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Abstract

After the unprecedented success of graphene research,other

materials that can also be exfoliated into thin layers, like Tran-

sition metal dichalcogenides (TMDs) such as molybdenum

disulfide (MoS2), have also become the subjects of extensive

studies. As one of the most promising methods for large scale

production of such materials, liquid-phase exfoliation (LPE)

has also been the subject of extensive research and is maturing

as a field to the point that devices using additive manufacturing

and printed nanosheets are often reported. The stability of the

nanosheets in environmentally friendly solvents, particularly

in water, with or without stabilizers, is still a focus of great

interest for sustainable and commercial production. In this

thesis, different methods of LPE in water with and without

stabilizers are investigated and discussed. Stabilizers such as

surfactant sodium dodecyl sulfate (SDS) and modified cellulose

2-hydroxyethyl cellulose (HEC), were employed. Because water

does not have surface energy parameters that match those of

2D materials, the dispersions in water do not usually have a

high yield. Therefore, to circumvent the use of organic solvents

that are known to be able to successfully exfoliate and stabilize

nanosheets of two-dimensional materials, this thesis focuses

on water as the solution-process medium for exfoliation and

the assisting stabilizers used to keep the exfoliated nanomate-

rials in dispersion with a long half-time. Surfactant-assisted

dispersions are discussed together with test-printing results

using inkjet to deposit the material. Process parameters for the

LPE method using HEC as a stabilizer are presented together

with thin nanosheets characterized by Raman spectroscopy.

Dispersions using HEC presented the longest half-time among

the studied methods, higher than previously reported values for

methods using mixed low-boiling-point solvents. Devices using
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Abstract

exfoliated nanosheets have been fabricated and presented in the

present study. The photoconductivity of MoS2 using a device

fabricated with LPE MoS2 nanosheets and the cathodolumines-

cence of LPE MoS2 are discussed. Although fabricated with

mechanically exfoliated nanosheets and not LPE ones, another

photodetector fabricated with one of the MoS2 grades used

in this thesis is presented to highlight the excellent photore-

sponse of this material. A method of producing thin nanosheets

with-out stabilizers by pre-processing the MoS2 grades with

sand papers is introduced. With this method, nanosheets with

a lateral size of around 200 nm and a concentration around

0.14 g L
−1

- that is half the concentration at the same process-

ing conditions in solvent n-methyl pyrrolidone (NMP) - are

discussed. Inkjet printing as a deposition method is discussed

together with the requirements for the 2D inks. Printed organic

electronics using the conductive polymer PEDOT:PSS are com-

pared to those using commercially-available graphene ink, with

a focus on printing on paper substrates. In order to bring the

thesis into perspective from materials to device fabrication, I

study the suitability of inkjet paper substrates for printed elec-

tronics, by extensively characterizing the chemical and physical

properties of their ink-receiving layers (IRLs) and their impact

on the electronic properties of the conductive printed lines.

Key words: molybdenum disulfide (MoS2), transition metal

dichalcogenide (TMD), thin films, inkjet printing, 2D inks,

liquid-phase exfoliation, shear exfoliation, printed electronics,

organic electronics, PEDOT:PSS, photoresponse, photocurrent,

cathodoluminescence.
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Sammanfattning

De enastående framgångar som rönts inom grafenforskning

har medfört att andra material som också kan exfolieras i tunna

skikt, exempelvis övergångsmetalldikalkogenider (TMD) som

molybdendisulfid (MoS2), blivit intressanta för studier. Vätske-

baserad exfoliering (LPE), en av de mest lovande metoderna

för storskalig produktion, har därmed också blivit föremål för

omfattande forskning. Med hjälp av LPE har olika applika-

tioner som framställts via additiv tillverkning och tryckning

med nanoflak av MoS2 rapporterats. Nanoflakens stabilitet i

miljövänliga lösningsmedel, särskilt i vatten, med eller utan

stabilisatorer är fortfarande i fokus och av stort intresse att vida-

reutvecklas för framtida hållbar och kommersiell produktion.

På grund av att vatten och 2D-materialen inte har matchande

ytenergier blir utbytet vanligtvis inte så högt som när organiska

lösningsmedel används. I denna avhandling har olika metoder

för LPE i vatten med och utan stabilisatorer undersökts. För att

hålla de exfolierade nanomaterialen dispergerade och stabila

under längre tid så har effekten av stabilisatorer som det ytakti-

va ämnet, natriumdodecylsulfat (SDS), och modifierad cellulosa,

2-hydroxietylcellulosa (HEC), använts. Karakteristik hos SDS

stabiliserade MoS2-dispersioner presenteras och resultat från te-

stutskrifter med bläckstråleskrivare för att avsätta 2D-materialet

diskuteras. Resultat från studier av olika processparametrar för

LPE där HEC använts som stabilisator av nanoflak som sedan

karakteriserats med hjälp av Raman-spektroskopi presenteras.

Tillsatser av HEC visade sig ge de stabilaste dispersionerna

bland de som studerades, och gav högre lagringsbarhet än vad

som rapporterats tidigare i litteraturen för metoder baserade

på lösningsmedelsblandningar med låg kokpunkt. Några olika

applikationer där dispersioner från LPE av nanoflak presen-

teras i avhandlingen. Utnyttjande av fotokonduktiviteten hos
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Swedish Abstract

MoS2 för en applikation tillverkad med LPE MoS2, och kato-

doluminescensen för LPE MoS2 diskuteras. Egenskaper hos

ytterligare en fotodetektor tillverkad av mekaniskt exfolierade

nanoflak från en av de MoS2-kvaliteter som studerats diskuteras

för att belysa den utmärkta fotoresponsen för detta material.

En metod för att producera tunna nanoflak utan stabilisatorer

genom förbehandling av MoS2 med sandpapper introduceras.

Med denna metod kan nanoflak framställas med en sidostorlek

av cirka 200 nm och en koncentration runt 0.14 g L
−1

, vilket är

halva koncentrationen som vid samma processbetingelser i lös-

ningsmedlet n-metylpyrrolidon (NMP). Bläckstråleskrivning

som appliceringsmetod och kritiska egenskaper hos 2D-bläck

diskuteras. En jämförelse mellan tryckt organisk elektronik

med den ledande polymeren PEDOT: PSS och ett kommersiellt

tillgänglig grafenbläck presenteras och diskuteras med fokus på

utskriftkvalitet på papperssubstrat. För att föra avhandlingen i

perspektiv från material till applikationer undersöks lämplighe-

ten hos bläckstrålespapperssubstrat för tryckt elektronik, och en

omfattande karakterisering av bläckmottagande skikt (IRL:er)

har utförts för dessa substrat med avseende på deras kemiska

och fysikaliska egenskaper, samt påverkan på de elektroniska

egenskaperna hos de tryckta ledande linjerna.

Nyckelord: MoS2, TMD, tunna filmer, bläckstråleskriva-

re, 2D bläck, vätskebaserad exfoliering, mekanisk exfoliering,

tryckt elektronik, organisk elektronik, PEDOT:PSS, fotorespons,

fotokonduktor, katodluminiscens
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Motivation

Courage is like — it's a habitus, a habit, a virtue: you get
it by courageous acts. It's like you learn to swim by

swimming. You learn courage by couraging.
— Marie M. Daly

Ever since the introduction of graphene to the scientific commu-

nity in 2008 and the great properties achieved by tuning the thickness

of graphite through micromechanical cleavage of the atomic layers

and, in this way, controlling the electronic properties of a nanoscale

material by applying an external voltage, the interest in materials that

can also be exfoliated into thin nanosheets has never ceased to grow.

Studies on other layered materials increased after the success

of graphene, as has been the case for the transition metal dichalco-

genides' class of materials. Molybdenum disulfide is one of the most

studied materials from this class and is the main material discussed

here. Methods of exfoliating and stabilizing graphene nanosheets

can be employed to exfoliate MoS2, and the same goes for deposi-

tion methods such as, but not limited to, inkjet printing, due to the

low concentration of the dispersions and the interest in very thin

deposited layers.

The purpose of this thesis is to present methods developed to

produce exfoliated nanosheets at large scale in water with and with-

out stabilizers such as surfactants or polymers, and to determine

the feasibility of producing electronic device applications using the

methodology described here. Throughout this thesis, I will put liquid-

phase exfoliation into a perspective, by covering the LPE methodology,

device applications and, deposition methods; comparing 2D materials
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and organic electronics; and studying of the substrates for printed elec-

tronics covering a broad range of fields, from the materials' production

to the final applications in recyclable and biodegradable substrate

materials.

Here, I will discuss advances in LPE, one of the most promising

scalable methods with which to produce nanosheets of 2D materi-

als. LPE in water has been studied using stabilizers like surfactants

and with 2-hydroxyethyl cellulose (HEC), a more environmentally

friendly stabilizer derived from modified cellulose. Although LPE has

been well established using organic solvents and some low-boiling-

point solvents, the concentration of the dispersions is still rather low,

which makes dispersion in water cost-effective and environmentally

friendly. Preparing devices solely based on LPE has been possible

in recent years, and the effective thickness of LPE MoS2 that enables

photoresponse will be discussed for a photodetector device. Strong

luminescence is only detectable for very thin nanosheets of MoS2,

specially monolayers. The cathodoluminescence (CL) properties of

LPE MoS2 emphasize the quality of this material, and with these

results indicate that the methodology described in this thesis can be

employed to produce nanosheets of MoS2 for optoelectronic devices

and photodetectors.

Printed organic electronics with 2D materials will be compared in

terms of their requirements for the paper substrates and the printing

process. This was done using commercially available PEDOT:PSS and

graphene inks. The main focus of this particular paper was to study

the chemical and physical properties of the ink receiving layers of

inkjet paper substrates for printed electronics applications.
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Outline

Chapter One: Introduction
Background information about TMDs is presented, with em-

phasis on MoS2, the main layered material studied in this thesis.

The organic polymer PEDOT:PSS is discussed and the inkjet

printing substrates used are presented. Stabilizers like sodium

dodecyl sulfate (SDS) and 2-hydroxyethyl cellulose (HEC) are

discussed, and the mechanism of dispersion stabilization is

briefly introduced.

Chapter Two: Processing Methods
Bottom-up and top-down exfoliation methods for layered mate-

rials are briefly discussed. Emphasis is given to the top-down

LPE methods used in this thesis.

Chapter Three: Stability of Colloidal Dispersions
The theories around the stability of colloidal dispersions are dis-

cussed. The Derjaguin, Landau, Verwey and Overbeek (DLVO)

theory is used to explain the stability of surfactant-assisted

dispersions and steric stabilisation is used to explain the stabi-

lization for polymer-assisted dispersions.

Chapter Four: Solubility Theories
Solubility theories that describe the mechanisms of stabilization

in non-assisted stabilized dispersions are discussed and how

these theories are applied to 2D materials like MoS2.
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Outline

Chapter Five: Deposition Techniques and Applications
Short introduction to inkjet printing is given together with the

requirements for inks of 2D materials. The theory around elec-

tronic applications such as photodetectors and phototransistors

are highlighted.

Chapter Six: Substrates for Paper Electronics
Introduction to the motivation to choose paper as substrate to

deposit inkjet-printed lines made of organic and 2D materials

is given. An overview about the inkjet ink absorption process is

highlighted together with a description of ink-receiving layer

(IRL) of inkjet substrates.

Chapter Seven: Experimental Methods and Characterization Tech-
niques
The materials used in this thesis and all of the experimental

techniques and methods used to prepare and characterize the

samples are outlined and discussed.

Chapter Eight: Liquid-Phase Exfoliation - Results and Discussion
An overview of the results of the three papers focusing on LPE

is given regarding the quality of the nanosheets in dispersion,

considering the nanosheets' size and thickness and, the stability

of these dispersions. Eventhough LPE was used in Paper IV as

well, the exfoliation method used was not in water but in nitric

acid. The different methodologies discussed in this thesis that

is, pre-processed MoS2 using sand papers, and assisted stabi-

lization in water using surfactant and polymers such as HEC

are also discussed. The cathodoluminescence (CL) measured

for the LPE grades of MoS2 will be highlighted and the future

experiments needed are outlined. Optoelectronic applications

using two MoS2 grades discussed in this thesis to fabricate

photodetectors devices are also discussed. These detectors were

produced using vacuum filtration and micromechanical cleav-
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age. Finally, inkjet-printed electrodes made from 2D materials

and organic inks are compared.

Chapter Nine: Paper Substrates for Printing Electronics - Results and
Discussion
Substrates for inkjet printing of organic electronics are discussed,

as are the chemical and physical interactions of these substrates

with organic PEDOT:PSS inks. The ink-receiving layer (IRL) of

inkjet substrates is extensively characterized and compared to a

multi-coated substrate fabricated for printed electronics. Inkjet-

printed lines made of organic and 2D materials are compared

regarding the number of layers and the printed resolution

needed to achieve the same level of electronic properties.

Chapter Ten: Conclusion and Outlook
Finally, the conclusions from this thesis and the main papers

discussed here are presented, together with an outlook.
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Chapter 1

Materials and Background

There is few people that will impact your life.
You don't know who they are, so treat everyone nicely.

– Ronald R. Sederoff, 2017 Marcus Wallenberg Prize

1.1 Introduction

In this chapter, the two main materials used and examined in this

thesis will be discussed: the TMD MoS2 and the organic co-polymer

PEDOT:PSS. The two assistant-stabilizers SDS and HEC will also be

briefly discussed.

1.2 Transition metal dichalcogenides

The class of semiconducting 2D nanomaterials, including TMDs

in their bulk form, have been known about and studied for decades [1].

With the discovery of graphene [2], such studies have been revived in

attempts to find materials that would display nanoscale properties

lacking in graphene [3].

The electronic properties ofTMDs vary,andthe bandgap decreases

as the chalcogen's mass increases (S < Se < Te) [4].

