t p : / /www. w in d s o r s c ie n t i f  i c . c o . uk/A FM -Probe- CNT-NCH. 

h tm l.

[20] N an o cy l, h t t p : / / w w w . n a n o c y l . com/.

[21] B achilo , S. M ., S tran o , M . S., K ittre ll, C ., H a u g e , R. H ., Sm alley, R. E., a n d  

W eism an, R. B. (2002) S tru c tu re-assig n ed  optical sp ec tra  of s ing le-w alled  carbon  

n an o tu b es . Science zg8, 2361-2366.



B I B L I O G R A P H Y

[22] O 'C onnell, M. J., Bachilo, S. M ., H uffm an , C. B., M oore, V. C., S trano, M. S., 

H aroz, E. H ., R ialon, K. L., Boul, P. J., N oon, W. H ., K ittrell, C., M a, J. P., 

H auge, R. H., W eism an, R. B., and  Smalley, R. E. (2002) Band gap  fluorescence 

from  ind iv idual single-w alled carbon nanotubes. Science 297, 593-596.

[23] S trano, M. S., M oore, V. C., Miller, M. K., A llen, M. J., H aroz, E. H ., K ittrell, C., 

H auge, R. H., and  Smalley, R. E. (2003) The role of surfactan t adso rp tion  du ring  

u ltrason ication  in  the  d ispersion  of sing le-w alled  carbon  nano tubes. Journal o f 

Nanoscience and Nanotechnology 3, 81-86.

[24] M oore, V. C., Strano, M. S., Haroz, E. H., H auge, R. H., Smalley, R. E., Schm idt, J., 

and  Talm on, Y. (2003) Ind iv idually  su sp en d ed  single-w alled  carbon  nano tubes 

in various surfactants. Nano Letters 3, 1379-1382.

[25] Islam, M. P., Rojas, E., Bergey, D. M., Johnson, A. T., and Yodh, A. G. (2003) H igh 

w eight fraction surfactant solubilization of single-wall carbon nanotubes in water. 

Nano Letters 3, 269-273.

[26] M atarredona , O., R hoads, H ., Li, Z. R., H arw ell, J. H ., B alzano, L., a n d  Re- 

sasco, D. E. (2003) D ispersion  of single-w alled  carbon  n an o tu b es  in  aqueous 

so lu tions of the anionic su rfac tan t NaDDBS. Journal o f Physical Chemistry B loy,

1 3 3 5 7 - 1 3 3 6 7 -

[27] Bergin, S. D., N icolosi, V., C athcart, H ., Lotya, M., R ickard, D., Sun, Z. Y, 

Blau, W. J., an d  C olem an, J. N . (2008) Large p o p u la tio n s  of in d iv id u a l n a n ­

otubes in  surfactant-based dispersions w ithou t the need  for u ltracentrifugation . 

Journal of Physical Chemistry C 112, 972-977.

[28] C olem an, J. N ., D alton, A. B., C urran , S., Rubio, A., Davey, A. P., D rury , A., 

M cCarthy, B., Lahr, B., A jayan, P. M., Roth, S., Barklie, R. C., a n d  Blau, W. J. 

(2000) Phase separa tion  of carbon nano tubes an d  tu rbostra tic  g raph ite  u s in g  a 

functional organic polym er. Advanced Materials 12, 213.



B I B L I O G R A P H Y

[29] Cadek, M., Coleman, J. N., Barron, V., Hedicke, K., and Blau, W. J. (2002) M orpho­

logical and m echanical properties of carbon-nanotube-reinforced sem icrystalline 

and  am orphous polym er com posites. Applied Physics Letters 81, 5123-5125.

[30] Colem an, J. N., Cadek, M., Dalton, A. B., M unoz, E., Razal, J., Baughm an, R. H., 

and Blau, W. J. (2003) M echanical properties of hybrid polym er nanotube system s. 

Nanotechnology 5118, 271-279.

[31] M artin , C. A., Sandler, J. K. W., W indle, A. H ., Schw arz, M. K., Bauhofer, W., 

Schulte, K., and Shaffer, M. S. R (2005) Electric field-induced aligned m ulti-w all 

carbon nano tube netw orks in epoxy com posites. Polymer 46, 877-886.

[32] Blighe, F. M., H ernandez , Y. R., Blau, W. J., and  C olem an, J. N. (2007) O bserva­

tion  of percolation-like scaling - Far from  the percolation  th resho ld  - In  h igh  

volum e fraction, high conductivity polym er-nanotube com posite films. Advanced 

Materials 19, 4443.

[33] H asan, T., Scardaci, V., Tan, R H., Rozhin, A. G., M ilne, W. I., and  Ferrari, A. C. 

(2008) D ispersibility  and  stability  im provem ent of unfunctionalized  nano tubes 

in  am ide  solvents by  po lym er w rapp ing . Physica E-Loiv-Dimensional Systems & 

Nanostructures 40, 2414-2418.

[34] Z heng, M., Jagota, A., Sem ke, E. D., Diner, B. A., M cLean, R. S., Lustig , S. R., 

R ichardson, R. E., and Tassi, N. G. (2003) DNA-assisted dispersion and separation 

of carbon nanotubes. Nature Materials 2, 338-342.

[35] C athcart, H ., Q uinn , S., Nicolosi, V., Kelly, J. M., Blau, W. J., and  C olem an, J. N. 

(2007) Spontaneous debundling of single-walled carbon nanotubes in DN A-based 

dispersions. Journal of Physical Chemistry C m ,  66-74.

[36] Bergin, S. D., G iordani, S., M ae K ernan, D., M inett, A., C olem an, J. N ., an d  

Blau, W. J. (2005) C haracterisation  of single-w alled  carbon nan o tu b e  b u n d le  

d issociation  in  am ide  solvents. Electronic Properties of Novel Nanostructures j86, 

240-243.



B I B L I O G R A P H Y

[37] G iordani, S., Bergin, S. D., Drury, A., N i M huircheartaigh, E., Colem an, J. N., and 

Blau, W. J. (2005) Effect of solvents and  dispersants on the bundle  dissociation of 

sing le-w alled  carbon nano tube. Electronic Properties of Novel Nanostructures y86, 

232-235.

[38] G iordani, S., Bergin, S. D., Nicolosi, V., Lebedkin, S., K appes, M. M., Blau, W. J., 

an d  C olem an, J. N . (2006) D ebund ling  of sing le-w alled  n an o tu b es  by  d ilu tion ; 

O bservation  of large pop u la tio n s  of in d iv id u a l nano tu b es  in  am ide  so lvent 

dispersions. Journal of Physical Chemistry B 110, 15708-15718.

[39] Bergin, S. D., Nicolosi, V., G iordani, S., de G rom ard, A., C arpenter, L., Blau, W. J., 

and  C olem an, J. N. (2007) Exfoliation in  ecstasy: liqu id  crysta l fo rm ation  an d  

concen tra tion -dependen t d eb u n d lin g  observed  for single-w all n an o tu b es  d is­

persed  in the liquid  d ru g  gam m a-butyrolactone. Nanotechnology 18.

[40] Bergin, S. D., N icolosi, V., Streich, P. V., G iordani, S., Sun, Z. Y , W indle, A. H., 

Ryan, P., N iraj, N. P. P., W ang, Z. T. T., C arpen ter, L., Blau, W. J., B oland, J. J., 

H am ilton , J. P., and  C olem an, J. N . (2008) Tow ards so lu tions of sing le-w alled  

carbon nano tubes in com m on solvents. Advanced Materials 20, 1876.

[41] O xford U niversity Press, w w w .ox fo rd d ic tio n aries .co m .

[42] Boehm, H. P., Setton, R., and  S tum pp, E. (1986) N om enclature and  Term inology 

of G raphite-Intercalation C om pounds. Carbon 24, 241-245.

[43] Boehm, H. P., Setton, R., Stum pp, E., Boehm, H .-P , and Stum pp, E. (2007) C itation 

errors concerning the first report on  exfoliated graphite. Carbon 45, 1381-1383.

[44] Schafhaeutl, C. (1840) Phil. Mag. 16, 570-590.

[45] Dreyer, D. R., Ruoff, R. S., an d  Bielawski, C. W. (2010) From  C oncep tion  to 

Realization: A n H isto rial A ccount of G raphene  an d  Som e Perspectives for Its 

Future. Angewandte Chemie International Edition 49, 9336-9344.

[46] Lu, X. K., Yu, M. F., H uang , H ., an d  Ruoff, R. S. (1999) Tailoring g rap h ite  w ith  

the goal of achieving single sheets. Nanotechnology 10, 269-272.



1 9 2  B I B L I O G R A P H Y

[47] M orozov, S. V., Novoselov, K. S., K atsnelson, M. I., Schedin, R, Elias, D. C., 

Jaszczak, J. A., an d  Geim , A. K. (2008) G iant Intrinsic C arrier M obilities in 

G raphene and  Its Bilayer. Physical Review Letters 100, 016602.

[48] Lin, Y.-M., D im itrakopoulos, C., Jenkins, K. A., Farmer, D. B., Chiu, H.-Y., Grill, A., 

and  Avouris, R (2010) 100-GHz Transistors from Wafer-Scale Epitaxial Graphene. 

Science 327, 662.

[49] De, S., K ing, P. J., Lyons, P. E., K han, U., and  C olem an, J. N. (2010) Size Effects 

an d  the P roblem  w ith  Percolation in  N anostruc tu red  T ransparen t C onductors. 

Acs Nano 4, 7064-7072.

[50] Bonaccorso, R, Sun, Z., H asan, T., and Ferrari, A. C. (2010) G raphene photonics 

and  optoelectronics. Nat Photon 4, 611-622.

[51] Blake, P., H ill, E. W., N eto , A. H. C., Novoselov, K. S., Jiang, D., Yang, R., 

Booth, T. J., an d  Geim , A. K. (2007) M aking g raphene  visible. Applied Physics 

Letters 91.

[52] Nair, R. R., Blake, P., Grigorenko, A. N., Novoselov, K. S., Booth, T. J., Stauber, T., 

Peres, N. M. R., and  Geim , A. K. (2008) Fine s truc tu re  constan t defines v isual 

transparency  of graphene. Science ^20, 1308-1308.

[53] Blake, P., Brim icom be, P. D., Nair, R. R., Booth, T. J., Jiang, D., Schedin, R, 

P onom arenko , L. A., M orozov, S. V., G leeson, H . R, H ill, E. W., G eim , A. K., 

and  Novoselov, K. S. (2008) G raphene-based liquid crystal device. Nano Letters 8, 

1704-1708.

[54] Lee, C., Wei, X. D., Kysar, J. W., and  H one, J. (2008) M easurem ent of the elastic 

p roperties and  intrinsic strength  of m onolayer graphene. Science 321, 385-388.

[55] Peigney, A., Laurent, C., Flahaut, E., Bacsa, R. R., and  Rousset, A. (2001) Specific 

surface area of carbon nano tubes an d  bund les  of carbon  nano tubes. Carbon 39, 

507-514.

[56] Berger, C., Song, Z. M., Li, X. B., W u, X. S., Brown, N ., N au d , C., M ayou, D., 

Li, T. B., Hass, J., Marchenkov, A. N., Conrad, E. H., First, P. N., and de Heer, W. A.



B I B L I O G R A P H Y

(2006) Electronic confinem ent a n d  coherence in  p a tte rn e d  ep itax ial g raphene. 

Science 312, 1191-1196.

[57] Ohta, T., El Gabaly, E, Bostwick, A., McChesney, J. L., Emtsev, K. V., Schm id, A. K., 

Seyller, T., H orn, K., and Rotenberg, E. (2008) M orphology of graphene th in  film 

grow th  on SiC(oooi). New Journal o f Physics 10.

[58] Aristov, V. Y , U rbanik, G., K um m er, K., Vyalikh, D. V., M olodtsova, O. V., Preo- 

brajenski, A. B., Zakharov, A. A., H ess, C., H anke, T., Buchner, B., V obornik, I., 

Fujii, J., Panaccione, G., Ossipyan, Y. A., and Knupfer, M. (2010) G raphene Synthe­

sis on Cubic SiC /Si Wafers. Perspectives for M ass Production of Graphene-Based 

Electronic Devices. Nano Letters 10, 992-995.

[59] H ass, J., Heer, W. A. d., an d  C onrad , E. H. (2008) The g row th  an d  m orpho logy  

of epitaxial m ultilayer graphene. Journal of Physics: Condensed M atter 20, 323202.

[60] Soldano, C., M ahm ood, A., and  D ujardin, E. (2010) P roduction , p roperties  and  

po ten tia l of graphene. Carbon 48, 2127-2150.

[61] Kim, K. S., Zhao, Y, Jang, H., Lee, S. Y, Kim, J. M., Ahn, J. H., Kim, P., Choi, J. Y, 

and  H ong, B. H. (2009) Large-scale pa tte rn  grow th of graphene films for stretch­

able tran sparen t electrodes. Nature 457, 706-710.

[62] Reina, A., Jia, X. T., Ho, J., Nezich, D., Son, H. B., Bulovic, V., D resselhaus, M. S., 

a n d  Kong, J. (2009) Large A rea, Few-Layer G raphene  Film s on  A rb itra ry  Sub­

stra tes by Chem ical Vapor D eposition. Nano Letters 9, 30-35.

[63] Bae, S. e t al. (2010) Roll-to-roll p ro d u ctio n  of 30-inch g rap h en e  film s for tra n s­

paren t electrodes. Nat Nano 5, 574-578.

[64] Yang, X., D ou, X., R ouhanipour, A., Zhi, L., Rader, H. J., an d  M ullen , K. (2008) 

Two-Dimensional G raphene Nanoribbons. Journal of the American Chemical Society 

130, 4216-4217.

[65] Viculis, L. M., M ack, J. J., an d  Kaner, R. B. (2003) A chem ical ro u te  to carbon  

nanoscrolls. Science 299, 1361-1361.



B I B L I O G R A P H Y

[66] C hen, G. H ., W eng, W. G., W u, D. J., W u, C. L., Lu, J. R., W ang, R R, and  

Chen, X. R (2004) Preparation and  characterization of graphite nanosheets from  

ultrasonic pow dering  technique. Carbon 42, 753-759.

[67] Brodie, B. C. (1859) On the Atomic W eight of Graphite. Philosophical Transactions 

of the Royal Society o f London 149, 249-259.

[68] H um m ers , W. S., and  O ffem an, R. E. (1958) P repara tion  of G raphitic  Oxide. J. 

Am . Chem. Soc. 8 0 ,1339-1339.

[69] H ontoria lucas, C., L opezpeinado , A. J., Lopezgonzalez, J. D. D., Rojascer- 

vantes, M. L., and M artinaranda, R. M. (1995) Study of oxygen-containing groups 

in  a series of graphite oxides - physical and chemical characterization. Carbon 33, 

1585-1592.

[70] K ovtyukhova, N. I., Ollivier, P. J., M artin , B. R., M allouk, T. E., C hizhik , S. A., 

Buzaneva, E. V., and  Gorchinskiy, A. D. (1999) Layer-by-layer assem bly of ultra- 

th in  com posite  films from  m icron-sized g raph ite  oxide sheets and  polycations. 

Chemistry o f Materials 11, 771-778.

[71] Titelman, G. I., Gelman, V., Bron, S., Khalfin, R. L., Cohen, Y., and Bianco-Peled, H. 

(2005) C haracteristics and  m icrostructu re  of aqueous colloidal d ispersions of 

g raph ite  oxide. Carbon 43, 641-649.

[72] Stankovich, S., D ikin, D. A., D om m ett, G. H. B., K ohlhaas, K. M., Zimney, E. J., 

Stach, E. A., Piner, R. D., N guyen, S. T., and Ruoff, R. S. (2006) G raphene-based 

com posite m aterials. Nature 442, 282-286.

[73] Schniepp , H . C., Li, J. L., M cAllister, M. J., Sai, H ., H errera-A lonso , M., A d am ­

son, D. H., P ru d 'h o m m e, R. K., Car, R., Saville, D. A., and  Aksay, I. A. (2006) 

Functionalized  single g raphene  sheets derived  from  sp litting  g raph ite  oxide. 

Journal of Physical Chemistry B 110, 8535-8539.

[74] Li, X., Zhang, G., Bai, X., Sun, X., Wang, X., Wang, E., and Dai, H. (2008) H ighly 

conducting graphene sheets and Langm uir-Blodgett films. Nature Nanotechnology 

3, 538-542-



B I B L I O G R A P H Y

[75] Dikin, D. A., Stankovich, S., Zimney, E. J., Finer, R. D., D om m ett, G. H. B., Evme- 

nenko, G., N guyen, S. T., and Ruoff, R. S. (2007) Freparation and  characterization 

of g raphene oxide paper. Nature 448, 457-460.

[76] S tankovich, S., D ikin, D. A., Finer, R. D., K ohlhaas, K. A., K leinham m es, A., 

Jia, Y., W u, Y., N guyen , S. T., an d  Ruoff, R. S. (2007) Synthesis of g raphene- 

based nanosheets via chemical reduction of exfoliated graphite  oxide. Carbon 45, 

1558-1565.