In graphene, a monolayer is formed by a single plane of carbon

atoms with thickness ∼ 0.35 nm while in a TMD monolayer, the

transition metal layers (the most important being molybdenum and

1



Chapter 1. Materials and Background

Figure 1.1: (a) Structure of layered TMDs. The transition metals (purple) and the
three chalcogens (yellow) that predominantly crystallize in layered structures are
highlighted in the periodic table. Single-layer TMD with trigonal prismatic (b) and
octahedral (c) coordination. Adapted from [5]

tungsten) are sandwiched between two layers of chalcogen atoms

and the monolayer thickness is around 0.7 nm [6]. These intralay-

ers are held together by weak van der Waals' forces, whereas strong

covalent forces hold the individual atomic interlayers together [5,

7]. Depending on the combination of metal and chalcogen atoms,

these materials can be insulators, metals or semiconductors. Fig. 1.1

highlights the predominant TMDs in layered structures. Here, we

focus on the semiconductor MoS2.
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1.2. Transition metal dichalcogenides

1.2.1 Molybdenum disulfide

Bulk MoS2 has an indirect band gap of 1.23 eV [8] and in plane

conductivity of 15.8 KW/cm [9]. As the number of layers in the ma-

terial decreases with exfoliation, the band gap increases up to 1.9 eV

[10, 11] for single nanosheets due to quantum confinement, where a

transition from an indirect to a direct band gap semiconductor has

been observed [11, 12]. This feature is remarkable, because shifting the

band gap from the near-infrared to the visible range makes these ma-

terials especially interesting for optoelectronics [11, 12], including for

photovoltaic applications [13]. Under photo excitation, the direct band

gap leads to a high absorption coefficient and efficient electron-hole

pair generation [14]. A 10
4

fold enhancement in photoluminescence

(PL) quantum yield was observed for monolayers [12, 15]. Besides

light-induced luminescence (PL), MoS2 monolayers can also have

luminescence induced when free-electrons are injected known as

cathodoluminescence (CL) [16]. Here we will discuss cathodolumi-

nescence (CL) for LPE MoS2.

Figure 1.2: Monolayer of MoS
2

Electron mobility characterizes how quickly an electron can move

through a metal or semiconductor when pulled by an electric field.

In semiconductors, holes have an analogous quantity, called the hole

mobility. The term carrier mobility generally applies to both the

electron and hole mobility in semiconductors.

It is possible to determine whether the charge carriers in a con-

ductor are positively or negatively charged and also to measure the

number of carriers per unit volume of the conductor by using the Hall

effect [17]. When an electric field E is applied across a material, the

electrons respond by moving with an average velocity called the drift

velocity. The electron mobility is defined by this ratio between this

3



Chapter 1. Materials and Background

velocity and E. Recently there has been demonstrations of thin-film

transistors (TFTs) made entirely of inkjet-printed LPE nanosheets with

graphene as the source, drain and the gate electrode, Boron nitride

(BN) as separator and MoS2 as channel [18]. Kelly et al. [18] used

ionic liquid to allow electrolytic gating and to partially circumvent

the junction resistance [19].

Works on single layers [6] and multilayers [3] of MoS2 have

demonstrated a carrier mobility of 200 and 100 cm
2

V
−1

s
−1

, respec-

tively. Later, field effect transistors (FETs) were reported with mobility

up to 700 cm
2

V
−1

s
−1

[20], which is comparable to that of non-flexible

silicon-metal oxide semiconductor field effect transistors (MOSFETs).

This means that even a large degradation of the mobility caused by

sub-optimal processing conditions, which is expected when printing

the materials, still permits the printed production of high speed elec-

tronics.

Figure 1.3: Comparison of experimentally reported FET mobilities of candidate
synthetic materials for flexible TFTs. Semiconducting TMDs (s-TMDs) offer mobilities
higher than those of ordinary TFTs, comparable to that of single-crystal Si (sc-Si).
Reproduced from Akinwande et al. [21] with permission.
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1.3. Stabilizers

1.3 Stabilizers

The LPE field for 2D materials was pioneered by the work of

Hernandez et al. [22], who studied graphene dispersion in organic

solvents that were capable of exfoliating and stabilizing the nanosheets.

Hernandez was a member of Prof. Jonathan N. Coleman from Trinity

College Dublin who has previously studied stability and dispersibility

of single wall carbon nanotubes (SWNT) [23–25] and applied this

know-how to 2D materials [26–29].

The solubility theories used to explain graphene's affinity to certain

types of solvents are highlighted in Chapter 4. Since then, a number of

studies evolved using various solvents such as low-boiling point ones

[30, 31], environmentally friendly organic solvents such as cyrene [32],

water with stabilizing agents such as surfactants [33–37], polymers [38,

39], polysaccharides [40], and etc. In the case of assisted stabilization,

the stabilization mechanism involves attractive and repulsive forces

as with ionic surfactants like SDS, which we also used in this thesis,

and also steric stabilization, in the case of polymers such as HEC.

1.3.1 Sodium dodecyl sulfate

Surfactants are long carbon chained amphiphilic molecules con-

taining both a polar and a non-polar regions. They tend to adsorb at

interfaces, forming tightly bound structures that will tend to minimize

the contact between the polar solvent molecules and the surfactant's
non-polar region. This will occur at the interface of a dispersed hy-

drophobic material and the water interface, and stabilization will

therefore take place. SDS is an ionic surfactant that tends to dissociate

in aqueous media at low concentrations. Surfactant molecules will

also interact with each other to form micelles in order to minimize the

contact between the hydrophobic tail groups and water, as illustrated

in Fig. 1.4. The concentration at which these micelles are formed

is known as the critical micelle concentration (CMC). The theory

behind the stability when using surfactants in colloidal dispersions is

explained in Chapter 3.

In this thesis, SDS was added to the MoS2 dispersion during

LPE, not only to assist with stabilizing the flakes in water but also to
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Chapter 1. Materials and Background

reduce the dispersion's surface tension to be able to print using inkjet

printing.

Figure 1.4: (a) Chemical structure of the typical surfactant SDS. (b) Randomly
oriented SDS molecules in solution. (c) Self-assembled micelle structure. (d) Ad-
sorption of the surfactant at the water/hydrophobic solid interface. Note that the
hydrocarbon chains do not appear straight in reality; they are un-ordered. The
drawing is simplified in this respect for clarity. Adapted from [41]

.

Figure 1.5: Chemicalstructure of HEC

1.3.2 Hydroxyethyl cellulose

HEC is a non toxic, water soluble and highly stable chemically

cellulose derivative. It is produced by reacting some of the hydroxyl

groups on the cellobiose repeating unit in the natural polymer cellu-

lose in alkaline solutions. Fig. 1.5 illustrates the chemical structure of

HEC. One of the most common processes used to produce cellulose
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1.4. Conducting organic co-polymers

ethers like HEC is oxygen alkylation with alkyl halides [42]. Cellulose

stabilizers have been employed to stabilize nanosheets [39] and SWNT

dispersions [43, 44], but to the best of our knowledge, the present

study is the first to use HEC. Nonionic cellulose derivatives like HEC

are widely used to stabilized dispersions, notably emulsions and sus-

pensions, like in paints. They are known to adsorb on a large number

of surfaces with varying polarity. Adsorption is mainly controlled

by solvency effects but can also be controlled by temperature and

cosolutes [45–47].

1.4 Conducting organic co-polymers

Shirakawa, MacDiarmid and Heeger presented their breakthrough

research on conducting polyacetylene doped with halogens in 1977

[48]. Nowadays, polyacetylene is known as a prototype conducting

polymer and can be p- and n-doped chemically or electrochemically

[49]. This discovery was recognized with the Chemistry Nobel Prize in

2000 [50]. Studies on a number of different conducting polymers were

inevitable after their discovery [51, 52]. The water-soluble conducting

co-polymers poly(3,4-ethylenedioxythiophene) poly(styrene sulfonic

acid) (PEDOT:PSS) were discovered in 1995 [53], and a number of

other studies on this polymer emerged thereafter [54–57].

In the past 30 years, the polymers's field effect charge mobility

has been improved by six orders of magnitude, especially for semi-

crystalline/amorphous donor-acceptor polymers like PEDOT:PSS.

PEDOT is insoluble, but the system is stabilized when the water-

soluble poly-electrolyte PSS, is used as a counterion [58]. Vapor-phase

polymerization is one of the available processes with which to produce

conducting polymers using FeCl3 or H2O2 as oxidizing agents [58].

1.4.1 Electrical conductivity and mechanism of charge transport in
PEDOT:PSS

In Fig.1.6, the chemical structure of PEDOT:PSS is illustrated.

Note the presence of double bonds alternating with single bonds

(conjugated bonds) along the polymer chain of PEDOT. In a carbon

atom, the electron configuration of the six electrons is 1s
2
2s

2
2p

2
. The
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Chapter 1. Materials and Background

valence of carbon is four, meaning that it will form four covalent

bonds with its neighbors. The four valence electrons are the 2s
2
2p

2
,

their shells will combine to a hybridized structure when forming

those covalent bonds. Depending upon the number of orbitals that is

combined, the s and p orbitals will combine to form hybrid orbitals

(sp
1
, sp

2
, and sp

3
), giving rise to triple, double, or single bonds. When

one 2s orbital pairs with two 2p orbitals, three sp
2

hybrid orbitals

are formed while one p orbital is left unhybridized in conjugated

polymers. Covalent bonds are formed with neighboring carbons by

two of the sp
2

orbitals on each carbon atom and the third generally

forms a covalent bond with a hydrogen or side group. This is called a

σ-bond. The π bond will be formed with the overlapping of the two

unhybridized pz orbitals on the neighboring carbon [59].

Figure 1.6: Chemical structure of PEDOT:PSS

Since the electrons in the π bond are weakly bond and easily

delocalized, electronic conduction happens in the conducting poly-

mers. In summary, the sp
2

hybridization in conducting polymers

is important because this leaves one p electron per atom to form

its own band. According to the Bloch theory [59, 60], solids formed

from atoms or molecules with half filled shells have partially filled

bands with metallic transport properties assuming the single and
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1.5. Inkjet paper substrates

double bands have the same length. However, once the length of

these bonds are not identical (e.g. single bonds are longer than double

bonds), these bands will be subdivided into two sub-bands due to

Peierls instability (also called charge density wave instability) [59,

61]. One band is called highest occupied molecular orbital (HOMO)

and is a completely filled valence band and the other is called lowest

unoccupied molecular orbital (LUMO) and is a completely empty

conduction band, they both are separated by an energy gap giving

the material the characteristics of a semiconductor [59].

Similar to inorganic semiconductors, π-conjugated polymers can

also be doped and their conductivity changed from insulating to

conducting depending on the doping level [59, 62]. Both n-type and

p-type dopants have been used in conducting polymers but unlike the

dopping in conventional semiconductors, the dopant atomic or molec-

ular ions are positioned interstitially between chains in π-conjugated

polymers. Charges are donated or accepted from the polymer back-

bone, whereas the counterion, in this case polystyrene sulfonate (PSS)

is not covalently bound to the polymer, instead it is only attracted to it

through electrostatic interactions. In cases of self-doping, the dopants

are covalently bonded to the polymer's backbone [59, 62].

1.5 Inkjet paper substrates

Paper had long been seen as a sustainable substrate with which

to replace plastics in flexible electronics; as this cheap commodity

offers large surface area on which to deposit these materials and

the printing industry is already capable of high speed printing us-

ing a number of printing technologies, including flexography, offset,

gravure and digital printing. Paper's good runnability, dimensional

stability, recyclability, tensile strength, light weight and deinkability

are just a few of its advantages in printing electronics. More about

printing technologies and the substrates used in this study will be

discussed in the following chapters.
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Chapter 2

Processing Methods

A winner is a dreamer who never gives up.
–Nelson Mandela

2.1 Introduction

The main aim of this thesis is to use liquid-phase exfoliation (LPE)

of MoS2 to produce large-scale dispersions of this material in water.

Bottom-up methods are not scalable and are simply unsuitable for

applications that require large amounts of materials such as compos-

ites. For this reason, a considerable amount of research has focused

on studying LPE techniques. Similar to mechanical exfoliation, in this

technique, the layered material is separated from the bulk by breaking

the van der Waal's forces through exfoliation. With the advantage

that the process has a much higher yield and is processable. When the

cohesive energy between the stacked flakes is overcome, the material

is exfoliated, and the solvent should be able to allow this processing

and simultaneously stabilize the exfoliated nanosheets so they will

not re-aggregate. Some solvents perform this task better than others,

and water is not one of the best solvents for this purpose. In this way,

while some exfoliation and stability of dispersions in water is possible

by pre-processing bulk MoS2, assisted stabilization using surfactants

and polymer leads to higher yields.
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Chapter 2. Processing Methods

In this chapter we review some classical methods used to syn-

thesize and process 2D materials. These methods are divided into

bottom-up and top-down methods. Examples of bottom-up methods

include chemical vapor deposition (CVD) growth and wet chemical

synthesis. Top-down methods involve the exfoliation of bulk crystals,

like micromechanical cleavage, intercalant-assisted exfoliation and

LPE. In this thesis, we mainly focus on the top-down scalable methods

for LPE.

2.2 Bottom-up methods

CVD is a method that balances good production cost with quality

of the 2D materials. CVD of MoS2 can be achieved in three ways [41]:

decomposition and vaporization of metal/chalcogen precursors [63];

direct sulfurization of metal [64]; and conversion of metal oxide [65].

2.3 Top-down methods

Micromechanical cleavage [2], the simplest exfoliation method

of exfoliating graphene layers from a pristine graphite crystal using

Scotch tape, can also be used to separate the layers from bulk crystals

such as MoS2, but this method's throughput is rather low, limiting its

application to devices that employ single nanosheets of 2D materials

such as FET [6]. The most promising top-down solution processing

methods for achieving a high throughput of exfoliated materials may

be chemical- and liquid-phase exfoliation [5, 35, 66–68].

Coleman et al. [29, 35, 67] have employed other methods that

do not need a controlled environment as the chemical-exfoliation

required. Their methods are based on the use of suitable solvents

capable of dispersing and stabilizing the nanosheets. These methods

follows stability theories [69, 70] and acknowledges the mechanical

force needed to separate the layers, which they generally apply using

ultrasonic energy but also shear exfoliation. According to the liquid

media used in direct ultrasonication Niu et al. [66] divided the top-

down solution-processing methods as follows (see Fig. 2.1):
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2.3. Top-down methods

Figure 2.1: Production of 2D nanomaterials via liquid-phase exfoliation of bulk
layered crystals. Adapted from Niu et al.[66] with permission.

• Organic or low boiling point solvents

• Stabilizer-based exfoliation using ionic or nonionic surfactants,

polymers or pyrene derivatives

• Ionic liquid-phase exfoliation

• Salt-assisted exfoliation

• Intercalant-assisted exfoliation

• Ion exchange-based exfoliation

Other methods for solution processing of bulk 2D materials that

Niu et al. mention include electrochemical exfoliation and shear

exfoliation.

2.3.1 Chemical exfoliation

Joensen et al. introduced the chemical exfoliation (CE) method in

the 1980s, which is an intercalant-assisted exfoliation method with

13
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lithium intercalation (LI). This method achieves a relatively high

concentration of single MoS2 nanosheets in acidic conditions. This

is still one of the synthesis methods with the highest yield of MoS2

monolayers [72, 73].

CE is the process of intercalating lithium ions into MoS2 powder,

and it can be done by dispersing MoS2 in a 1.6 M n-butyl lithium

solution in hexane for at least 48 h under inert argon gas conditions

(due to the flammability of the lithium source). LPE is then carried

out. Molecules can strongly adsorb into the surface of the layered

materials forming inclusion complexes that increase the interlayer

spacing due to the intercalation of ions, which weaken the bonds

between the layers facilitating the LPE.

Zeng et al. reported on a faster LI process, which they referred to as

electrochemical lithiation (EL), as a type of electrochemical exfoliation

method. The intercalation is controlled via galvanic discharge on an

electrochemical cell that uses the bulk layered material in the cathode

and lithium foil in the anode (replacing the expensive n-butyl lithium

compound).

Some advantages ofEL include the lithium compounds' decomposition

being prevented and the formation of metal nanoparticles [5]. The

process can also be carried out in ambient conditions. However, in

both processes LI and EL, structural changes occured in the crystal

from 2H-MoS2 (trigonal prismatic) to 1T-MoS2 (octahedral) due to LI,

and a metallic transition was observed [72, 75, 76]. The characteristics

of the semiconductor can be restored through mild sintering [15] or

ageing [75], but the remaining nanosheets with the metallic phase may

be detrimental in some applications. The size range of the nanosheets

for the CE method was 300-800 nm [15], while Zeng et al. reported

that EL resulted in 92% monolayers.

2.3.2 Liquid-Phase Exfoliation

Liquid-phase exfoliation (LPE) alone is a relatively simple and

scalable process, and although it yields fewer monolayers than other

methods such as CE [15] or EL [74], it may be the preferred for appli-

cations in which large quantities of exfoliated nanosheets are desired

and monolayers are unnecessary.
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2.3. Top-down methods

LPE happens in two phases: first the interlayer van der Waals

forces should be overcome; secondly, the nanosheets should be stabi-

lized electrostatically, sterically or due to favorable solution energetics

(the solvent itself may be able to stabilize the nanosheets without

an assistant stabilizer). To overcome the van der Waals forces, some

energy is required in order to completely break the bonds. This energy

can be provided by ultrasonication or shear exfoliation, for example.

The nanosheets dispersed in liquid can be easily used in appli-

cations [77] such as composites production [30], energy storage and

catalysis [5, 7]. The LPE field has matured over the years ever since it

was first reported in 2008 [22], in a way that solution-processed lay-

ered materials have been regularly reported to be used in fabricating

devices using inkjet printing [18, 78, 79].
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Chapter 3

Stability of Colloidal
Dispersions

You’ve always had the power my dear,
you just had to learn it for yourself.

– Frank L. Baum, The Wizard of Oz

3.1 Introduction

In this chapter some of the theories around the stability of disper-

sions that can be applied to the dispersions discussed in this thesis

will be described. One such theory is DLVO, which can be applied

when discussing the stability of water dispersions when an ionic

surfactant, such as SDS, is present. Once dissociated in water, ionic

surfactants like SDS will adsorb to the surface of a particle, increasing

the concentration of counterions. As a result, an electric double layer

will be formed that will move with the particle. This is explained by

the DLVO theory. Another theory is related to the steric stabilization

that may be applied when polymers such as HEC are used to assist

the stabilization of the system.

Small particles of one phase dispersed in another are generally

called colloidal dispersions, and they are quite different from molecu-

lar solutions, in which the solid particles (solute) are totally dissolved

in the solvent. To be considered a colloidal dispersion, at least one
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Chapter 3. Stability of Colloidal Dispersions

Figure 3.1: Ionic concentration and potential difference as a function of the distance
from the charged surface of a particle suspended in a dispersion medium. Source:
Wikipedia

of the components should have dimensions within the range of

1 nm-1 µm as is the case for the exfoliated nanosheets using LPE.

3.2 DLVO theory

The DLVO theory assumes that a stable colloidal dispersion is

one in which the particles resist flocculation or coagulation, which

will depend on the attractive forces (i.e., van der Waals) and repul-

sive forces (i.e., electrostatic) that exist between the particles as they

approach each other. Van der Waals’ forces will always act to desta-

bilize dispersions. To maintain stability, the repulsive forces should

therefore be dominant [80].

This double layer is divided into two regions (see Figure 3.1). The

layer of counter ions closest to the particle are interacting strongly

with the surface that corresponds to the amount of liquid that moves

with the particle. The other region is a diffusion layer, with particles in

constant Brownian motion. The difference between these two layers

is called the zeta potential, ζ [80–82].
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3.3. Steric stabilization

The electrical double layers of two particles overlap when these

particles approach one another, and the particles can separate as

a result. Depending on the magnitude of the force induced when

these double layers overlap, the particles may be stabilized against

aggregation, or a degree of sedimentation or flocculation will occur

[82].

Surfactants may adsorb as unimers, and aggregates are formed

on the surface. The nanosheets are stabilized by a mechanism of

semi-micelles, as observed by Manne [83, 84]. Charged surfactants

may also influence the net charge density on the nanosheet surface

[82], as is the case of the ionic surfactant SDS that we used in Paper II.

Additionally, adding surfactants is necessary to control the surface

tension of the inkjet inks, which is essential during the drop formation

at the inkjet printing nozzles.

3.3 Steric stabilization

In the case of the polymer HEC, the mechanism of stabilization is

steric. In this case, the interaction of long chain molecules adsorbed

on the surface of the particles causes an osmotic repulsive pressure

that stabilize the particles in the dispersion [85]. The presence of

hydrophilic groups in HEC makes it soluble in water. The hydrophobic

part of HEC will adsorb onto the surface of the nanosheets, and the

hydrophilic part will be protruding outwards. Two particles with

adsorbed layers will interact with each other [45–47]. The degree of

the stabilization will be quantified by the free energy of mixing that

will be described in Chapter 4.
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Chapter 4

Solubility Theories

Today you are You,
that is truer than true.

There is no one alive
who is Youer than You.

– Dr. Seuss

4.1 Introduction

In the previous chapter, we discussed the relevant theories when

an assistant stabilizer is used in dispersion preparation. In this chap-

ter, the solubility theories that are widely described in the literature

around LPE will be discussed. Although they are called "solubil-

ity" theories, these theories in the LPE literature are often applied

to dispersions that would have a long stability when the solubility

parameters match. In this extent, we are actually discussing these

theories applied to dipersions and not solutions. Some systems using

organic solvents to exfoliate and stabilize nanosheets are very stable

but the nanosheets may still sediment; therefore, they are still dis-

persions, even with long shelf lives. Nevertheless, to understand the

challenges around the dispersion of nanosheets in solvents, it may be

worth reviewing basic solubility theories.
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4.2 Minimizing the enthalpy of mixing to achieve stable dis-
persions

The very basic solubility theory is based on Gibbs free energy of

mixing, Gmix. Equation 4.1 explicitly describes this thermodynamic

relationship as the difference between the enthalpy of mixing, Hmix

and the entropy of mixing, Smix. The absolute temperature is T.

Gmix � Hmix − TSmix (4.1)

For the LPE process to happen spontaneously, the relationship of

Hmix < TSmix should happen, leading to a negative Gmix. If Hmix >
TSmix instead of a solution, we would have a dispersion. If Gmix is

negative due to overlapping adsorbed polymeric layers, for example,

the particles would be aggregated, while a positive value would result

in the steric stabilization of the particles. The energy of exfoliation

can be represented by the Hmix per unit volume. A higher yield in

dispersed concentration is achieved when this energy is minimized.

Thus, Gmix relates to the disorder of the system compared to single

components while Hmix relates to the amount of energy necessary

to separate the solute from the solvent molecules, minus the energy

gained to cover the solute with solvent molecules [27].

To date there has been no reported LPE system, to the best of

our knowledge, that has resulted in a solution of nanosheets of 2D

materials in solvents. Mostly, there have been achieved metastable

dispersions with varying stability and the most common solvents used

were high boiling point organic solvents, such as n-methyl pyrrolidone

(NMP) and dimethylformamide (DMF), and the high solubility of

nanosheets on these solvents has been explained by the solubility

theories described by a number of authors [27, 29, 38, 69, 70].

A model initially proposed by Bergin et al. [26] for SWNT but

that is also valid for layered materials [22], related solubility with

the surface energies of the solute and solvent, where Hmix could be

approximated using Equation 4.2, where V is the mixture volume, tp

is the nanosheet thickness, and the total surface energies of solvent

and nanosheet are γs and γp, respectively. The volume fraction of

the dispersed nanosheet, ϕ, can be estimated by C � ρpϕ, where C
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4.2. Minimizing the enthalpy of mixing to achieve stable dispersions

is the dispersion concentration and ρp is the nanosheet density. To

minimize Hmix, γs and γp should be very similar.

Hmix

V
≈ 2

tp

(√γs −
√
γp)2ϕ (4.2)

Another solubility theory was proposed by Hildebrand-Scratchard

around the same principle of minimization of Hmix for higher disper-

sion concentration considering all the solvent-solute interactions in

one parameter that related the total cohesive energy density, ET, from

Equation 4.3. Even though this theory was based on the cohesive

energy of a solvent mixture (i.e. the energy required to vaporize the

solvent mixture), it has also been employed to describe mixtures of

the solvent and solute [29, 69].

δT �

√
ET

V
(4.3)

In this theory, the mixture is most likely to happen for sol-

vents/solutes with matching Hildebrand solubility parameters. In

this case, Hmix can be written in the form of Equation 4.4, where δs

and δp referred to the Hildebrand solubility parameter for the solvent

and the nanosheet respectively [22, 26]. But again, as evaluated by

Coleman et al. [29], solvents and solutes with matching parameters

existed that did not lead to high dispersed concentrations.

Hmix

V
≈ 2

tp

(δs − δp)2ϕ (4.4)

Because Hildebrand’s theory around matching surface energies

between the solute and solvent was not straight forward, to formulate

this theory, Hansen [69] took into account the three most common

forms of cohesive energy in organic solvents which were not included

in the theory from Hildebrand. Hansen’s theory complements Hilde-

brand’s. In this theory, δT in a mixture was expressed as the sum of

the dispersive, polar and H-bonding interactions expressed as the

Hansen solubility parameter (HSP), δD , δP and δH respectively (see

Equation 4.5).

δT
2

� δD
2

+ δP
2

+ δH
2

(4.5)
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Hansen’s theory did not take into account electrostatic interactions,

induced dipoles or metallic bonds. It is worth noting that H-bonding

refers to hydrogen bonding and all interactions other than dispersive

or polar. Substituting Equation 4.5 into Equation 4.4 gives the Hmix

in terms of HSP, implying that minimization of Hmix happens when

HSP matches nanosheets and solvent. In other words, the energy of

exfoliation will be minimized when there is an equilibrium among

solvent-solvent, solvent-solute and solute-solute binding energies [29,

86].

Hmix

V
∼ 2

tp

[(δDs − δDp)2 + (δPs − δPp)2 + (δHs − δHp)2]ϕ (4.6)

4.3 Solubility theories applied to 2D nanosheets in water

If we evaluate the system water/MoS2, there would not be a

match according to the previous theories. To have Hmix minimized,

the surface energy of the solute and solvent should match. MoS2 has

surface energy around 75 mJ m
−2

[70] although other values have been

reported [33] 250 mJ m
−2

and [87] 45 mJ m
−2

. Bergin et al. [26] stated

that the surface energy of liquids is roughly 30 mJ m
−2

higher than

the surface tension. Taking the surface tension of water of 72 mJ m
−2

[88] and converting it into surface energy according to Bergin et al.
would give a surface energy for water of ∼ 102 mJ m

−2
, which does

not match the surface energy of MoS2.

In Paper I, water without additives [89] was used and achieved a

reasonably stable dispersion with an MoS2 concentration of 0.14 g L
−1

,

that was not as high as the one achieved in the organic solvent NMP,

0.3 g L
−1

[29], where there were matching solubility parameters. The

methods used to determine the concentration were different for these

two studies; the concentration achieved in water measured through

absorption could be much lower than we achieved but it still shows

the potential of using water for large scale LPE.

May and coworkers [38] extended the study using solubility

parameters to describe the dispersions of solvents and polymers but

they suggested that their theory should not be applied to aqueous

systems similar to the one we are presenting in this thesis. Water was
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recommended not to be included in solubility studies of this kind

because of its tendency to be an outlier [69]. The system described here

of MoS2 nanosheets in water cannot therefore be explained by such

theories. Nevertheless, we have observed from our experiments that

the combination of water and stabilizer, such as HEC or surfactant SDS,

leads to increased stability and a reasonable dispersion concentration.
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Chapter 5

Deposition Techniques and
Electronics Applications

A man does what he must -
in spite of personal consequences,

in spite of obstacles and dangers and pressures -
and that is the basis of all human morality.

– Winston Churchill

5.1 Introduction

The networks of nanosheets can be formed into thin films, which

can then be employed in a vast number of applications [77] such as

batteries, supercapacitors [90], catalysts [4], sensors [91] and solar

cells [92, 93]. The transfer of the dispersed nanosheets processed by

top-down exfoliation methods such as LPE into different substrates is

significantly easier and more straightforward than transfer techniques

using bottom-up synthesis methods, such as CVD [3, 5, 7, 65]. The

main material deposition methods are rod coating [94], screen print-

ing [95], flexography and inkjet printing. An overview of the available

printing technologies is presented in Fig. 5.1 and in Table 5.1. The

main features of the focus technologies used for printed electronics

are highlighted, whereas detailed description of these technologies

can be find elsewhere [96]. In this thesis, we used piezo technology

27



Chapter 5. Deposition Techniques and Electronics Applications

Table 5.1: Comparison of printing technologies typically used in printed electronics.
Adapted from Rosa [97].

Screen Flexography Offset Gravure Inkjet

Printing Printing Printing Printing Printing

Resolution 50 60 100 to 200 100 60 to 250

lines /cm

Line width 50 to 150 20 to 50 10 to 15 10 to 50 1 to 20

µm

Ink Viscosity > 1 to 50 0.05 to 0.5 40 to 100 0.05 to 0.2 0.001 to 0.03

Pa s

Film thickness up to 12 1 to 2.5 0.5 to 1.5 < 0.1 to 5 0.5 to 15

µm

Printing speed 10 to 15 100 to 500 200 to 800 100 to 1000 15 to 500

m min
−1

(PZT) inkjet printing to deposit the LPE MoS2 and the PEDOT:PSS

printed lines. This technique and the process parameters involved

for the printing and requirements for the inks are discussed below.