[77] Gilje, S., H an , S., W ang, M., W ang, K. L., an d  Kaner, R. B. (2007) A  chem ical 

rou te  to g raphene for device applications. Nano Letters 7, 3394-3398.

[78] Li, D., M uller, M. B., Gilje, S., Kaner, R. B., and  Wallace, G. G. (2008) Frocessable 

aqueous d ispersions of g raphene nanosheets. Nature Nanotechnology 3, 101-105.

[79] Eda, G., Fanchini, G., an d  C hhow alla, M. (2008) Large-area u ltra th in  film s of 

reduced graphene oxide as a transparen t and flexible electronic m aterial. Nature 

Nanotechnology 3, 270-274.

[80] Lom eda, J. R., Doyle, C. D., Kosynkin, D. V., H w ang, W.-F., and Tour, J. M. (2008) 

D iazon ium  F unctionalization  of S urfactan t-W rapped  C hem ically  C onverted  

G raphene Sheets. Journal of the American Chemical Society 130, 16201-16206.

[81] Si, Y., a n d  Sam ulski, E. T. (2008) Synthesis of w ater so luble  g raphene . Nano 

Letters 8 , 1679-1682.

[82] Valles, C., D rum m o n d , C., Saadaoui, H ., F u rtado , C. A., H e, M., R oubeau , O., 

O rto lan i, L., M onth ioux , M., a n d  Fen icaud , A. (2008) Solu tions of N egative ly  

C harged  G raphene Sheets and  Ribbons. Journal of the American Chemical Society 

1^0, 15802.

[83] Eda, G., an d  C hhow alla, M. (2009) G raphene-based  C om posite  T h in  Film s for 

Electronics. Nano Letters 9, 814-818.

[84] Fark , S., A n, J. H ., Jung, I. W., Finer, R. D., A n, S. J., Li, X. S., V elam akanni, A., 

an d  Ruoff, R. S. (2009) C ollo idal S uspensions of H igh ly  R educed  G rap h en e  

Oxide in  a W ide Variety of O rganic Solvents. Nano Letters 9, 1593-1597-



B I B L I O G R A P H Y

[85] Choucair, M., Thordarson , P., and  Stride, J. A. (2009) G ram -scale p roduction  of 

g raphene based  on solvotherm al synthesis and  sonication. Nat Nano 4, 30-33.

[86] Tung, V. C., A llen, M. J., Yang, Y., an d  Kaner, R. B. (2009) H ig h -th ro u g h p u t 

solution processing of large-scale graphene. Nat Nano 4, 25-29.

[87] G om ez-N avarro , C., W eitz, R. T., Bittner, A. M., Scolari, M., M ew s, A., 

B urghard, M., and  Kern, K. (2007) Electronic Transport Properties of Indiv idual 

Chem ically R educed G raphene Oxide Sheets. Nano Letters 7, 3499-3503.

[88] R am anathan, T., A bdala, A. A., Stankovich, S., Dikin, D. A., H errera-A lonso, M., 

Piner, R. D., A dam son, D. H., Schniepp, H. C., Chen, X., Ruoff, R. S., N guyen, S. T , 

Aksay, I. A., P ru d 'h o m m e, R. K., an d  Brinson, L. C. (2008) Functionalized  

g raphene sheets for polym er nanocom posites. Nature Nanotechnology 3, 327-331.

[89] W u, Z.-S., Ren, W., Gao, L., Liu, B., Jiang, C., and Cheng, H.-M. (2009) Synthesis 

of h igh -qua lity  g raphene  w ith  a p re-de te rm ined  n u m b er of layers. Carbon 47, 

493-499.

[90] Yang, D., V elam akanni, A., Bozoklu, G., Park , S., Stoller, M., Piner, R. D., 

S tankovich, S., Jung, I., Field, D. A., Ventrice Jr, C. A., and  Ruoff, R. S. (2009) 

Chem ical analysis of graphene oxide films after heat and chemical treatm ents by 

X-ray photoelectron and  M icro-Ram an spectroscopy. Carbon 47, 145-152.

[91] Wilson, J. A., and Yoffe, A. D. (1969) Transition M etal Dichalcogenides Discussion 

an d  In te rp re ta tio n  of O bserved  O ptical, Electrical and  S tructu ral Properties.

Advances in Physics 18, 193.

[92] Ayari, A., C obas, E., O gundadegbe, O., and  Fuhrer, M. S. (2007) R ealization 

an d  electrical characterization  of u ltra th in  crystals of layered transition-m etal 

dichalcogenides. Journal of Applied Physics 101, 014507.

[93] Tenne, R., M argulis, L., G enut, M., and  H odes, G. (1992) Polyhedral and  C ylin­

drical S tructures of Tungsten D isulfide. Nature 360, 444-446.

[94] M argulis, L., Salitra, G., Tenne, R., and Talianker, M. (1993) N ested Fullerene-like 

S tructures. Nature 365, 113-114.



B I B L I O G R A P H Y

[95] Tenne, R., an d  Redlich, M. (2010) Recent p rog ress in  the  research  of inorganic 

fu llerene-like nanopartic les  an d  inorganic  nano tubes. Chemical Society Reviews 

39, 1423-1434.

[96] Rosentsveig, R., M argolin , A., G orodnev, A., Popovitz-B iro, R., Feldm an, Y , 

Rapoport, L., Novem a, Y, Naveh, G., and Tenne, R. (2009) Synthesis of fullerene- 

like M0S2 nanoparticles and their tribological behavior. Journal of Materials Chem­

istry 19, 4368-4374.

[97] Rothschild, A., Sloan, J., and  Tenne, R. (2000) G row th of WS2 nano tubes phases. 

Journal of the American Chemical Society 122, 5169-5179.

[98] N ath, M., and Rao, C. N. R. (2002) N anotubes of the disulfides of groups 4 and 5 

m etals. Pure and Applied Chemistry 74, 1545-1552.

[99] F rindt, R. F. (1965) O ptical A bsorp tion  of a Few U nit-C ell Layers of M0S2. 

Physical Review 140, A536.

[100] Novoselov, K. S., Jiang, D., Schedin, F., Booth, T. J., K hotkevich, V. V., M oro­

zov, S. V., and  Geim, A. K. (2005) Tw o-dimensional atom ic crystals. Proceedings of 

the National Academy o f Sciences o f the United States o f America 102, 10451-10453.

[101] Radisavljevic, B., Radenovic, A., Brivio, J., G iacom etti, V., an d  Kis, A. (2011) 

Single-layer M0S2 transistors. 6, 147-150.

[102] Rao, C. N . R., an d  N ag , A. (2010) Inorganic A nalogues of G raphene. European 

Journal of Inorganic Chemistry 4244-4250.

[103] M atte, H ., G om ath i, A., M anna, A. K., Late, D. J., D atta , R., Pati, S. K., and  

Rao, C. N. R. (2010) M0S2 and WS2 Analogues of G raphene. Angewandte Chemie- 

International Edition 49, 4059-4062.

[104] Joensen, P., Frindt, R. F , and  M orrison, S. R. (1986) Single-layer M0S2. Materials 

Research Bulletin 21, 457-461.



B I B L I O G R A P H Y

[105] Yang, D., Sandoval, S. J., D ivigalpitiya, W. M. R., Irw in , J. C., and  F rindt, R. F. 

(1991) S tructu re  of Single M olecular Layer M0S2. Physical Review B 43, 12053- 

12056.

[106] Joensen, R, Crozier, E. D., A lberding, N., and Frindt, R. F. (1987) A study  of single- 

layer and  restacked M0S2 by x-ray-diffraction and x-ray absorption-spectroscopy. 

Journal of Physics C-Solid State Physics 20, 4043-4053.

[107] Jim enez Sandoval, S., Yang, D., Frindt, R. F , and Irw in, J. C. (1991) Ram an study  

and  lattice dynam ics of single m olecular layers of M0S2. Physical Review B 44, 

3955-

[108] G ordon , R. A., Yang, D., C rozier, E. D., Jiang, D. T., and  F rindt, R. F. (2002) 

S tructu res of exfoliated single layers of WS2, M0S2, an d  MoSe2 in  aqueous 

suspension . Physical Review B 65, 125407.

[109] W ypych, R, and  Schollhorn, R. (1992) 1T-M0S2, a new  m etallic m odification of 

m o ly b d en u m  disulfide. Journal of the Chemical Society, Chemical Communications 

1386-1388.