To fabricate photodectors, vacuum filtration was employed in addi-

tion to gold sputtering the electronics' connections. A photodetector

fabricated using micromechanical cleavage is also presented.

5.2 Inkjet printing

There are a number of studies about printing MoS2 [98–101]. Fully

printed applications using only LPE have been reported [18, 79]. The

great advantage of solution-processable polymers is that they can

easily be printed with commercially available inkjet printers with

minimal usage of material and achieve conductive printed lines with

very few printing passes [102]. All printed transistor circuits are also

possible using only organic polymers [103].

5.2.1 Inkjet printing nozzle technologies

There are two types of nozzle technologies - thermal inkjet (TĲ)

and PZT - used for inkjet printing, each differing in how the drops are

forced out of the nozzle. Either of these technologies can be used for
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Chapter 5. Deposition Techniques and Electronics Applications

Figure 5.2: Nozzle technologies for inkjet printing. Adapted from Maess [104]

continuous inkjet (CĲ) or drop-on-demand (DoD) technologies. In

continuous inkjet printing, a continuous stream of drops is produced,

and either the drops are recirculated or printed onto the substrate,

while in DoD, only the required drops are produced. Fig. 5.2 shows

an illustration of the CĲ and DoD inkjet technologies.

In this thesis we used a printer with printing heads that operate

using PZT. In this technology, the ink is ejected by the deformation of

the piezo material when an electric field is applied. The deformation

of the piezo material causes a change in the ink volume inside the

pressure chamber, which generates a pressure wave that propagates

through the ink. This acoustic pressure wave has to overcome three

forces to enable drop formation and ejection: the viscous pressure loss

of 0.5-1 bar, surface tension pressure rise (<0.1 bar and the dynamic

pressure of the liquid (approximately 0.5 bar). The parameters of this

waveform vary according to the ink being ejected, meaning that a

proper waveform has to be defined for every ink type to have good

jet formation, jet break-off and drop formation [105].

5.2.2 Requirements for inks of 2D materials

To be able to print MoS2, suitable inks with the following features

are needed [106, 107]:

1. nontoxic solvents, because printing is usually performed in

environments without extensive ventilation;
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5.3. Electronics applications fabricated with exfoliated MoS2

2. the proper viscosity for the particular printing process used;

3. a surface tension that is appropriate for the particular printing

process used;

4. optimal concentration, both because it is difficult to evaporate

solvents from low-concentration inks and because an overly

high concentration may lead to a clogged nozzle;

5. appropriate particle size;

6. long ink shelf life (stability);

7. the ability to provide good electrical conductivity for the printed

pattern and

8. good ink-substrate interaction to achieve good printability and

resolution.

5.3 Electronics applications fabricated with exfoliated MoS2

The use of 2D materials in photovoltaics and photodetectors'
applications have been successfully reported in the literature [14, 93,

108–116]. Graphene is an excellent sunlight absorber: in just 3.3 Å

thickness, it is able to absorb 2.3% of visible light. In 1 nm thickness,

monolayers of TMDs, such as MoS2, can absorb up to 5-10% incident

sunlight, which is one order of magnitude higher than traditional

semiconducting materials, such as GaAs and Si. In this way, these

materials make it possible to fabricate ultrathin photovoltaics with

power conversion up to 1% [108].

Also, by exploiting the remarkable optical properties of MoS2

and its large band gap [10–12, 15] and clear defined on-off states, a

number of phototransistors or photodetectors have been reported in

the literature and were fabricated using CVD [14, 112, 114], microme-

chanical cleavage combined with CVD [110] and LPE MoS2 [111, 117].

As a result of the direct-band gap of the monolayers in MoS2, the

high absorption coefficient and efficient electron-hole pair generation

under photo-excitation is achieved [14]. In Fig. 5.3, the work from

Lopez-Sanchez et al. [14] is illustrated. The legend from Fig. 5.3-F con-

tinues with the following text: EF is the Fermi level energy, EC is the

31



Chapter 5. Deposition Techniques and Electronics Applications

minimum conduction band energy, EV is the maximum valence band

energy and ϕB is the Schottky barrier height. There is no electrical

current flowing under equilibrium conditions and no illumination.

Photocurrent is generated under illumination and is the dominant

channel current in the OFF state, with thermionic and tunneling cur-

rents being negligible. Thermionic and tunneling currents contribute

in the device' ON-state. The device shows a uniformly increasing

response as the illumination wavelength is reduced from 680 nm to

400 nm and indicates that a monolayer MoS2 photodetector can be

used for a broad range of wavelengths.

Figure 5.3: (A) Esquematic view of a monolayer MoS
2

device and the focus laser
beam. (B) Cross-sectional view of the device. (C) Drain-source characteristic Ohmic
IV curves of the device in the dark and under different illumination intensities. (D)
Gating response of the MoS

2
photodetector in dark and illuminated states. (E)

Photoresponsivity of a similar monolayer MoS
2

device as a function of illumination
wavelength. (F) Band diagram of the monolayer MoS

2
photodetector. Adapted from

[14].
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Chapter 6

Substrates for Paper
Electronics

Any man who afflicts the human race with ideas
must be prepared to see them misunderstood.

– H.L. Mencken

6.1 Introduction

The substrates used for printed electronics have primarily been

plastics, but the alarming consequences of the unsustainable use of

these materials necessitate action that is particularly highlighted by

the Sustainable Development Goals adopted by the United Nations

for 2030 [118]. Biodegradable electronics [119] could help reduce the

impact of discarded electronics waste that has become a problem and

that causes soil and water pollution, especially when the costs for

electronics are so low [120].

With the advances of the internet of things (IoT) becoming more

and more a reality and with embedded automation and smart systems

integration, trillions of sensors will be needed to enable artificial

intelligence [121]. With this, the need for devices that are self-powered

and cheap has also become a motivator for developing technologies

to enable the use of sustainable, flexible substrates.
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Chapter 6. Substrates for Paper Electronics

6.2 Inkjet papers

For inkjet printing, according to Kettle et al. [122], there are seven

interaction phenomena that coexist during the inkjet ink absorption

process. Wetting occurs as soon as the droplet hits the paper's surface.

At the same time, the capillary forces act, forcing the ink to penetrate

the IRL; this happens roughly 0.1 ms after the droplet has contacted

the surface [123, 124]. After a few milliseconds, the separation of the

ink components starts taking place, and the capillary penetration

continues strongly. Adsorption increases after 1 s. Diffusion starts at

the capillary’s ink penetration and increases with time when the ink

has penetrated deeper into the coating structure. Finally, the last two

phenomena that occur during ink absorption in the inkjet printing

process are polymerization and drying. For inks that have the ability

to polymerize, the polymerization takes at least 100 s to begin, and

the final drying rate of the ink can be in the range of hours [122].

Understanding high-performance paper substrates, especially the

coating layers of the IRLs of these substrates regarding the porous

structure [122], the coating color composition, the roughness [125, 126],

the mechanisms of ink penetration [122], ink de-wetting [127, 128] and

the impact of such characteristics on the electronics performance of

the substrates, could provide a direction for the product development

of grades to enable better electronics performance. With this in mind,

we investigated the effects of different substrates on printability and

electrical resistance. The results of this study will be discussed in

Chapter 9.

Porous IRLs are thick layers (i.e., 30 < h < 50 µm) [129], and

only a very small swelling of the binders contributes to the total ink

absorption, and all of the ink must be absorbed by the pores formed

between the pigments and within the pigments. Substrates containing

the PE layer were designed to have the thick IRL to absorb all the ink

solvent while ensuring good wetting and printing quality for inkjet

papers. The PE layer also reduces considerably the roughness, as it

will be discussed shortly.
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Chapter 7

Experimental Methods and
Characterization Techniques

Honesty without kindness is cruel.
Kindness without honesty is manipulative.

But honesty with kindness is sublime.
– Bryan Reeves

7.1 Introduction

In this chapter the main methods used to prepare the samples of

MoS2 dispersions are discussed alongside the main materials used

for this purpose. The dispersions were either prepared with pre-

processed MoS2 or with grades as supplied. The LPE methods used

were shear exfoliation (SE), bath and probe ultrasonication. Some

dispersions were centrifuged and characterized using absorption

spectroscopy to determine the concentration and optical features.

Zeta potential and particle size distribution were evaluated for the

dispersions prepared in Paper I and Paper II. The lateral dimensions

of the nanosheets and thickness were estimated using atomic force

microscopy (AFM) and transmission electron microscopy (TEM).

Scanning electron microscopy (SEM) was also used to estimate the

lateral dimensions of the nanosheets. X-ray diffraction (XRD) and
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Chapter 7. Experimental Methods and Characterization Techniques

Fourier transform infrared spectroscopy (FTIR) were used to charac-

terize the bulk and exfoliated MoS2. Raman spectroscopy was used to

evaluate the number of layers in the dispersed nanosheets in the latest

publications. Energy dispersive X-ray spectrometry (EDS) was used

to evaluate the quality of the bulk materials in terms of impurities.

A cathodoluminescence detector coupled to the SEM was used to

evaluate the luminescence of MoS2 exfoliated flakes. Printing was

done using the inkjet Dimatix material printer 2831 (DMP-2831).

Some techniques used to characterize the materials and samples

for the LPE dispersions of MoS2 were the same as those used to

characterize the ink-receiving layers (IRLs) of the coated substrates

analyzed for printing organic electronics.

7.2 Materials

7.2.1 Molybdenum disulfide

Different grades of MoS2 were used for the experiments reported

in this thesis from Paper I to V. Molybdenum disulfide grade 1 (MoS2-

G1) was supplied from the mining company Knaben Molybden AS

with an initial lateral size 1 mm and molybdenum disulfide grade 2

(MoS2-G2) was purchased from Sigma-Aldrich and used as supplied.

Fig. 7.1 illustrates MoS2-G1 (Fig. 7.1-A), MoS2-G2 (Fig. 7.1-C) and

the sediment after exfoliation from MoS2-G1 (Fig. 7.1-B). In Papers

I, II and IV, only MoS2-G2 was used, and in Paper III, both grades -

MoS2-G1 and MoS2-G2 - were used.

7.2.2 Stabilizers

Surfactant sodium dodecyl sulfate (SDS) was used in Paper II, and

2-hydroxyethyl cellulose (HEC) was used in Paper III. Both materials

were purchased and used as supplied (Sigma-Aldrich).

7.2.3 Substrates

In Paper II, a porous resin-coated composite paper (also called

photo paper, and referred as S6 in Paper V) and a 100 µm polyethylene
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7.2. Materials

Figure 7.1: SEM images of the MoS
2

grades: (A) MoS
2
-G1, (B) sediment of LPE-SE

MoS
2
-G1 and (C) MoS

2
-G2
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ResinResin

Resin

Resin BP

CL2

CL2
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Resin
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PE
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Figure 7.2: Cross-section SEM images of the substrates. The coated layers are
indicated in the image, as are the PE and BP composite layers. Resin refers to the
embedded material of the sample preparation.

37



Chapter 7. Experimental Methods and Characterization Techniques

terephthalate (PET) transparent film were employed as substrates for

inkjet printing. In Paper V, the selection of resin-coated composites

were expanded, and a pigment-coated paper substrate, which was

specially designed for printed electronics (supplied by Åbo Akademi

University),was added to the selection. These substrates are illustrated

in Fig. 9.1-S1 to S6. In these types of paper composites, each of the

layers has a function. The base paper supports to the polyethylene

(PE) films. On top of the PE films, an ink-receiving layer (IRL) that is

applied using a coating method, absorbs the ink solvent. This layer

is composed of coating pigments, such as SiO2, plus a number of

other additives, such as binders and cross-linkers [129]. A number of

flexible substrates can be employed for printing electronics; in Paper

V, we mainly focus on the paper-based substrates.

7.3 Sample preparation

7.3.1 Ultrasonication

Power, measured in watts, is the measure of electrical energy that

is being delivered to a convertor. At the convertor, the electrical energy

is transformed into mechanical energy. It does this by exciting the

piezoelectric crystals, causing them to vibrate within the convertor in

the longitudinal direction. This change from electrical to mechanical

energy instigates a motion that travels through the horn/probe,

causing the tip to vibrate and create pressure waves in the liquid. This

action forms millions of microscopic bubbles (cavities) that expand

during the negative pressure excursion and implode violently during

the positive excursion. This phenomenon, known as a compression

and rarefaction cycles, creates millions of shock waves in the liquid

and elevates the pressures and temperatures at the implosion sites.

Although the cavitational collapse lasts but a few microseconds and

the amount of energy released by each individual bubble is minimal,

the cumulative effect causes extremely high levels of energy to be

released into the liquid.

The larger the probe tip, the larger the volume that can be pro-

cessed, although it may occur at a lesser intensity, which may impact

the exfoliation, as suggested by Paton et al. [67]. In other words, simply
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7.3. Sample preparation

increasing the volume does not yield higher exfoliation. The produc-

tion rate and the concentration of dispersed nanosheets are directly

proportional to the liquid volume (see Equation 7.1, where PR is the

production rate, t is the production time, V is the liquid volume and

C is the concentration).

PR � CV/t (7.1)

The distance of the vibration is called the amplitude. The ampli-

tude and intensity have a direct relationship. If you operate at a low

amplitude setting, then you will obtain low-intensity sonication. If

you operate at a high amplitude setting, you will have high-intensity

sonication. For the results to be reproducible, the amplitude setting,

temperature, viscosity and volume of the sample must remain con-

stant. The amplitude, not the power, is the most critical aspect when

trying to reproduce sonication results [130].

A probe ultrasonic processor is significantly faster and more

reproducible than a bath sonicator due to the fact that the energy at

the probe tip is higher than that produced in a bath (at least 50 times

higher), focused and adjustable. In a sonication bath the intensity

is inconsistent as the water and the temperature both fluctuate. The

intensity is also low, fixed and location dependent [130].

O’Neill et al. suggested that optimizing the sonication conditions

may lead to a higher concentration and larger nanosheets in terms of

lateral size. These authors achieved concentrations of up to 40 g L
−1

,

but at the cost of a very long exfoliation time (i.e., 140 h), and the

nanosheet lateral size was reduced by more than half due to sonication

scission, this process is more pronounced after 60 h of sonication [73].