[110] Yang, D., and  Frindt, R. F. (1995) Li-intercalation and exfoliation of WS2. Journal 

of Physics and Chemistry of Solids 57, 1113-1116.

[111] Rowe, D. (1999) Thermoelectrics, an environm entally-friendly source of electrical 

power. Renewable Energy 16, 1251-1256.

[112] D resselhaus, M., C hen, G., Tang, M. Y, Yang, R. G., Lee, H., W ang, D., Ren, Z., 

Fleurial, J.-R, and  G ogna, R (2007) N ew  D irections for Low -D im ensional Ther­

m oelectric M aterials. Advanced Materials 19, 1043-1053.

[113] Bell, L. E. (2008) Cooling, H eating , G enerating  Power, a n d  Recovering W aste 

H eat w ith  Therm oelectric Systems. Science 3 2 1 ,1457-1461.

[114] Snyder, G. J., an d  Toberer, E. S. (2008) C om plex therm oelectric  m aterials. Nat 

Mater 7,105-114.



B I B L I O G R A P H Y

[115] P oudel, B., H ao, Q., M a, Y., Lan, Y , M innich, A., Yu, B., Yan, X., W ang, D., 

M uto, A., Vashaee, D., Chen, X., Liu, }., Dresselhaus, M. S., Chen, G., and  Ren, Z. 

(2008) H igh-Therm oelectric Perform ance of N anostructu red  B ism uth A ntim ony 

Telluride Bulk Alloys. Science 320, 634-638.

[116] K anatzid is, M. G. (2010) N anostruc tu red  Therm oelectrics: The N ew  Paradigm ? 

Chemistry o f Materials 22, 648-659.

[117] Rowe, D., and  Bhandari, C. Modern thermoelectrics■, H olt, R inehart an d  W inston, 

1983.

[118] M innich, A. J., D resselhaus, M. S., Ren, Z. R, an d  C hen, G. (2009) Bulk n anos­

tructu red  therm oelectric materials: current research and future prospects. Energy

Environmental Science 2, 466-479.

[119] Vineis, C. J., Shakouri, A., M ajum dar, A., an d  K anatzid is, M. G. (2010) N an o s­

tru c tu red  Therm oelectrics: Big Efficiency G ains from  Sm all Features. Advanced 

Materials 22, 3970-3980.

[120] Zhao, L. D., Zhang, B. P., Li, J. R, Zhang, H. L., and  Liu, W. S. (2008) E nhanced 

therm oelectric and m echanical properties in textured n-type Bi2Te3 p repared  by 

spark  p lasm a sintering. Solid State Sciences 10, 651-658.

[121] Golia, S., A rora, M., Sharm a, R. K., an d  Rastogi, A. C. (2003) Electrochem ically 

deposited  b ism uth  telluride th in  films. Current Applied Physics 3, 195-197.

[122] Z hou , W., a n d  W ang, Z. L. Scanning Microscopy for Nanotechnology - Techniques 

and Applications; Springer - Verlag, 2006.

[123] Li, X. L., Cai, K. P., Li, H ., W ang, L., and  Z hou , C. W. (2010) E lectrodeposition  

an d  characterization  of therm oelectric  Bi2Se3 th in  films. International Journal of 

Minerals Metallurgy and Materials ly ,  104-107.

[124] Chen, C. L., Chen, Y. Y, Lin, S. J., Ho, J. C., Lee, P. C., Chen, C. D., and  H aru tyun- 

yan, S. R. (2010) Fabrication an d  C haracterization  of E lectrodeposited  B ism uth 

Telluride Films and  N anow ires. Journal of Physical Chemistry C 114, 3385-3389.



2 0 0  B I B L I O G R A P H Y

[125] Kim, M. Y , an d  O h, T. S. (2010) C rystallization  Behavior an d  Therm oelectric 

C haracteristics of the E lectrodeposited  Sb2Te3 Thin Films. Thin Solid Films 518, 

6550-6553.

[126] Jeon, S.-j., O h, M., Jeon, H., H yun , S., an d  Lee, H.-j. (2011) Effects of p o s t­

annealing on therm oelectric properties of b ism uth-tellurium  thin films deposited 

by co-sputtering. Microelectronic Engineering 88, 541-544.

[127] Kim, D.-H., and  Lee, G.-H. (2006) Effect of rap id  therm al annealing  on  therm o­

electric p roperties  of b ism u th  tellu ride  films g row n by co-sputtering . Materials 

Science and Engineering: B 131, 106-110.

[128] W ang, R. Y , Feser, J. P., Gu, X., Yu, K. M., Segalm an, R. A., M ajum dar, A., Mill- 

iron, D. J., and  U rban, J. J. (2010) U niversal and  Solution-Processable Precursor 

to B ism uth Chalcogenide Therm oelectrics. Chemistry of Materials 22, 1943-1945.

[129] M ehta, R. J., K arthik, C., Singh, B., Teki, R., Borca-Tasciuc, T , and  R am anath, G. 

(2010) Seebeck T uning in  C halcogenide N anop la te  A ssem blies by N anoscale 

H eterostructuring . ACS Nano 4, 5055-5060.

[130] Teweldebrhan, D., Goyal, V., and  Balandin, A. A. (2010) Exfoliation and  C harac­

terization of Bism uth Telluride Atomic Q uintuples and Quasi-Two-Dim ensional 

Crystals. Nano Letters 10, 1209-1218.

[131] Seizo, N . (1963) The crystal s truc tu re  of Bi(2)Te(3-x)Se(x). Journal of Physics and 

Chemistry of Solids 24, 479-485.

[132] Goyal, V., Teweldebrhan, D., and Balandin, A. A. (2010) M echanically-exfoliated 

stacks of thin films of Bi2Te3 topological insulators w ith enhanced therm oelectric 

perform ance. Applied Physics Letters 97.

[133] Shahil, K. M. F., H ossain , M. Z., Tew eldebrhan, D., and  Balandin, A. A. (2010) 

C rystal sym m etry  b reak ing  in  few -qu in tup le  Bi2Te3 films: A pplications in  

nanom etro logy  of topological insulators. Applied Physics Letters 96, 153103-3.



BIBL IOGR AP HY 201

[134] Teweldebrhan, D., Goyal, V., Rahm an, M., and  Balandin, A. A. (2010) Atom ically- 

th in  crystalline films an d  ribbons of b ism u th  telluride. Applied Physics Letters 

96.

[135] H ong , S. S., K undhikan jana, W., C ha, J. J., Lai, K. ]., K ong, D. S., M eister, S.,

Kelly, M. A., Shen, Z. X., and Cui, Y. (2010) U ltrath in  Topological Insulator Bi2Se3 

N anoribbons Exfoliated by Atomic Force Microscopy. Nano Letters 10, 3118-3122.

[136] D ing, Z., Bux, S. K., K ing, D. J., C hang, F. L., C hen, T.-H., H u an g , S.-C., and  

Kaner, R. B. (2009) L ith ium  in tercalation  an d  exfoliation of layered b ism u th  

selenide and  b ism uth  telluride. Journal o f Materials Chemistry 19, 2588-2592.

[137] Z hang , H. J., Liu, C. X., Qi, X. L., Dai, X., Fang, Z., an d  Z hang , S. C. (2009) 

Topological insulators in Bi2Se3, Bi2Te3 and  Sb2Te3 w ith  a single D irac cone on 

the surface. Nature Physics 5, 438-442.

[138] H asan, M. Z., and Kane, C. L. (2010) Colloquium : Topological insulators. Reviews 

of Modern Physics 82, 3045-3067.

[139] K ong, D., D ang, W., C ha, J. J., Li, H ., M eister, S., Peng, H ., Liu, Z., an d  Cui, Y.

(2010) Few-Layer N anoplates of Bi2Se3 and Bi2Te3 w ith  H ighly Tunable Chem ical 

Potential. Nano Letters 10, 2245-2250.

[140] Liu, J., C asavant, M. J., Cox, M., W alters, D. A., Boul, P., Lu, W., R im berg, A. J.,

Smith, K. A., Colbert, D. T., and Smalley, R. E. (1999) Controlled deposition of in­

d iv idual single-walled carbon nanotubes on chemically functionalized tem plates. 

Chemical Physics Letters 303, 125-129.

[141] Ausm an, K. D., Piner, R., Lourie, O., Ruoff, R. S., and  Korobov, M. (2000) Organic 

Solvent D ispersions of Single-W alled C arbon  N anotubes: Tow ard Solu tions of 

Pristine N anotubes. The Journal of Physical Chemistry B 104, 8911-8915.

[142] Furtado, C. A., Kim, U. J., Gutierrez, H. R., Pan, L., Dickey, E. C., and Eklund, P. C.

(2004) D ebundling and  dissolution of single-w alled carbon nano tubes in  am ide 

solvents. Journal of the American Chemical Society 126, 6095-6105.



2 0 2  B I B L I O G R A P H Y

[143] Landi, B. J., Ruf, H. J., W orm an, J. ]., an d  Raffaelle, R. R (2004) Effects of alkyl 

am ide  solvents on  the  d ispersion  of single-w all carbon nano tubes. Journal o f 

Physical Chemistry B 108, 17089-17095.

[144] M aeda, Y , K im ura, S., H irash im a, Y , K anda, M., Lian, Y. R, W akahara, T., 

Akasaka, T., Hasegawa, T., Tokumoto, H., Shimizu, T., K ataura, H., M iyauchi, Y, 

M aruyam a, S., Kobayashi, K., and  N agase, S. (2004) D ispersion of single-w alled 

carbon nanotube bundles in nonaqueous solution. Journal of Physical Chemistry B 

108, 18395-18397.

[145] Tan, Y Q., and Resasco, D. E. (2005) D ispersion of single-walled carbon nanotubes 

of narrow  diam eter distribution. Journal of Physical Chemistry B 109, 14454-14460.

[146] Bergin, S. D., Sun, Z., R ickard, D., Streich, P. V., H am ilton , J. P., an d  C ole­

m an, J. N. (2009) M ulticom ponent Solubility Param eters for Single-W alled C ar­

bon N anotube-Solvent M ixtures. Acs Nano 3, 2340-2350.

[147] H am , H. T., Choi, Y. S., an d  C hung , I. J. (2005) A n exp lanation  of d ispersion  

sta tes of single-w alled  carbon nano tubes in solvents and  aqueous su rfac tan t 

so lu tions u sing  solubility  param eters. Journal of Colloid and Interface Science 286, 

216-223.

[148] D etriche, S., Zorzini, G., Colom er, J. R, Fonseca, A., and  Nagy, J. B. (2007) 

A pplication  of the H ansen  Solubility Param eters Theory to C arbon N anotubes. 

Journal of Nanoscience and Nanotechnology 8, 6082-6092.

[149] C heng, Q. H ., D ebnath , S., G regan, E., and  Byrne, H. J. (2008) Effect of Solvent 

Solubility  P aram eters  on  the  D ispersion  of Single-W alled C arbon  N ano tubes. 

Journal of Physical Chemistry C 112, 20154-20158.

[150] Geim, A. K., and M acDonald, A. H. (2007) Graphene: Exploring Carbon Flatland. 

Physics Today 60, 35-41.

[151] H im ter, R. Introduction to modern colloid science; O xford U niversity  P ress N ew  

York, 1993; Vol. 7.



B I B L I O G R A P H Y

[152] Bonard, J.-M., Stora, T., Salvetat, J.-R, Maier, R, Stockli, T., D uschl, C., Forro, L., 

de Heer, W. A., and Chatelain, A. (1997) Purification and  size-selection of carbon 

nanotubes. Advanced Materials 9, 827-831.

[153] Bandow, S., Rao, A. M., W illiams, K. A., Thess, A., Smalley, R. E., and  Eklund, P. C. 

(1997) Purification of Single-W all C arbon  N an o tu b es by M icrofiltration. The 

Journal of Physical Chemistry B 101, 8839-8842.

[154] Duesberg, G. S., Burghard, M., M uster, J., Philipp, G., and Roth, S. (1998) Separa­

tion of carbon nanotubes by size exclusion chrom atography. Chemical Communi­

cations 435-436.

[155] D uesberg , G. S., M uster, J., Krstic, V., B urghard , M., an d  Roth, S. (1998) C hro ­

m atographic size separation of single-w all carbon nanotubes. Applied Physics A: 

Materials Science &amp; Processing 6y, 117-119.

[156] W eism an, R. B., Bachilo, S. M., an d  Tsyboulski, D. (2004) F luorescence spec­

troscopy of single-w alled  carbon  nano tubes in  aqueous suspension . Applied 

Physics a-Materials Science & Processing j8 , 1111-1116.

[157] Vaism an, L., W agner, H. D., an d  M arom , G. (2006) The role of su rfac tan ts  in 

d ispersion  of carbon nano tubes. Advances in Colloid and Interface Science 128, 

37-46.

[158] Sun, Z., N icolosi, V., R ickard, D., Bergin, S. D., A herne, D., an d  C olem an , J. N. 

(2008) Q uantitative evaluation of surfactant-stabilized single-w alled carbon nan ­

otubes: D ispersion  quality  an d  its corre la tion  w ith  zeta  po ten tia l. Journal of 

Physical Chemistry C 112, 10692-10699.

[159] G rossiord , N ., van  d e r Schoot, P., M euldijk , J., an d  K oning, C. E. (2007) D eter­

m ina tion  of the surface coverage of exfoliated carbon  n an o tu b es  by  su rfac tan t 

m olecules in aqueous solution. Langmuir 23, 3646-3653.

[160] R astogi, R., K aushal, R., Tripathi, S. K., Sharm a, A. L., Kaur, L, a n d  B harad- 

waj, L. M. (2008) Com parative s tudy  of carbon nanotube dispersion using surfac­

tants. Journal of Colloid and Interface Science 328, 421-428.



2 0 4  B I B L I O G R A P H Y

[161] H aggenm ueller, R., R ahatekar, S. S., Fagan, J. A., C hun , J. H., Becker, M. L., 

N aik, R. R., K rauss, T., C arlson, L., K adla, J. R, Trulove, R C., Fox, D. R, De- 

Long, H . C., Fang, Z. C., Kelley, S. O., and  G ilm an, J. W. (2008) C om parison  

of the qua lity  of aqueous d ispersions of single w all carbon n ano tubes  u sing  

surfactants and  biom olecules. Langmuir 24, 5070-5078.

[162] Lotya, M ., H ern an d ez , Y, King, P. J., Sm ith, R. J., N icolosi, V., K arlsson, L. S., 

Blighe, F. M., De, S., Wang, Z., McGovern, I. T., Duesberg, G. S., and Colem an, J. N. 

(2009) L iquid  Phase P roduction  of G raphene by  Exfoliation of G raph ite  in 

S u rfac tan t/W ater Solutions. Journal of the American Chemical Society 131, 3611- 

3620.

[163] Lotya, M ., K ing, P. J., K han, U., De, S., an d  C olem an, J. N . (2010) H igh- 

C oncen tration , Surfactant-S tabilized G raphene  D ispersions. Acs Nano 4, 3155- 

3162.

[164] G nanou, Y , Fontanille, M., and  C orporation, E. Organic and physical chemistry of 

polymers; W iley O nline Library, 2008.

[165] H ansen, C. Hansen solubility parameters: a user's handbook; CRC, 2007.

[166] C allister Jr, W. Materials science and engineering: an introduction; John  W iley & 

Sons. Inc. N ew  York, USA, 2007.

[167] Lyklem a, J. (1999) The surface tension  of p u re  liquids: T herm odynam ic  com ­

ponen ts  and  co rrespond ing  states. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 156, 413-421.

[168] R ubinstein , M., a n d  Colby, R. Polymer physics; O xford U niversity  Press, USA, 

2003.

[169] Rosen, M. Surfactants and interfacial phenomena; W iley-Interscience, 2004.

[170] A tkins, P., and  Paula, J. Physical Chemistry; W.H. Freem an, 2006.

[171] M alvern-Instrum ents, Zetasizer N ano Series User M anual. 2004.

[172] Jones, R. Soft condensed matter; Oxford U niversity  Press, 2002.



B I B L I O G R A P H Y

[173] Israelachvili, J. Intermolecular And Surface Forces; A cadem ic Press, 2010.

[174] O verbeek, J. T. G. (1977) Recent developm en ts in  the u n d e rs ta n d in g  of colloid 

stability. Journal of Colloid and Interface Science 58, 408-422.

[175] O hsh im a, H. In Theory of Colloid and Interfacial Electric Phenomena, 1st ed.; H u b ­

bard , A., Ed.; INTERFACE SCIENCE A N D  TECHNOLOGY; 2006; Vol. 12; p  

474 -

[176] L ondon, F. (1937) The general th eo ry  of m olecu lar forces. Transactions o f the 

Faraday Society 33, 8b-26.

[177] M argenau, H. (1939) Van der w aals forces. Reviews of Modern Physics 11, 1.

[178] C lark, T. R. M., B.J.; Frost, Ed. Techniques in Visible and Ultraviolet Spectrometry, 

C hapm an & Hall, 1993; Vol. 4.