The liquid-phase exfoliation using sonication (LPE-S) was per-

formed with a Sonics Vibracell CV334 750 W ultrasonic probe unit

equipped with a 13 mm long step horn tip for volumes of up to

250 mL. The temperature of the dispersion during sonication was

controlled by circulating 5
◦
C water through a 100 mL jacket glass

vessel connected to a heating circulating bath (Polyscience 801 heat

circulator) in Paper I or an ice bath (Papers II-V). The probe was set

to operate for 8 s and to be on standby for 2 s during the processing

time to avoid excessive heating, solvent evaporation and damage to

the converter [30].
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7.3. Sample preparation

Similar to O’Neill et al. [30] we also used bath sonication in Paper

IV, the samples were sonicated for 5 h at a fixed frequency (20 kHz)

with a power output of around 25 W. The long processing times are

usually associated with bath sonication processes due to the low

power of this sonication mehod.

A simplified scheme of the surfactant-assisted dispersion method

described in Paper II is illustrated in Fig. 7.3. In the mechanical exfoli-

ation step, which is Step 1, an orbital sander was used to exfoliate the

bulk MoS2 powder. This thinned powder was then used to prepare the

dispersions (Step 2) in a surfactant solution using the LPE-S method.

The exfoliated dispersions after Step 2 were left to settle on a bench

and decanted in Step 3, and in Step 4, the inkjet printing process was

performed using the DMP-2831 inkjet printer.

7.3.2 Shear exfoliation

Varrla et al. [35] and, Paton et al. [67] have successfully used the

liquid-phase exfoliation using shear exfoliation (LPE-SE) method to

exfoliate layered materials and described a promising method for

scaling-up production. It represent the state-of-the-art technology

used to circumvent the drawbacks of ultrasonication such as long

processing times and sonication scission [30, 67]. This is explained

by the fractionation of the flakes of MoS2 when passing through the

narrow gaps of the rotor and due to the reduction in thickness.

The flakes are automatically drawn axially into the dispersion

head due to the high rotation speed of the rotorand then forced radially

through the slots in the rotor/stator arrangement, as illustrated in

Fig. 7.4, where the exfoliation and some fragmentation of the flakes

will occur. The high accelerations acting on the material produce

extremely strong shear forces. In addition, high turbulence occurs in

the shear gap between the rotor and stator, which provides optimum

mixing of the suspension but not necessarily exfoliation [32]. For the

LPE-SE, an IKA Ultraturrax T25 operating at 8600 rpm was used.
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Chapter 7. Experimental Methods and Characterization Techniques

Figure 7.4: Mechanism of exfoliation using shear exfoliation. (A) Rotor and stator
illustration showing the shear gaps where the exfoliation occurs across 3 stages.
(B) Stages of exfoliation in detail, wherein bigger flakes (Stage 1) are exfoliated into
smaller ones (Stage 2) and thin nanosheets are produced (Stage 3). Adapted from
Forsberg et al. [133].

7.3.3 Pre-processing molybdenum disulfide flakes

Not much effort has been dedicated to studying the effects of

pre-processing the MoS2 flakes before the LPE step. Pre-processing

the MoS2 flakes in a surfactant solution via ball milling was done in

one of the few studies on the matter [134], but the process was time

consuming and would require a postprocessing step to remove the

residual surfactant.
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7.4. Characterization of the nanosheets and dispersions

Barwich et al. [135] also reported a technique for preprocessing

graphite flakes that would yield a high concentration graphite disper-

sion (i.e., 1 g L
−1

) in just 1 min after re-sonication. In this technique,

pre-exfoliating the graphite flakes in water instead of the solvent NMP

was recommended because this solvent can indefinitely exfoliate and

stabilize the nanosheets, and it would be difficult to recover the flakes

that could be re-dispersed later. In Paper I, a technique in dry form

is proposed where this step to recover the exfoliated nanosheets is

avoided, as the pre-treatment is done by mechanically exfoliating the

flakes with an orbital sander. The resulting powder can be readily

used for preparing LPE processed MoS2 dispersions.

In Chapter 8, the cathodoluminescence for LPE-SE will be dis-

cussed for the MoS2-G1, which was pre-processed, but this time in

liquid phase using LPE-SE. A total of 100 g of MoS2 was added to

250 mL of propanol and processed for 2 h at 8600 rpm (IKA Ultra-

turrax T25). The supernatant was decanted, and the sediment was

dried in an oven overnight at 150
◦
C. This sediment was then used to

prepare a 2 g L
−1

dispersion of MoS2 in a 0.4 g L
−1

HEC solution and

LPE-SE for 60 min at 8600 rpm. HEC (Molecular weight (MW)�90000,

Sigma-Aldrich) was used as supplied. The dispersions were decanted

overnight and the sediment was collected for the CL analyses after

drying. CL was measured for the dried flakes processed using LPE-SE

and for the sediment of the flakes processed at lower concentration

MoS2 dispersion.

7.4 Characterization of the nanosheets and dispersions

7.4.1 Absorption spectroscopy

The optical properties were evaluated by UV-vis absorption mea-

surements using a UV-1800 Shimadzu spectrophotometer. The estima-

tion of the concentration was also done using absorption spectroscopy

measurements. The samples were left to settle on the bench for thirty

days before measurement, at which point they were decanted and

diluted at a 1:9 ratio for Paper I. In Paper III, the absorption measure-

ments were performed to estimate the concentration of the dispersions

after LPE, whereas in Paper I, the concentration of the dispersion was
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7.4. Characterization of the nanosheets and dispersions

measured by drying a known volume of the dispersion in a beaker

of known mass at 100
◦
C overnight and determining the remaining

mass using a microbalance. The concentration of the dispersion in

Paper II was not estimated.

7.4.2 Centrifugation

If not stated otherwise in the text, 50 mL of the samples were

centrifuged at 1500 rpm (514 g) using an Avanti J-20XP Beckman

Coulter centrifuge (rotor JS 4.3). An Optima LE-80K Beckman Coulter

ultracentrifuge coupled with rotor 70.1.Ti was also used to centrifuge

samples. We had to use different centrifuges and rotors due to the

speed limitation of the Avanti equipment.

7.4.3 Electron microscopy

An electron microscope uses a beam of accelerated electrons to

illuminate matter. The higher resolving power of these microscopes

compared to light microscopes comes from the fact that an electron has

a much shorter wavelength than visible light photons, thus enabling

the detection of very small objects.

7.4.3.1 Transmission electron microscopy

The main difference between SEM and TEM is how the image

is created on these techniques. SEM creates an image by detecting

reflected or scattered electrons while an image using TEM is generated

by the electrons that pass through the sample or the transmitted

electrons. As a result, SEM provides information on the sample's
surface and its composition and TEM offers valuable information on

the inner structure of the sample. It is not possible to estimate the

thickness of the samples we characterized using SEM but using TEM

is possible even at atomic scale depending on the resolution of the

instrument used.

In Paper I, TEM images of MoS2 nanosheets in water were accessed

using a JEOL 2000FX operated at 160 kV. In Paper III low-resolution

bright field TEM imaging was performed using a JEOL 2100, operated
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Chapter 7. Experimental Methods and Characterization Techniques

Figure 7.6: Breakdown principle of signals generated from the interaction of highly
energetic electrons with the matter (Source: Wikipedia)

at 200 keV. Holey carbon grids (400 mesh) were purchased from Agar

Scientific and prepared by diluting a dispersion to a low concentration

and drop casting it onto a grid placed on a filter membrane to wick

away excess solvent. A statistical analysis was performed on ∼ 200

nanosheets to estimate their dimensions by measuring the longest

axis of the nanosheet and assigning it as 'length' , L. We have not

estimated the thickness of these nanosheets using this technique for

Paper III, we used Raman spectroscopy instead.

7.4.3.2 Scanning electron microscopy

This technique is based on the reflection or scattering of accelerated

electrons by mean of emission from an electron source [136]. Some

types of detectors used in SEM have analytical properties. Examples

of such detectors are the energy dispersive X-ray spectrometry (EDS)

used in elemental analysis and the cathodoluminescence (CL) detector

that analyse the intensity of electron-induced luminescence. Both
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7.4. Characterization of the nanosheets and dispersions

these detectors were used in this thesis in addition to the backscattered

electron detector (BSE) and SE. A diagram indicating the multiple

phenomena generated from the interaction of the accelerated electrons

with matter can be seen in Fig. 7.6.

In Paper I and Paper II the SEM images were accessed using a

FEI Nova NanoSEM (450). They were acquired in secondary electron

imaging mode using 2 kV accelerating voltage at 5 mm working

distance. Before image acquisition, the samples were goldsputtered for

20 s to obtain an electrically conductive surface. For the experiments

using SEM in Paper III we had access to a newer instrument: FE-SEM

TESCAN MAIA3, Triglav. The samples were coated with 3 nm of

conductive iridium.

For the lateral size analysis using SEM, we initially polished the

aluminum stubs until mirror like surfaces and deposited diluted

samples of the dispersions letting them dry over night. The quality of

the nanosheets in terms of size was estimated through processing the

SEM images,and the nanosheet's morphology evaluation was done

using the TESCAN MAIA3 software.

A Rainbow Cathodoluminescence detector coupled to the SEM

(TESCAN MAIA3, Triglav instrument) and energy of 25 keV to excite

the electrons was used to acquire CL images of the pre-processed MoS2

and the sediment of MoS2-G1 after exfoliation. The samples were

deposited onto a double sided carbon tape attached to an aluminum

stub. They were not coated for imaging. These measurements were

performed by Dr. Marek Dosbaba at the headquarters of the company

Tescan in Brno, Czech Republic.

For the energy dispersive X-ray spectrometry (EDS) analysis, the

SEM images were accessed at 10 keV and the EDS measurement

was performed using the accessory X-Max 50 coupled to the SEM

(Oxford Instruments). The data analyzes were performed using Aztec

software. We used different features from the instrument for the

number of analyses we performed. Mapping of the surface of the stub

where MoS2 grades were deposited, elemental analysis to identify the

composition of impurities in the samples for the CL measurements,

are examples of the use of EDS in this thesis. EDS was one of the most

explored characterization techniques used here together with SEM

and Raman.
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7.4.4 Atomic force microscope

AFM is a high-resolution form of scanning probe microscope

where the image is formed using a physical probe that scans the

sample. This probe may contact the surface or not depending on the

type of instrument used. It was performed on nanosheets deposited

on a silicon wafer. A Dimension 3100 AFM (Digital Instruments)

operated in tapping mode was used to access the AFM images in

Paper I, II and IV.

7.4.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is used to detect changes in

sample weight upon variation of the temperature. With it is possible

to characterize adsorption/desorption, phase transition and also

decomposition of the samples upon heating [137]. These analyses

were performed by the Chemical Analytical Development group at

Nouryon in Sundsvall, Sweden, using a Mettler Toledo TGA/SDTA

841e LF1100 instrument with a GC 200 as gas controller. The crucible

size was 600 µL (standard size).

7.4.6 X-ray powder diffraction

An XRD analysis was performed not only to obtain information

about the crystal structure of the exfoliated nanosheets but to help

identify the phases resulting from chemical reactions, such as oxida-

tion, that may have taken place during the exfoliation process [15].

X-ray photoelectron spectroscopy (XPS) would be more precise for

this evaluation though. For the XRD in Paper I, II and III, a D2 Phaser

(BRUKER) X-ray powder-diffraction station was used.

7.4.7 Raman spectroscopy

Vibrational spectroscopy includes several techniques including

FTIR and Raman spectroscopy. They provide characteristic funda-

mental vibrations that can be used to identify molecular structures.

The difference between these techniques relies on the way the photon
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energy is transferred to the molecule by changing its vibrational state.

In FTIR the change in vibrational energy levels is measured as a result

of the absorption of IR radiation whereas in Raman spectroscopy it is

a process of inelastic light scattering. An energy exchange between

the photon and the material will be characterized by a shift in the

scattered light [41, 138].

The supernatant of a dispersion with an initial concentration of

MoS2 2 g L
−1

and HEC 1 g L
−1

was deposited onto a silicon wafer and

imaged using a Horiba Xplora Raman microscope with a 532 nm

excitation wavelength laser. The Raman emission was collected by

a 100x long distance objective dispersed by lines 1800 lines mm
−1

groove grating. The laser power was set to 100% (i.e., 250 mW).

7.4.8 Fourier transform infrared

FTIR measurements were done using a Nicolet 6700 (Thermo

Scientific) for all the analyzes done for Papers I, II and III. For Paper I

and II, the samples were collected by vacuum filtration of the disper-

sions in water onto a cellulose or PVDF membrane. The nanosheets

were then scraped from the surface of the membrane with a spatula.

The preprocessed MoS2 and bulk powders were measured without

additional processing.

7.4.9 Electrophoretic mobility (zeta potential)

The stability of the dispersions in water was evaluated in two ways.

One way was based on the concentration of the dispersions over time,

as described in Paper III. The other method used electrophoretic mo-

bility measurements, which estimated the zeta potential. We applied

for these in the water and surfactant-assisted dispersions mentioned

in Paper I and Paper II.

For the surfactant-assisteddispersions the surfactant concentration

was varied around the critical micelle concentration (CMC) of SDS,

which is 2 g L
−1

[139], and kept the MoS2 concentration constant at

1 g L
−1

. The minimum concentration of SDS used was 0.2 g L
−1

, and

the maximum surfactant concentration was the CMC of SDS, or

2 g L
−1

.
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Samples of the dispersions were collected over time within a

month. These dispersions were sonicated for 15 min in a low-power

sonication bath before the measurements were taken. We also eval-

uated the stability of one dispersion with an SDS concentration of

1 g L
−1

and a MoS2 concentration of 5 g L
−1

six months after initial

sample preparation.

Electrophoretic mobility is an estimation of the zeta potential. The

measurement is performed by evaluating the rate of diffusion of the

surface charge when an electric field is applied. This rate of diffusion

is dependent upon the strength of the electric field, the net charge at

the shear plane close to the surface and the size of the particle.

The velocity of the particles moving in the direction of the op-

positely charged electrode when an electric field is applied can be

measured, and this is the electrophoretic mobility.

The electrophoretic mobility measurements employed a laser

interferometric technique (Zeta Sizer Nano Series Operating Instruc-

tions), which enabled the calculation of the electrophoretic mobility

to estimate the zeta potential; this technique is called M3-PALS (Phase

Analysis Light Scattering). Once I measured the mobility, the apparent

zeta potential could be estimated using the Smoluchowski equation

[140], in which ζ is the apparent zeta potential, η is the viscosity of

the dispersion liquid, µ is the electrophoretic mobility and ε is the

solution permittivity.

ζ � ηµ/ε (7.2)

7.4.10 Dynamic light scattering

Because measuring of the nanosheets' dimensions using AFM

microscopy and TEM is a very time-consuming method, I estimated

the size of a larger population of nanosheets using the method of DLS,

a very accurate method for spherical particles but only an estimation

for non-spherical ones [141]. This was done in Paper I and Paper II.

The same dispersion and measurement cell used to measure the

electrophoretic mobility was employed to measure the particle size

distribution of the samples using the DLS technique.
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DLS consisted of an evaluation of the change of light intensity

caused by the Brownian motion of the particles in the solvent. The

intensity of the light scattered by the particles is measured, and

the time-dependent fluctuation in the light intensity is related to

the constructive and destructive interference. The Stokes-Einstein

equation is then used to determine the hydrodynamic diameter of

the scattering objects [82].

7.4.11 Viscosity

The viscosity of the surfactant-assisted dispersion was evaluated

with a Rheomat RM180 rotational viscometer using spindle set 11,

a shear rate of 1108 s
−1

, a torque of 0.4 mN m and a temperature of

19
◦
C.

7.5 Characterization of the inkjet paper substrates

7.5.1 Raman spectroscopy on printed lines

For the Raman spectroscopy (Horiba Xplora Plus) of the paper

substrates for organic printed electronics (as described in Paper V), the

setting involved confocal mode in X, Y and Z directions and a 532 nm

laser. The YZ direction analysis (i.e. depth penetration analysis)

were performed to evaluate chemical interactions ink-substrate in

YZ direction. The Raman emission was collected using a 100x long

distance objective (Olympus MPlan) with numerical aperture equal

to NA = 0.90 disperse by 600 lines mm
−1

groove density and a 100 µm

slit opening (confocal mode) with 1% laser power (i.e., 2.5 mW) was

required to not damage the substrates. Mapping of the surface in XY

direction was also performed to evaluate the ink distribution on the

paper surface.

7.5.2 Surface roughness

The surface roughness of the paper substrates from Paper V

were evaluated by performing an AFM scan of a 50 µm
2

area of

the substrates using a Dimension ICON (Bruker) instrument with
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a PeakForce and a ScanAsyst-Air probe under ambient conditions.

The surface roughness was calculated using NanoScope Analysis

software, resulting in Rq , the root mean square (RMS) average of the

height deviations (taken from the mean image data plane).

7.5.3 Morphology and pore-size distribution

Images of the top surface of the substrates were accessed using

SEM (TESCAN MAIA3, Triglav). The software's morphology tool

was employed to estimate the pore-size distribution using image

processing. The samples were cut into small squares and attached

to an aluminum stub using double-sided carbon coated tape. Silver

conductive ink was applied to the edges of the sample and, allowed

to dry; then, the samples were coated with 5 nm iridium (Q150T ES,

Quorum) to prevent electrostatic charging.

7.5.4 Coating composition analyses

The coating color composition of the IRL of the substrates was

evaluated using EDS and FTIR.

To perform the EDS analyses we used cross-sectional SEM images

(TESCAN MAIA3, Triglav) of the substrates that were embedded in

slow-curing, transparent epoxy resin (Epofix Kit, Struers).

First, all the samples were attached to an aluminum spring; the

resin was then deposited in a Teflon container using a vacuum cham-

ber. Afterward. the spring was removed, and the embedded samples

were polished following a protocol with a sequence of sandpapers

using a TegraPol-21 (Struers) equipped with a Tegra Doser-5 (Struers)

used for dosing the lubricants. The embedded samples attached to

the aluminum stub are illustrated in Fig 7.7. The samples were coated

with 5 nm chromium and then immediately accessed to prevent the

oxidation of the coating. The images were accessed using a BSE that

was in analysis mode at 20 KeV. The EDS detector (Oxford Instru-

ments accessory X-Max 50) was coupled to the SEM equipment, and

Aztec software was used for the data acquisition and analysis.
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7.5. Characterization of the inkjet paper substrates

Figure 7.7: Photograph of the embedded samples in resin for the SEM-EDS cross
section analyses

Due to the fluorescence of the paper substrates, additional to

Raman spectroscopy analysis, FTIR was performed on the top of

the printed lines and the substrates to evaluate the composition

of the outermost coating layers and investigate possible chemical

interactions between the substrate and the organic PEDOT:PSS ink.

We leaned afterwards that Raman could have been used to evaluate

the surface of the substrates despite the fluorescence using the laser

532 nm. To achieve this we would need to adjust the settings of the

acquisition of the spectra having multiple spectra acquisition at very

short acquisition times and,performing a different sample preparation

as described in the protocol by Gierlinger et al. [142].

We performed the FTIR measurements on the outermost surface

of the PEDOT:PSS printed lines. FTIR (Nicolet 6700 FT-IR) spectra

of the substrates were taken using the instrument’s attenuated total

reflectance (ATR) mode.

7.5.5 Surface energy

Using the Advex instrument and 3 µL of the liquids described in

Table 7.1, contact-angle measurements were performed to determine

the substrates' surface energy at 23
◦
C.

To evaluate the surface energy of the substrates the three compo-

nent model for surface energy (as proposed by van Oss [143]) was

applied. This model, refers to the interfacial Lifshitz-van der Waals

(LW) and Acid-base (AB) polar interactions, such that the surface

energy of a solid is divided into three components (a dispersive, an

acid and a base). The resulting surface energy data for each substrate,

as calculated using the instrument's software (based on Eq. 7.3), are

listed in Table 7.1 for each substrate. The superscriptions LW and
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AB refer, respectively to Lifshitz-van der Waals (dispersive or apolar)

and acid-base (polar) components of the surface tension.

γL(1 + cosθ) � 2[(γLW

S
γLW

L
)1/2

+ (γ+
S
γ−

L
)1/2

+ (γ−
S
γ+

L
)]1/2

(7.3)

γL(1 + cosθ) � 2(γLW

S
γLW

L
)1/2

(7.4)

The following definitions apply to Eqs. 7.3 and 7.4:

θ= the contact angle

γL= the liquid's overall surface tension

γS= the solid's overall surface tension

γLW
L = the dispersive component of the liquid' s surface tension

γLW
S = the dispersive component of the solid's surface tension

γ+L = the acid component of the liquid' s surface tension

γ−L = the base component of the liquid's surface tension

γ+S = the acid component of the solid's surface tension

γ−S = the base component of solid's surface tension

The dominant theory regarding the LW and polar interactions

has been thoroughly explained in the literature [143]. The acid com-

ponent or the electron donor indicates the surface's propensity to

specific interactions (such as dipole-dipole, induced dipole or hydro-

gen bonding to wetting liquids) that can lead to donated electrons

density (acting as a base). The base component, on the other hand,

characterizes the surface's propensity to accept electrons (acting as an

acid). First, a liquid with only dispersive forces was used to determine

the contact angle, and then two more liquids were needed to calculate

the acid and base components of the surface energy.

Table 7.1: The Lifshitz-van der Waals components and electron-donor parameters
for the liquids that were used to estimate the substrate's surface energy in mNm−1.

Liquid γL γLW
L γAB

L γ+L γ−L
[mN/m] [mN/m] [mN/m] [mN/m] [mN/m]

Water 72.8 21.8 51 25.5 25.5

Diiodomethane 50.8 50.8 0 0 0

Ethyleneglycol 48 29 19 47.0 1.92
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7.6. Inkjet printing

7.6 Inkjet printing

To enable printing of the dispersions and to avoid clogging the

printhead nozzles, a ratio of 50:1 printhead nozzle to particle size is

suggested [144]. The DMP-2831'’ nozzles are 21 µm compared to the

500 nm maximum range of the particles according to the particle size

distribution (PSD) measurements (see Fig. 8.7) this gives a ratio of

approximately 42:1. Some bigger particles and various agglomerates

that can form after exfoliation may still clog the nozzles; stabilizers

help to prevent this aggregation, increasing the inks's shelf life and

the printing performance. For the surfactant-assisted MoS2 dispersion

that was printed in Paper II the surface tension was 28 mN m
−1

(within

ideal range of 25-35 mN m
−1

[107]), and the measured viscosity was

5 cP (below the ideal range of 8-15 cP for PZT printheads [107]).

A Dimatix 2831 printer and Dimatix 11610 cartridges (with 10 pL

drop volume) were used to print the contact lines. The template was

printed using a nozzle spacing of 254 µm and 20 µm drop spacing,

which corresponds to a resolution of 1270 dpi. The manufacturer 's
waveform for distilled water was used with no alterations.

In Paper V, the substrates were printed using a commercially

available PEDOT:PSS water-based ink with 0.8 wt% (Orgacon Ĳ 1005,

Sigma Aldrich), a surface tension of 24 mN m
−1

(Krüss, K6), and a pH

in the range 1.5-2.5 and also a commercially-available graphene ink.

The DMP-2831 inkjet printer and the DMC-11610 ink cartridge

that were used in Paper II and Paper V are illustrated in Fig. 7.8. The

DMC-11610 is a cartridge type printhead that integrates a fluid case

with a container for the liquid [145].

Using the Dimatix printer's drop evaluation tool, we evaluate the

likelihood of clogged nozzles, as that was an issue for both the MoS2

and organic PEDOT:PSS inks. We also evaluated the velocity of the

drops. The jetting produced uniform drops in general, but they were

often broken up, thus producing satellite drops.

One approach to reduce the formation of satellites is to increase

the viscosity. To do this, one can increase the concentration, add

chemicals such as polymers, or perform a solvent exchange so as to

transfer the dispersed nanosheets to a solvent with a higher viscosity

[99].
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Figure 7.8: (Left) Dimatix printer and (right) printer cartridge components. Adapted
from [146].

The jetting conditions should also be studied more carefully

because an applied voltage affects many of the droplets' including

the droplet break-up, the morphology, the velocity and the size [106,

147]; eventually these issue will impact the printing quality.

Fig. 7.9 shows the scheme for the phases of drop formation and

break-off in the DMP-2831. A waveform-editor print-screen image

that show the phases of the waveform used for the test prints in Paper

II is then presented in Fig. 7.10.
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de�ected prior initiation 
of drive pulse train 
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Decrease in voltage moves 
PZT upward, drawing in 
�uid from reservoir 
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Figure 7.9: Drop formation sequence for Dimatix printheads. Adapted from [146]
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Figure 7.10: Print-screen image from the waveform editor with the properties for the
waveform's drop formation phase, as used for the test prints in Paper II.

A typical waveform is divided into four phases (not counting

the start, which is actually the continuation of the last phase). Three

properties of these phases - duration, slew rate and level - can be

adjusted in the waveform editor [146] (see Fig. 7.10).

The following are the definitions of these drop formation and

break-off properties:

1. The level is the percentage of the amplitude relative to the value

that is specified in the cartridge settings on the waveform screen.

Of the three properties, this one has the most impact on the

jetting process.

2. The slew rate determines how fast the voltage changes. It is the

slope of waveform's line during voltage ramps.

3. The duration is the duration of the phase. Changing the duration

of the first phase or the slew rate and/or duration of the second

phase strongly influences the drop formation.
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For the drop formation and break-off, two phases were enough to

jet the dispersions that we used in Paper II. The drop formation lasted

5.6 µs, and the total pulse duration needed 26.9 µs to jet one droplet.

This waveform was tuned by the manufacturer for use in jetting

distilled water, so we did not adjust the phases. If we modify the inks

in future experiments, then we may need to adjust the waveform as

well. We used the non-jetting waveform to keep the ink in Brownian

motion and thus prevent nozzle clog. The voltage in this case was not

enough to jet a drop.

7.7 Electrical properties of the printed lines

The electrical properties of the printed lines were evaluated for

thickness andsintering temperature using a benchmultimeter (34410A

6.5, Angilent) with two probes. We also performed analysis of sheet

resistance using a four-probe measurement device (Jandel, unit Type

G, Tip R 100 µm, force 100 g). The probes were equidistant at 0.635 mm

apart and, were coupled using a bench multimeter (2611A Keithley).
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Chapter 8

Liquid-Phase Exfoliation -
Results and Discussion

We can judge our progress by the courage of our questions
and the depth of our answers, our willingness to embrace

what is true rather than what feels good.
– Carl Sagan

8.1 Introduction

In this chapter, we discuss the results of our work related to liquid-

phase exfoliation of two-dimensional materials, applications and

the deposition of these materials using inkjet. Following Coleman's
work [29], a number of liquid-phase exfoliation methods have been

reported; those that are most relevant to this work are summarized in

Table 8.1. Initially, the main results for the LPE methods are given,both

with and without preprocessing of the bulk MoS2, using stabilizers

such as SDS and HEC to help stabilize of the nanosheets in water. We

then discuss the characterization of the resulting dispersions in terms

of the exfoliated nanosheets' stabilization and other characteristics

(e.g. lateral size, crystal orientation, thickness and optical properties).

A photodetector application that was fabricated using LPE MoS2-G2

is presented, as are the CL properties of LPE MoS2-G1. Then, we
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Chapter 8. Liquid-Phase Exfoliation - Results and Discussion

present the print results for a commercially available 2D graphene

ink and PEDOT:PSS ink.

8.2 Characterization of solution-processed MoS2 dispersions

Several grades of MoS2 were used to prepare the dispersions. These

grades are described in Chapter 7, section 7.2 and illustrated in Fig. 7.1.

We pre-processed MoS2 flakes for the LPE-S step in Papers I and II

using an orbital sander that mechanically exfoliated the bulk MoS2.

This process is illustrated in Fig. 8.1, in which the steps involved in the

exfoliation are illustrated at the molecular level for the preparation of

the dispersions in water. This process was used to pre-process the

bulk MoS2 before applying the LPE-S solution-processing method

in water (Paper I) and to perform surfactant-assisted stabilization

LPE (Paper II). In Paper III, the MoS2 grades were not pre-processed.

These exfoliation methods can be evaluated using the quality of the

produced nanosheets in terms of the stability in dispersion, lateral

size, thickness, crystal orientation and so on, as discussed in this

section.

One of the disadvantages of LPE is that the resulting nanosheets

significantly vary in size and thickness, as shown in the data reported

here. Nevertheless, there are ways to perform size selection based

on thickness [148, 149] and lateral size [149, 150], according to the

desired application.