[179] Wang, J., H ernandez, Y, Lotya, M., Colem an, J. N., and  Blau, W. J. (2009) Broad­

band  N onlinear O ptical Response of G raphene D ispersions. Advanced Materials 

21, 2430-2435.

[180] Varian C ary 50 and  4000, 5000, 6oooi UV-VIS Specifications. Varian.

[181] ATR-FTIR Perkin-Elm er Technical Note.

[182] Long, D. A. Raman Spectroscopy, M cGraw -H ill, 1977.

[183] Lewis, I., an d  E dw ards, H . Handbook of Raman spectroscopy: from the research 

laboratory to the process line; M arcel Dekker, 2001.

[184] McCreery, R. Raman spectroscopy for chemical analysis; John W iley & Sons, 2000.

[185] Sm ith, E., an d  D ent, G. Modern Raman spectroscopy: a practical approach; J. Wiley, 

2005.

[186] Ferrari, A. C., M eyer, J. C., Scardaci, V , C asiraghi, C., L azzeri, M ., M auri, R, 

Piscanec, S., Jiang, D., Novoselov, K. S., Roth, S., and  Geim , A. K. (2006) R am an 

spectrum  of g raphene and  graphene layers. Physical Reviezv Letters gy.



2o 6 b i b l i o g r a p h y

[187] D re s s e lh a u s , M . S., Jo rio , A ., H o fm a n n , M ., D re s se lh a u s , G ., a n d  S a ito , R. (2010) 

P e r s p e c tiv e s  o n  C a rb o n  N a n o tu b e s  a n d  G r a p h e n e  R a m a n  S p e c tro sc o p y . N ano  

Letters 10, 751-758 .

[188] G ra f , D ., M o lito r , E , E n ss lin , K ., S ta m p fe r , C ., J u n g e n , A ., H ie ro ld ,  C ., a n d  

W irtz , L. (2007) R a m a n  im a g in g  o f  g ra p h e n e . Solid S tate C om m unica tions 14^, 

4 4 -4 6 .

[189] M a la rd , L. M ., P im e n ta ,  M . A ., D re s s e lh a u s ,  G ., a n d  D re s s e lh a u s ,  M . S. (2009) 

R a m a n  sp e c tro sc o p y  in  g ra p h e n e . Physics R eports-R eview  Section o f  P hysics Letters  

473, 5 1 -87 .

[190] E e rra r i , A . C . (2007) R a m a n  s p e c tro s c o p y  o f g r a p h e n e  a n d  g ra p h i te ;  D is o rd e r , 

e le c tro n -p h o n o n  c o u p lin g , d o p in g  a n d  n o n a d ia b a t ic  effec ts. Solid S ta te  C o m m u ­

nications 143, 47 - 57 .

[191] V id a n o , R. P., F isc h b a c h , D . B., W illis, L. J., a n d  L o eh r, T. M . (1981) O b s e rv a tio n  

o f  R a m a n  B an d  S h iftin g  w ith  E x c ita tio n  W a v e len g th  fo r  C a rb o n s  a n d  G ra p h ite s . 

Solid  S tate C om m unications  39, 341-344 .

[192] K oh , Y. K., Bae, M . H ., C ah ill, D. G ., a n d  P o p , E. (2011) R eliab ly  C o u n tin g  A to m ic  

P la n e s  o f  F ew -L ay e r G ra p h e n e  (n  > 4). A cs N ano  5, 269-274 .

[193] C a s ir a g h i ,  C ., H a r ts c h u h ,  A ., Q ia n , H ., P isc a n e c , S., G e o rg i, C ., F a so li, A ., 

N o v o se lo v , K. S., B asko , D. M ., a n d  F e rra ri, A . C . (2009) R a m a n  S p e c tro sc o p y  o f 

G ra p h e n e  E d g e s . N ano  Letters 9, 1433-1441.

[194] M a so n , T., a n d  L orim er, J. Sonochem istry: theory, applications and uses o f  u ltrasound  

in  chem istry; E llis  H o rw o o d , 1988.

[195] N ic o lo s i, V., V rb an ic , D ., M rze l, A ., M cC au ley , J., O 'F lah e r ty , S., M c G u in n e ss , C ., 

C o m p a g n in i , G ., M ih a ilo v ic , D ., B lau , W. J., a n d  C o le m a n , J. N . (2005) S o lu b ility  

o f  M 06S4.5I4.5 n a n o w ire s  in  c o m m o n  so lv en ts : A  se d im e n ta t io n  s tu d y . Journal o f  

P hysical C hem istry  B 109, 7124-7133.

[196] M ich o v , B. M . (1988) R a d ic a lly  s im p lify in g  th e  H e n ry  fu n c tio n . Electrophoresis 9, 

199-200 .



B I B L I O G R A P H Y  2 0 7

[197] Binnig, G., Q uate, C. E, and Gerber, C. (1986) Atom ic Force M icroscope. Physical 

Review Letters 56, 930.

[198] The A tom ic Force M icroscope R esource L ibrary, h t tp : //w w w .a fm u n iv e rs ity . 

o r g /b lo g /2007/ 06/ 21/w h a t- is -a n -a to m ic - fo rc e -m ic ro s c o p e / .

[199] W iesendanger, R. Scanning probe microscopy and spectroscopy: methods and applica­

tions; C am bridge U niversity Press, 1994.

[200] Bhushan, B. Handbook of nanotechnology, Springer, 2007.

[201] W illiams, D., and Carter, C. Transmission electron microscopy: a textbook for materials 

science. Basics; Springer, 2009.

[202] M eyer, J. C., Geim , A. K., K atsnelson, M. L, Novoselov, K. S., Booth, T. and  

Roth, S. (2007) The structu re  of su spended  g raphene sheets. Nature 446, 60-63.

[203] Thornton, P. Scanning electron microscopy: applications to materials and device science; 

C hapm an & Hall, 1968.

[204] M anual for the SUPRA and ULTRA Scanning Electron M icroscopes V5.00. Zeiss,

2005.

[205] G arratt-R eed, A., an d  Bell, D. Energy-dispersive X-ray analysis in the electron mi­

croscope; BIOS, 2003.

[206] Bergin, S. D., Sun, Z., Streich, P., H am ilton, J., and  Colem an, J. N. (2009) N ew  Sol­

vents for N anotubes: A pproaching  the D ispersibility  of Surfactants. The Journal 

of Physical Chemistry C 114, 231-237.

[207] Ruoff, R. S., Tse, D. S., M alhotra , R., an d  L orents, D. C. (1993) S o lubility  of 

fullerene (C60) in a variety of solvents. The Journal of Physical Chemistry 97, 3379- 

3383.

[208] Abergel, D. S. L., and Fal'ko, V. I. (2007) Optical and  m agneto-optical far-infrared 

p roperties of bilayer graphene. Physical Review B 75,155430.



2o 8 b i b l i o g r a p h y

[2 0 9 ]  T a f t ,  E .  A . ,  a n d  P h i l i p p ,  H .  R . ( 1 9 6 5 )  O p t i c a l  P r o p e r t i e s  o f  G r a p h i t e .  P h y s ic a l  

R e v ie w  1 3 8 ,  A 1 9 7 .

[2 1 0 ]  A h u j a ,  R . ,  A u l u c k ,  S . ,  W i l l s ,  J . M . ,  A l o u a n i ,  M . ,  J o h a n s s o n ,  B .,  a n d  E r i k s s o n ,  O .  

( 1 9 9 7 ) O p t i c a l  p r o p e r t i e s  o f  g r a p h i t e  f r o m  f i r s t - p r i n c i p l e s  c a l c u l a t i o n s .  P h y s ic a l  

R e v ie w  B  5 5 ,  4 9 9 9 .

[2 1 1 ]  L o c k w o o d ,  N .  A . ,  d e  P a b l o ,  J . J . ,  a n d  A b b o t t ,  N .  L . (2 0 0 5 )  I n f l u e n c e  o f  s u r f a c t a n t  

t a i l  b r a n c h i n g  a n d  o r g a n i z a t i o n  o n  t h e  o r i e n t a t i o n  o f  l i q u i d  c r y s t a l s  a t  a q u e o u s -  

l i q u i d  c r y s t a l  i n t e r f a c e s .  L a n g m u i r  2 1 ,  6 8 0 5 - 6 8 1 4 .

[2 1 2 ]  W h i t e ,  B .,  B a n e r j e e ,  S . ,  O 'B r i e n ,  S . ,  T u r r o ,  N .  J . ,  a n d  H e r m a n ,  I . P . ( 2 0 0 7 )  Z e t a -  

p o t e n t i a l  m e a s u r e m e n t s  o f  s u r f a c t a n t - w r a p p e d  i n d i v i d u a l  s i n g l e - w a l l e d  c a r b o n  

n a n o t u b e s .  J o u r n a l  o f  P h y s ic a l  C h e m i s t r y  C m ,  1 3 6 8 4 - 1 3 6 9 0 .

[2 1 3 ]  W e i r i c h ,  T .,  L a b a r ,  J . ,  a n d  Z o u ,  X . E le c tr o n  c r y s ta l lo g r a p h y :  n o v e l  a p p r o a c h e s  f o r  

s t r u c t u r e  d e t e r m in a t i o n  o f  n a n o s i z e d  m a te r ia ls ;  S p r i n g e r ,  2 0 0 6 .

[ 2 1 4 ]  T k a c h e v ,  S . V ., B u s l a e v a ,  E . Y ., a n d  G u b i n ,  S . P. (2 0 1 1 )  G r a p h e n e :  A  N o v e l  C a r b o n  

N a n o m a t e r i a l .  I n o r g a n ic  M a t e r ia l s  4 j ,  1 - 1 0 .

[2 1 5 ]  Y a n g ,  Q . ,  P a n ,  X . J . ,  H u a n g ,  P ., a n d  L i ,  K . C .  ( 2 0 1 0 )  F a b r i c a t i o n  o f  H i g h -  

C o n c e n t r a t i o n  a n d  S t a b l e  A q u e o u s  S u s p e n s i o n s  o f  G r a p h e n e  N a n o s h e e t s  b y  

N o n c o v a l e n t  F u n c t i o n a l i z a t i o n  w i t h  L i g n i n  a n d  C e l l u l o s e  D e r i v a t i v e s .  J o u r n a l  o f  

P h y s ic a l  C h e m i s t r y  C  1 1 4 ,  3 8 1 1 - 3 8 1 6 .

[2 1 6 ]  V e g h ,  J . ( 2 0 0 6 )  T h e  S h i r l e y  b a c k g r o u n d  r e v i s e d .  J o u r n a l  o f  E le c tr o n  S p e c t r o s c o p y  

a n d  R e la t e d  P h e n o m e n a  1 5 1 , 1 5 9 - 1 6 4 .

[2 1 7 ]  P a r k ,  S . ,  A n ,  J . ,  P i n e r ,  R . D . ,  J u n g ,  I . ,  Y a n g ,  D . ,  V e l a m a k a n n i ,  A . ,  N g u y e n ,  S . T .,  

a n d  R u o f f ,  R . S . (2 0 0 8 )  A q u e o u s  S u s p e n s i o n  a n d  C h a r a c t e r i z a t i o n  o f  C h e m i c a l l y  

M o d i f i e d  G r a p h e n e  S h e e t s .  C h e m i s t r y  o f  M a t e r ia l s  2 0 ,  6 5 9 2 - 6 5 9 4 .

[2 1 8 ]  B e c e r r i l ,  H .  A . ,  M a o ,  J . ,  L i u ,  Z . ,  S t o l t e n b e r g ,  R . M . ,  B a o ,  Z . ,  a n d  C h e n ,  Y. ( 2 0 0 8 )  

E v a l u a t i o n  o f  S o l u t i o n - P r o c e s s e d  R e d u c e d  G r a p h e n e  O x i d e  F i l m s  a s  T r a n s p a r e n t  

C o n d u c t o r s .  2 ,  4 6 3 - 4 7 0 .



B I B L I O G R A P H Y

[219] De, S., and Coleman, J. N. {2010) Are There Fundam ental Lim itations on the Sheet 

Resistance and  Transm ittance of Thin G raphene Films? Acs Nano 4, 2713-2720.

[220] De, S., K ing, R J., Lotya, M., O 'N eill, A., D oherty, E. M., H ern an d ez , Y., D ues- 

berg, G. S., and Colem an, J. N. (2010) Flexible, Transparent, C onducting Films of 

R andom ly Stacked G raphene from  Surfactant-Stabilized, O xide-Free G raphene 

D ispersions. SM ALL 6, 458-464.

[221] M aslova, M. V., Gerasim ova, L. G., and  Forsling, W. (2004) Surface p roperties of 

cleaved mica. Colloid Journal 66, 322-328.

[222] Liu, T., Luo, S. D., Xiao, Z. W., Z hang, C., a n d  W ang, B. (2008) P repara tive  

U ltracentrifuge M ethod for C haracterization  of C arbon  N ano tube  D ispersions. 

Journal of Physical Chemistry C 112, 19193-19202.

[223] W eng, L. S., Z hang, L. Y., C hen, Y. P., and  R okhinson, L. P. (2008) A tom ic force 

m icroscope local oxidation nano lithography  of graphene. Applied Physics Letters 

93 -

[224] Sidorov, A. N., Y azdanpanah, M. M., Jalilian, R., O useph, P. J., C ohn, R. W., and  

Sum anasekera, G. U. (2007) Electrostatic deposition of graphene. Nanotechnology 

18.

[225] N em es-Incze, P., O svath , Z., K am aras, K., and  Biro, L. P. (2008) A nom alies in 

thickness m easurem ents of graphene and few layer graphite crystals by tapp ing  

m ode atom ic force microscopy. Carbon 4 6 ,1435-1442.

[226] Paredes, J. L, Villar-Rodil, S., M artinez-A lonso , A., an d  Tascon, J. M. D. (2008) 

G raphene oxide d ispersions in  organic solvents. Langmuir 24, 10560-10564.

[227] Sm ith, R. J., Lotya, M., and  C olem an, J. N . (2010) The im portance  of repu lsive  

po ten tia l barriers for the d ispersion  of g raphene using  surfactants. New Journal 

of Physics 12.

[228] K han, U., O 'N eill, A., Lotya, M ., De, S., and  C olem an, J. N . (2010) H igh- 

C oncentration Solvent Exfoliation of G raphene. SM ALL 6, 864-871.



2 1 0  B I B L I O G R A P H Y

[229] Green, A. A., and H ersam , M. C. (2009) Solution Phase P roduction of G raphene 

w ith  Controlled Thickness via Density Differentiation. Nano Letters 9, 4031-4036.

[230] H asan, T., Torrisi, R, Sun, Z., Popa, D., Nicolosi, V., Privitera, G., Bonaccorso, R, 

an d  Ferrari, A. C. (2010) Solu tion-phase exfoliation of g raph ite  for u ltra fas t 

photonics. Physica Status Solidi B-Basic Solid State Physics 24 /, 2953-2957.

[231] G reen, A. A., an d  H ersam , M. C. (2010) E m erging M ethods for P roducing  

M onodisperse G raphene Dispersions. Journal of Physical Chemistry Letters 1, 544- 

549 -

[232] Khan, U., Porw al, H., O 'N eill, A., N aw az, K., May, P., and  Colem an, J. N. (2011) 

Solvent-Exfoliated G raphene  at Extrem ely H igh  C oncentration . Langmuir 27, 

9077-9082.

[233] H ennrich , R, K rupke, R., A rnold , K., Rojas Stutz, J. A., Lebedkin, S., K och, T., 

Schim m el, T., and  K appes, M. M. (2007) The M echanism  of C avitation-Induced 

Scission of Single-W alled Carbon N anotubes. The Journal o f Physical Chemistry B 

111, 1932-1937.

[234] Lucas, A., Zakri, C., M augey, M., Pasquali, M., Schoot, P. v. d., and  Poulin , P. 

(2009) Kinetics of N anotube and Microfiber Scission under Sonication. The Journal 

of Physical Chemistry C 113, 20599-20605.

[235] Sm ith, R. J., King, P. J., W irtz, C., D uesberg, G., and  Colem an, J. N. Lateral Size 

Selection of A queous G raphene-Surfactan t D ispersions u sing  Size Exclusion 

C hrom atography. Submitted, under review

[236] O 'N eill, A., K han, U., N irm alraj, P. N., Boland, J., an d  C olem an, J. N . (2011) 

G raphene D ispersion and  Exfoliation in  Low Boiling Point Solvents. The Journal 

of Physical Chemistry C 115, 5422-5428.

[237] C hen, H ., M uller, M. B., G ilm ore, K. J., Wallace, G. G., and  Li, D. (2008) M e­

chanically  strong , electrically conductive, and  biocom patib le g rap h en e  paper. 

Advanced Materials 20, 3557.