8.2.1 Thickness

Thin nanosheets were observed in the AFM images of the nanosheets

dispersed in water (Fig. 8.2-A) and of those that were stabilized

with surfactant (Fig. 8.2-C) (from Papers I and II, respectively). The

nanosheet without the stabilizer had a thickness of approximately

1.5 nm, which indicates up to two layers of MoS2 [151]. The thickness

of the surfactant-assisted stabilized nanosheet was slightly - higher,

as shown in the thickness profiles within the AFM images (Fig. 8.2-B

and Fig. 8.2-D, respectively).

The nanosheets were observed qualitatively using TEM, as il-

lustrated in Fig. 8.3 and Fig. 8.4, showing very thin nanosheets in
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surfactant-assisted dispersions using MoS

2
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thickness profiles. Adapted from Papers I and II [37, 89].

Figure 8.3: TEM image of the lateral size of nanosheets of LPE-S MoS
2
-G2 in water.

Adapted from Paper I [89].
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water and cellulose-stabilized dispersions, respectively (Paper III). In

Fig. 8.4, panels B and D, show large quantities of MoS2 nanosheets. It

is reasonable to conclude that these nanosheets consist of only a few

stacked monolayers of MoS2.

Figure 8.4: TEM images of cellulose stabilized nanosheets of (A through D) LPE-S
of MoS

2
-G1 and (E and F) LPE-S of MoS

2
-G2. Based on a HEC load of (A and B)

0.4 g L−1, (C and D) 1 g L−1 and (F) 0.4 g L−1. Adapted from Paper III

The thickness of the nanosheets from Paper III were evaluated

using Raman spectroscopy on LPE MoS2-G1 nanosheets that were

deposited on a silicon wafer. Fig. 8.5-A shows the collected Raman

emission spectra of a MoS2-G1 nanosheet. These results are map

the nanosheet' s surface and the resulting spectra (as indicated by

the brackets in Fig. 8.5-A) are all in the same position; this indicates

that the number of layers is homogeneous throughout the nanosheet.

According to the literature [152], the vibration frequency of the E
1

2g
peak decreases (a red-shift), but the frequency of the A1g increases (a

blue-shift), as the number of layers increases due to MoS2's interlayer

van der Waals forces, which suppress atomic vibrations.

64



8.2. Characterization of solution-processed MoS2 dispersions

This red-shift could be due to Coloumbic interactions or stacking-

induced changes to the intralayer bonding [153]. The respective

Raman modes were measured at frequencies 379 and 404 cm
−1

for

the E
1

2g and A1g . The Raman mode at 404 cm
−1

for A1g indicates that

the nanosheets have approximately two layers [152]. The red-shift

of E
1

2g is below the value that has been reported in the literature

(i.e., 383 cm
−1

) [152, 153]; this could be due to the presence of HEC,

which we attributed to the darker color on the surface of the nanosheet.

Figure 8.5: (A) Raman spectra map of a cellulose-stabilized MoS
2

nanosheet that
has been deposited on a silicon wafer, indicating characteristic MoS

2
peaks at E1

2g
and A

1g , as well as the silicon peak that was used to normalize the measurement.
(B) Image of the points on the MoS

2
nanosheet where the Raman spectra were

taken.

8.2.2 Nanosheet's lateral-size

The lateral size of the nanosheets changes significantly as the

stacked MoS2 monolayers are separated during exfoliation. Based on

the AFM images (Fig. 8.2-A and C), the nanosheet in the surfactant-

assisted dispersion is slightly smaller in lateral size (200 nm) than the

one in the water dispersion (300 nm). Only one nanosheet was mea-

sured using AFM for each case: The statistical analysis was performed

using various techniques to estimate the lateral-size distribution of

the nanosheets in the dispersions. In Papers I and II, we used DLS,

and in Paper III, we used SEM and TEM.
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By depositing the dispersions onto holey carbon grids, we were

able to perform a statistical analysis of the nanosheets’ lateral-size

distribution using TEM. These statistics are similar to those in Fig. 8.4-

(panels A and B) and are presented in Fig. 8.6, in which the SEM and

TEM results of the lateral size distribution analysis are compared.

We noticed a significant difference in the average lateral size for the

lengths of the nanosheets in the dispersions, as measured using SEM

and TEM. The evaluated average flake lengths were (187±148) nm

and (397±83) nm for the SEM and TEM measurements, respectively.

The difference in these results is that for the TEM measurements, the

smaller nanosheets were removed from the analysis; this significantly

increased the average flake length. By contrast, for the SEM analysis,

more nanosheets were analyzed, including a broader range in the

lateral-size distribution. Removing the smaller particles through size

selection using column chromatography could improve the statistics

for the lateral size significantly as has been reported elsewhere [150].
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Figure 8.6: SEM and TEM lateral- size distribution analyses for the nanosheets
in dispersions, which contained HEC with an initial concentration of 1 g L−1 after
LPE-SE for 60 min.

Lotya et al. [154] reported the benefits of using in-situ measure-

ments rather than the tedious and time consuming AFM and TEM

measurements that are typically used for deposited nanosheets. Aside

from being time-consuming, the AFM and TEM can introduce errors

due to the aggregation of particles in the deposition process. A corre-

lation was found between the peak of the DLS measurement and the
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Figure 8.7: Graphs of the lateral size of MoS
2

nanosheets in water, both (A) before
exfoliation and (B) after LPE-S, as well as the surfactant-assisted dispersions, both
(C) at initial surfactant concentration 2 g L−1 and (D) at 0.2 g L−1. Adapted from
Papers I and II [37, 89].

length, as measured by TEM [154].

In Papers I and II, we used DLS to evaluate the size of the

nanosheets. The initial size of the stacked monolayers in the bulk

MoS2-G2 are approximately 10 times larger than the size after LPE-S,

according to the dispersion before exfoliation (Fig. 8.7-A) and the

lateral-size distribution of the nanosheets in dispersion (after LPE-

S) in both water and surfactant solution at various concentrations

(see Fig. 8.7-B, -C and -D). The average lateral size of the flakes

in the bulk MoS2-G2 was 1955 nm, as compared to 186 nm for the

LPE-S nanosheets in water and 162 nm for the LPE-S nanosheets in

surfactant-assisted dispersions. Some sedimentation occurred in the

surfactant-assisted dispersion over six months, according to the results

from Paper II (as illustrated in Fig. 8.8). for the surfactant-stabilized

dispersions the average lateral-size dropped from approximately

227 nm to 163 nm; it then remained constant for a month (Fig. 8.7).

For the lowest SDS concentration (0.2 g L
−1

), the size of the dis-
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Surfactant Concentration (g/L)
2
1

0.5
0.35
0.2

Figure 8.8: Average lateral size of nanosheets in surfactant-assisted dispersions, as
measured with dynamic light scattering (DLS). The samples were taken 3 days, 18
days and 25 days after preparation. The legend indicates the surfactant concentration
in the dispersal solution at an initial MoS

2
concentration of 1 g L−1.

persed nanosheets remained approximately same, which indicates

that the amount of surfactant does not greatly impact the lateral-size

distribution (as seen in Fig. 8.8).

In Paper III, two exfoliation methods (LPE-S and LPE-SE) were

used and SEM was used to evaluate the lateral size distribution of

the nanosheets besides the state-of-the-art method using TEM. We

compared this methods at the beginning of this section.

Fig. 8.9-A and -B shows the lateral size of the bulk MoS2-G1 and

MoS2-G2. Note that the average lateral size for MoS2-G2 (1.76 µm) is

comparable to the value measured for the same grade using DLS in

Paper II (∼ 2 µm). For the MoS2-G1, the bulk flakes were in millimeter

range (∼ 0.47 mm), and their size decreased significantly down to ∼
1 µm after being processed with LPE-SE. The average lateral size of the

LPE-SE MoS2-G2 nanosheets was around 0.4 µm. Larger nanosheets

are preferable, and the advantage of already having such a large

lateral size in the bulk stage makes MoS2-G1 the better option for

LPE-SE, because this process does fractionate the nanossheets besides

the exfoliate them. Deposition techniques such as inkjet printing [155]

require nanosheets with approximately this average lateral size.
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2
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2
-G1 and (B and D) MoS

2
-G2 grades. The number of

nanosheets is indicated by n. Adapted from Paper III.

8.2.3 Concentration and optical properties

Fig. 8.10-A illustrates the absorption curves for LPE-SE MoS2-G2

dispersions during the sedimentation period in days. The curves are

sitting on a power-law scattering background A ∼ γ−n
. The absorp-

tion curves at various rotational speeds are presented in Fig. 8.10-B,

and the calculated concentration (as estimated after background sub-

traction) is presented in Fig. 8.10-C. Higher centrifugation speeds

mean smaller nanosheet sizes and smaller exponents in the power-law

relationship. Rayleigh scattering occurs when the particles are much

smaller than the incident wavelength (n smaller than −4) whereas
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Tyndall scattering occurs for bigger particles.

We chose a centrifugation rate (i.e., 1500 rpm, 514 g) that resulted

in a scattering exponent above −4 so as to avoid having nanosheets

that were too small. We estimated the concentration of the dispersions

using the Beer-Lambert law, A/l � α C. The value of the resonant

absorption coefficient α was 1020 mL mg
−1

m
−1

[73]. In Fig. 8.10-A

and -B, the dashed lines indicate the high-wavelength regions where

the background was extrapolated; the value solely due to resonant

absorption was taken at the wavelength of the A-exciton (i.e., 677 nm).

According to Frey et al. [156], in pristine MoS2, the absorption

peaks A and B are positioned at 660 nm (1.88 eV) and 602 nm (2.06 eV),

respectively. After the exfoliation process, the positions of these

peaks shift slightly, as shown in Fig. 8.10. These absorption peaks

had a redshift of approximately 14 nm, located at 674 nm (1.84 eV)

and 614 nm (2.02 eV), at least for the top phase of the dispersion in

surfactant (see Fig. 8.11-D). For the bottom phase of the dispersion in

surfactant, the shift was smaller; the A-exciton peak value was 668 nm

(1.86 eV), which indicated that the nanosheets were thinner [41]. The

addition of surfactant could have contributed to this red-shift by

displacing anions that had adsorbed onto the particles' surfaces [157].

However, the shift was similar for all the dispersions, including the

one in water (see Fig. 8.11), which indicates that the surfactant did

not influence these measurements in those regions.

For the cellulose-stabilized nanosheets, the A-excitonic peak was lo-

cated at 677 nm (1.83 eV) (Fig. 8.10). Smith [41] reports that A-excitons

in the energy range of 1.89 eV to 1.83 eV correspond to thickness

ranging from 10 to 1 nm. The thickness of the cellulose-assisted MoS2

can be in the range of 5 to 10 nm, which correspond to approximately

5 layers if considering a surface coverage of 1 nm for the stabilized

cellulose that adhere to the top and bottom of the nanosheet [41].

Due to the presence of the surfactant, after the sample preparation;

were observed two phases for the dispersion, as described in Paper

II. This happened when the samples were decanted or centrifuged.

The top phase, as illustrated in Fig. 8.11-D, was decanted; this is the

phase that constituted the surfactant-assisted dispersion used for the

printing tests in Paper II (see Fig. 8.11-F) at six 6 months after LPE-S).
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Figure 8.10: (A) Absorption spectra for LPE-SE MoS
2
-G1 measured daily without

the centrifugation step; this shows the scattering background and position where
the background was subtracted. (B) Absorption spectra for LPE-SE MoS

2
-G1, as

measured at various centrifugation speeds, in order to set the standard for the cen-
trifugation rate; (C) Concentration of MoS

2
-G1 calculated using the Beer-Lambert

law after background subtraction from the curves presented in (B); this measure-
ment was also performed daily, and the initial HEC concentration was 0.4 g L−1. (D)
Concentration of MoS

2
dispersions when varying the HEC load.

8.2.4 Concentration decay rate

In Paper I, a first-order reaction equation was applied to both

the data from the literature and our results in order to compare the

stability of the dispersions; (see Equation 8.1, where C0 is the initial
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at the bottom of each dispersion image. The clear dispersions in (a) and (c) are
before exfoliation (imaged 30 days after sample preparation). The dispersion in
water shortly after sample preparation is illustrated in (e). Finally, (b) and (d) are
the exfoliated samples from 30 days after the sample preparation; these are the
samples used for the UV-vis measurement. Adapted from Papers I and II [37, 89].

dispersed concentration; C is the concentration of exfoliated material

in the dispersion after a certain evaluation time (t); λ is the decay

rate; and t1/2 is the time at which C will be half of C0.

C � C0e−λt
(8.1)

These resulting data are presented in Table 8.2. The half-life value

(t1/2) for a dispersion prepared in the ethanol/water mixture, as

described in Paper I, is 23 h. This is low compared to that values for

the dispersions prepared in organic solvents and those in the pres-

ence of surfactant; but the value is still reasonable when considering

the advantages of employing water as a solvent and of not using

stabilizers to improve the stability. Coleman et al. [29] describe a

method to measure stability over time using a home-built apparatus.

We refer to these results in the first row of Table 8.2, which shows the

data for the initial concentration after centrifugation (as is indicated

by (*). For the other rows, we used the initial concentration before

LPE. The yield is normally very low for dispersions of nanosheets,

which is why we present the results for the initial concentration, both
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8.2. Characterization of solution-processed MoS2 dispersions

Table 8.2: A probability decay equation applied to the dispersion stability data for the
LPE-SE processed MoS

2
dispersions, as reported in the literature and in Paper I

and Paper III.

Method Solvent Stabilizer C0/C Time t1/2 Reference
[hour] [hour]

LPE-S NMP - 1, 1 600 6028 [29]*

LPE-S NMP - 27 600 127 [29]

LPE-S EtOH/Water - 167 168 23 [31]

ME+LPE Water - 36 120 23 Paper I

LPE-S Water SC 2 720 720 [33]*

LPE-S Water SC 20 720 167 [33]

LPE-SE Water HEC 111 480 71 Paper III

LPE-SE Water HEC 1.5 480 772 Paper III*

LPE-SE Water HEC 1.3 480 1428 Paper III**

LPE-SE Water SDS 132 480 68 This thesis

LPE-SE Water SDS 1.3 480 1266 This thesis **

*The initial concentration after centrifugation was considered.

** This measurement was performed on the second day after centrifugation.

before and after centrifugation.