B IB L IO GR A PHY  211

[238] C olem an, J. N. e t al. (2011) Tw o-D im ensional N anosheets  P roduced  by L iqu id  

Exfoliation of Layered M aterials. Science 331, 568-571.

[239] He, G. S., Qin, H.-Y, and Zheng, Q. (2009) Rayleigh, Mie, and  Tyndall scatterings 

of polystyrene m icrospheres in water: W avelength, size, and  angle dependences.

105, 023110.

[240] Ponom arev, E. A., N eum ann-Spallart, M., H odes, G., and Levy-Clem ent, C. (1996) 

Electrochemical deposition of M0S2 thin films by reduction of tetrathiom olybdate.

Thin Solid Films 280, 86-89.

[241] Splendiani, A., Sun, L., Zhang, Y. B., Li, T. S., Kim, J., Chim , C. Y, Galli, G., and  

W ang, F. (2010) Em erging Photolum inescence in  M onolayer M0S2. Nano Letters 

10, 1271-1275.

[242] Chrissafis, K., Zam ani, M., Kam bas, K., Stoem enos, J., Econom ou, N . A., Sam a­

ras, I., an d  Julien, C. (1989) S tructu ra l s tud ies of M0S2 in terca lated  by lith ium . 

Materials Science and Engineering: B 3,145-151.

[243] M cD evitt, N. T., Zabinski, J. S., an d  Donley, M. S. (1994) The U se of R am an- 

Scattering to S tudy D isorder in Pulsed-Laser D eposited  M0S2 Films. Thin Solid 

Films 240, 76-81.

[244] Frey, G. L., Tenne, R., M atthew s, M. J., D resselhaus, M. S., an d  D resselhaus, G.

(1999) Ram an and resonance Ram an investigation of M0S2 nanoparticles. Physical 

Review B 60, 2883-2892.

[245] Lee, C., Yan, H., Brus, L. E., H einz, T. F , H one, J., and  Ryu, S. (2010) A nom alous 

Lattice Vibrations of Single- and  Few-Layer M0S2. AC S Nano 4, 2695-2700.

[246] Frey, G. L., Reynolds, K. J., F riend , R. H., C ohen, H ., a n d  F eldm an , Y. (2003) 

Solution-Processed A nodes from  Layer-Structure M aterials for H igh-Efficiency 

Polym er Light-Em itting Diodes. Journal of the American Chemical Society 12^, 5998- 

6007.



2 1 2  BIBL IOGRAPHY

[247] Du, G., Guo, Z., Wang, S., Zeng, R., Chen, Z., and Liu, H. (2010) Superior stability 

a n d  h igh  capacity  of restacked  m o lybdenum  disu lfide as anode  m ateria l for 

lith ium  ion batteries. Chemical Communications 46, 1106-1108.

[248] G uo, G., H ong, J., C ong, C., Z hou, X., and  Z hang, K. (2005) M olybdenum  

disulfide synthesized by hydrotherm al m ethod as anode for lithium  rechargeable 

batteries. Journal of Materials Science 40, 2557-2559.

[249] W ang, Q., a n d  Li, J. (2007) Facilitated L ith ium  Storage in  M0S2 O verlayers 

Supported  on Coaxial Carbon N anotubes. The Journal of Physical Chemistry C m ,  

1675-1682.

[250] Feng, C., M a, J., Li, H ., Zeng, R., G uo, Z., and  Liu, H. (2009) Synthesis of 

m o ly b d en u m  d isu lfide  (M0S2) for lith ium  ion ba tte ry  applications. Materials 

Research Bulletin 44, 1811-1815.

[251] Xiao, J., Choi, D. W., Cosim bescu, L., Koech, R, Liu, J., and  Lem m on, J. P. (2010) 

Exfoliated M0S2 N anocom posite as an A node M aterial for Lithium  Ion Batteries. 

Chemistry of Materials 22, 4522-4524.

[252] Li, H., Ma, L., Chen, W.-x., and Wang, J.-m. (2009) Synthesis of M 0S2/C  nanocom ­

posites by hyd ro th e rm al rou te  used  as Li-ion in tercalation  electrode m aterials. 

Materials Letters 63, 1363-1365.

[253] Sm ith, R. J., K ing, P. J., Lotya, M., W irtz, C., K han, U., De, S., O 'N eill, A., 

D uesberg , G. S., G run lan , J. C., M oriarty, G., C hen, J., W ang, J., M inett, A. L, 

N icolosi, V., an d  C olem an, J. N. (2011) Large-Scale Exfoliation of Inorganic 

Layered C o m p o u n d s in  A queous Surfactan t Solutions. Advanced Materials 23, 

3944-3948.

[254] M arom , R., Amalraj, S. F , Leifer, N., Jacob, D., and Aurbach, D. (2011) A review of 

advanced  and  practical lith ium  battery  m aterials. /. Mater. Chem. 21, 9938-9954.

[255] Vayrynen, A., and Salminen, J. (2012) Lithium  ion battery  production. The Journal 

of Chemical Thermodynamics 46, 80 -  85.



B I B L I O G R A P H Y  21J

[256] G reenaw ay , D. L., a n d  H a rb ek e , G. (1965) B and  s tru c tu re  o f b is m u th  te llu r id e , 

b is m u th  se len id e  a n d  th e ir  re sp ec tiv e  alloys. Journal o f Physics and Chem istry o f 

Solids 26, 1585-1604.

[257] Z h ao , Y., H u g h e s , R. W., Su, Z., Z h o u , W., a n d  G reg o ry , D. H . (2011) O n e- 

S tep  S y n th e s is  o f B ism u th  T e llu rid e  N a n o sh e e ts  o f a F ew  Q u in tu p le  L ayers in  

T hickness. Angew andte Chemie International Edition

[258] F an , X. A ., a n d  e t al., (2006) C h a ra c te r iz a tio n  a n d  th e rm o e le c tric  p ro p e r t ie s  of 

p -ty p e  25activated  s in terin g . Journal o f Physics D: Applied Physics 39, 740.

[259] Z h ao , Y., D yck, J. S., H e rn a n d e z , B. M ., a n d  B u rd a , C. (2010) Im p ro v in g  T h e r­

m o elec tric  P ro p e rtie s  of C h em ica lly  S y n th es ized  Bi2Te3-Based N a n o c ry s ta ls  by  

A nnealing . The Journal o f Physical Chemistry C 114, 11607-11613.

[260] D uan , X. K., Jiang, Y. Z., Z heng , Z. H ., Fan, P., L iang, G. X., Z h an g , D. P., Cai, X. M., 

a n d  C h en , T. B. (2010) A n n ea lin g  te m p e ra tu re  in fluence o n  e lectrical p ro p e rtie s  

of ion  beam  sp u tte red  Bi2Te3 th in  film s. Journal o f Physics and Chem istry o f Solids 

7 1 ,1713-1716.

[261] F an , S. E , Z h ao , J. N ., Yan, Q . Y , M a, J., a n d  H n g , H . H . (2011) In f lu e n ce  of 

N an o in c lu sio n s on T herm oelectric  P ro p erties  of n-Type Bi2Te3 N an o co m p o site s . 

Journal o f Electronic Materials 40, 1018-1023.

[262] Li, R, H u a n g , X. Y , S un , Z. L., D ing , J. A ., Jiang , J., J ian g , W., a n d  C h en , L. D.

(2011) E nhanced  therm oelectric  p ro p e rtie s  of n -ty p e  Bi2Te3-based n an o co m p o site  

fab rica ted  b y  sp a rk  p la sm a  sin te rin g . Journal o f A lloys and Compounds ^og, 4 769- 

4773-

[263] M a d a n , D ., C h en , A ., W righ t, P. K ., a n d  E vans, J. W. (2011) D isp e n se r  p r in te d  

co m p o s ite  th e rm o e lec tric  th ick  film s fo r th e rm o e le c tr ic  g e n e ra to r  a p p lica tio n s . 

Journal o f Applied Physics 109.

[264] N avone, C., Soulier, M ., T estard , J., S im on, J., an d  C aroff, T. (2011) O p tim iz a tio n  

a n d  F ab rica tio n  of a T h ick  P rin te d  T h erm o e lec tric  D evice. Journal o f Electronic 

Materials 40, 789-793.



2 1 4  B I B L I O G R A P H Y

[265] G oncalves, L. M., C ou to , C., A lpu im , P., Rolo, A. G., Volklein, F., a n d  C orre ia , J. H. 

(2010) O p tim iz a tio n  of th e rm o e lec tric  p ro p e rtie s  o n  Bi2Te3 th in  film s d e p o s ite d  

by th e rm a l co -ev ap o ra tio n . Thin Solid Films 518, 2816-2821.