The cellulose-assisted dispersions prepared using LPE-S are illus-

Figure 8.12: Image of LPE-S dispersions of MoS
2

assisted by HEC using (A) MoS
2
-

G1 and (B) MoS
2
-G2 after centrifugation at various rotation speeds using JS 4.3

rotor

trated in Fig. 8.12 using the MoS2-G1 and MoS2-G2 grades; the samples

prepared using LPE-SE are illustrated in Fig. 8.13. The final concentra-
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Figure 8.13: Photograph of dispersions of 2 g L−1 MoS
2
-G1 using LPE-SE with (A)

no stabilizer, (B) 0.4 g L−1 HEC and (C) 1 g L−1 HEC. Centrifugation was done using
a 70.1.Ti rotor and the supernatant was separated from the sediment.

tion of the LPE-SE samples, as measured 20 days after centrifugation

the samples was around 0.018 g L
−1

; considering Ci = 2 g L
−1

results in

a half-life of 71 h, which is significant higher than the ones achieved

for water only and for ethanol/water mixture.

We did not measured the concentration of the surfactant-assisted

dispersions that we prepared for Paper II; instead we prepared disper-

sions of MoS2-G1 with SDS at 0.4 g L
−1

concentration using the same

process and conditions as we used for the dispersions of nanosheets

stabilized with HEC. We achieved similar half-life values before cen-

trifugation and slightly higher half-life values for the centrifuged

dispersions after using HEC and SDS. When we measured the con-

centration on the first day of the sample preparation, the results for

HEC and sodium cholate (SC) [33] were comparable.

Nevertheless, the half-life is still higher for the organic solvents
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8.2. Characterization of solution-processed MoS2 dispersions

than for water, both with and without stabilizer or water/ethanol

mixture. The LPE in organic solvents achieved the highest concentra-

tion and most stable dispersion [29, 30, 33, 35, 73, 134]. The maximum

reported concentration [30] was achieved using the organic solvents

for MoS2 (40 g L
−1

); this sample needed a long processing time (140 h)

and thus is not scalable due to the high cost.

Especially during prolonged sonication, an undesirable degree

of sonication scission can happen; this means that the nanosheets

break down [73]. In addition, removing the solvent after deposition

can be challenging due to its high boiling point and toxicity. Low-

boiling-point organic solvents have been used [30, 31], but the final

throughput concentrations were rather low.

According to Salavagione et al. [32], NMP and DMF also present

severe health risks; both have been listed as "substances of very high

concern" [158]. This status indicates that preliminary steps have been

taken to restrict the substance by subject its use and its importation

into Europe to authorization under the European REACH regula-

tion. REACH stands for Registration, Evaluation, Authorisation and

Restriction of Chemicals. It entered into force on 1 June 2007.

8.2.5 Comparison of solution-processing methods towards disper-
sion stability

8.2.5.1 Stability evaluated by measuring the concentration over time

We aim to investigate the influence of both bulk particle size and

the LPE solution process in terms of dispersion' final concentration.

We used both, LPE-S and LPE-SE, each with two grades of MoS2 (G1

and G2). The lateral size and thickness of the grades is discussed

above in Section 8.2. Regarding lateral size before exfoliation, as seen

in Fig. 8.9-A and -B MoS2-G1 had flakes in the range of 0.1 to 0.9 mm,

but MoS2-G2 had flakes 1000 fold smaller, ranging from 0.5 to 3.5 µm.

This difference in sizes influenced many of the choices regarding

the exfoliation method in this set of experiments, as the concentration

of LPE-S MoS2-G2 dispersions was higher than that of LPE-S MoS2-G1

dispersions after 60 min of exfoliation time (see Fig. 8.14-A). However,

when using LPE-SE (Fig. 8.14-B), the concentration of MoS2-G2 did
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not change within the 60 min of processing, and the concentration of

the MoS2-G1 grade was slightly higher when using LPE-SE than when

using LPE-S. Considering the final concentrations of the dispersions,

LPE-SE (at least with the equipment from this study) appears to be

less efficient for exfoliating very small particles such as the ones from

the MoS2-G2 grade but more efficient for exfoliating large particles

such as those from the MoS2-G1 grade.
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Figure 8.14: Concentration for (A) LPE-S and (B) LPE-SE dispersions using MoS
2
-

G1 and MoS
2
-G2 after centrifugation at 1500 rpm (514 g).(C) Concentration for

LPE-SE without centrifugation for MoS
2
-G1 and MoS

2
-G2 measured daily for 20

days. (D) Concentration of LPE-SE at various centrifugation rates for MoS
2
-G1 and

MoS
2
-G2 using Avanti J-20XP Beckman Coulter centrifuge (rotor JS 4.3). Adapted

from Paper III.
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An exponential increase in the concentration was observed as the

LPE-S exfoliation time increased, as reported by O’Neill et al. [30] and

others [29, 33] (see Fig. 8.14-A). These observations spurred us to use

LPE-SE to disperse MoS2-G1 but LPE-S to disperse MoS2-G2 (based

on the lateral size of the bulk material before preprocessing and on

the final concentrations of these grades after 60 min of processing).

Increasing the exfoliation time led to not only higher concentrations

but also some sonication scission, thus reducing the lateral size of the

particles.

The change in concentration for LPE-SE dispersions that were left

the settle on a bench for 20 days was also evaluated. As can be seen

from Fig. 8.14-C the concentration ofMoS2-G1 decay over time,but that

of MoS2-G2 decay only in the initial days of the sedimentation before

reaching a plateau in the concentration is observed. We observed the

same trend using various centrifugation rates,as illustrated in Fig. 8.14-

D. At a very low centrifugation rate (i.e., 500 rpm), the concentration

is the highest for MoS2-G2 but this value drops significantly when

the centrifugation rate is increased, eventually reaching a plateau.

The concentration for the MoS2-G1 dispersion decreases both with

centrifugation rate and sedimentation time, was also reported in the

literature [29, 30].

8.2.5.2 Stability measured through analysis of Zeta Potential

Smith [33, 41] reported that there is a monotonic trend in the

final dispersion concentration for increasing surfactant concentration

before reaching a plateau bellow the CMC. This can be explained

by the the surfactant molecules' interaction with the surface of the

nanosheets; this increases the surfactant concentration and the amount

of interaction between the dispersed nanosheets and the surfactant

molecules. The maximum effective charge of the system is formed

by increasing the repulsion between the exfoliated nanosheets until

no more surfactant can adhere to the surface of the nanosheets. This

means that the surfactant no longer contributes to the charge and that

the excess the excess surfactant is in the medium [33]. The CMC of

the surfactant SDS is 2 g L
−1

. In other words, the concentration scale

linearly with the repulsive electrostatic barrier up to a maximum
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concentration; this value is largely dependent on the zeta potential

(ZP) of the nanosheets in the surfactant-stabilized dispersions.
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Figure 8.15: Average ZP of dispersions in water measured (left) 25 days before and
(right) after LPE-S. Adapted from Paper I [89].
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Figure 8.16: Average ZP for dispersions in surfactant solution at various concentra-
tions over 25 days. The legend indicates the surfactant concentrations of the stock
solutions in which 1 g L−1 of MoS

2
was dispersed. Adapted from Paper II [37].

If all the particles have a large negative (ζ < −25 mV) or large

positive charge (ζ > 25 mV), they will repel each other, and the dis-

persion becomes stable. If not, the forces repelling these nanosheets

are very small, almost negligible; as a result, they will come in contact,

and the dispersion is unstable [159].

The resulting ZP distribution displayed in Fig. 8.15 shows that,
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8.2. Characterization of solution-processed MoS2 dispersions

after LPE-S, most of the nanosheets are in the range of dispersion

stability, but a small percentage are not. This means that some sed-

imentation may still occur. During exfoliation, the particles have a

higher specific surface area, which means that, in order to stabilize

the dispersion and cover these new surfaces, more charge is necessary.

Otherwise, these particles may sediment. The apparent ZP of the

exfoliated dispersion (−32±2) mV and of the non-exfoliated disper-

sion (−39±3) mV indicate that the charges in the systems accounted

for the stability of the dispersions. We measured a higher ZP for the

dispersions using SDS, as illustrated in Fig. 8.16, than for those in

pure water[89]. The higher negativity of the zeta potential values was

probably due to the surfactant’s anionic characteristic [33, 80].

The surfactant concentration did not significantly affect the ZP

values, especially when the particles were left to settle for a few days,

as shown in Fig. 8.15. Note also that all the measured values are in the

range ζ > 25mV in modulus [159], which indicates good dispersion

stability. For the sample that was left to settle for six months, the

ZP is (−39±3) mV, which is somewhat lower than the values for the

samples that were measured within a month of the preparation. The

surfactant-based mechanism of stabilization is explained by the DLVO

theory [80], as mentioned in Chapter 3.

The presence of charges for the dispersions in water can be ex-

plained by the hydroxyl groups that are generated at the surface

of the MoS2 nanosheets after undergoing LPE, particularly when

sonication-assisted hydrolysis (herein referred to as LPE) is used

[160–162]. This process makes the materials less hydrophobic than

they are in the bulk stage, which might explain why (in Paper I) they

are stable without the assistance of a stabilizer.
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8.2.6 Crystal structure and orientation

No shifts in the two-theta values were observed from the XRD mea-

surements of nanosheets for water, surfactant and cellulose-assisted

dispersions compared to the bulk grades, as illustrated in Fig. 8.17,

using the MoS2-G1 and MoS2-G2. With this, we can say that no

changes in the crystalline structure occurred during the exfoliation

steps reported for the dispersions prepared in Papers I, II and III. The

crystal structure remained 2H-trigonal prismatic.

In Paper III, we evaluated the presence of the Raman mode E
1

2g
illustrated in Fig. 8.5-A for the LPE-SE MoS2-G1 nanosheet, suggesting

an undistorted 2H-MoS2 structure for this grade [33, 153] as this mode

is not present for 1T-MoS2, which results from the intercalation of

lithium during exfoliation [5]. The presence of 1T-MoS2 could result in

the change of the semiconducting characteristics of MoS2, introducing

a metallic phase in the material that would be detrimental in the

fabrication of transistors unless the semiconducting phase would be

restored [7, 15].

The pattern obtained for the MoS2 bulk powder indicated a lower

intensity 002 peak than the exfoliated sample, as seen in Fig. 8.17. It is

expected that the more exfoliated the sample, the lower the intensity

of the (00l) peaks [71, 164]. The (00l) peaks indicate planes parallel

to the basal plane of the MoS2 crystal, which is diminished during

exfoliation and therefore should show lower-intensity peaks in the

XRD pattern.

Although the technique should not be relied upon for the purpose

of thickness evaluation, the XRD results give an indication of the

thickness range of the nanosheets [164]. It is most likely that the

measured material has predominately more than 5 layers of MoS2.

Fewer than 5 layers would result in the absence of the 002 peak that

is observed with relatively high intensity in our results.

FTIR spectra measurements were performed to complement the

XRD measurements and to extend the study of the absence of oxides.

I performed these analyses on nanosheets of the LPE MoS2-G2, the

pre-processed mechanically exfoliated MoS2-G2 and the bulk MoS2-

G2. The peak at 470 cm
−1

in the far-infrared region observed in

Fig. 8.18, which is characteristic of MoS2 [165], was observed for all
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Figure 8.17: XRD of MoS
2
-G2 in water and surfactant-assisted dispersions vacuum

filtrated onto PVDF membranes, bulk MoS
2
-G1 andMoS

2
-G2. The Miller indexes

of the bulk MoS
2
-G1 are indicated (database card 9009144 [163]). The spectra for

the membranes on which the samples were deposited by vacuum filtration and for
the clay used to attach the membrane to the measurement cell are also shown. (*)
Indicates the location of some of the characteristic molybdenum trioxide (MoO

3
)

peaks (database card 1011043). Adapted from Papers I, II and III [37, 89].
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Figure 8.18: FTIR spectra for preprocessed mechanically exfoliated and bulk MoS
2
-

G2 flakes before LPE and after LPE-S nanosheets of the dispersion in water collected
by vacuum filtration. The data for the measurements are offset on the vertical axis
for clarity. Adapted from Paper I [89].

81



Chapter 8. Liquid-Phase Exfoliation - Results and Discussion

A B

C D

Figure 8.19: SEM image of dispersion in water (A and C) and in surfactant (B and D)
deposited onto PVDF membranes by vacuum filtration. The top images are at 30k
magnification, and the bottom, at 100k. Adapted from Papers I and II [37, 89].

three measurements, but no peaks for the oxides were observed. We

did not observe peaks for molybdenum trioxide (MoO3) in any of

the exfoliated or bulk samples, as seen in the XRD results illustrated

in Fig. 8.18, which we indicated were MoO3 peaks according to

database card 1011043; however, for this particular evaluation, X-ray

photoelectron spectroscopy would have provided a more accurate

measurement [15].

The orientation of the crystals during measurement also plays

a role in the measured intensity of the (00l) peaks. Therefore, we

performed SEM analysis (Fig. 8.19). The nanosheets are ordered

in the c-axis, pointing upwards in the sample, and therefore more

pronounced (00l) peaks should be observed, which is consistent with

our findings; the particles are not ordered in the bulk powder, and

therefore a lower intensity 002 peak was measured.

8.2.7 Cathodoluminescence of solution processed nanosheets

Besides light induced PL, monolayers of MoS2 also show lumines-

cence induced by the injection of free-electrons known as cathodo-

luminescence (CL) [16]. A 10
4

fold enhancement in PL quantum
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yield was observed for monolayers [12, 15] and although CL has been

reported for exfoliated MoS2 [16, 166], CL for LPE MoS2 has not yet

been discussed to the best of our knowledge. PL for MoS2 has been

reported before by Eda et al. [15] and others [167, 168] and it is a

useful tool to study the band gap of semiconductors like MoS2 and

WS2 using a laser as the excitation energy (i.e., wavelength 532 nm).

The advantage of CL is that higher energy levels are achievable

through electron excitation. In a crystal bombarded by electrons with

sufficient energy, the electrons from the valence band may jump to the

higher energy conduction band. When falling back to the original state

in the valence band they may emit a photon resulting in luminescence.

PL is diffraction-limited due to the spot size of the laser; CL offers a

much higher excitation energy, making it possible to study materials

with a larger band gap [16].

The fact that MoS2 displays CL makes this material feasible for

use in single-photon emitters, high-energy particle detectors, TEM

displays, surface conduction electron emitters and field emission

displays [16].

Figure 8.20: (A) Electron image for grade MoS
2
-G1 pre-processed for 2 h. (B)

Cathodoluminescence response for MoS
2
-G1 without the presence of 2-hydroxyethyl

cellulose (HEC). (C) Electron image of MoS
2
-G1 with HEC adsorbed to the surface.

(D) CL of the sediment of MoS
2
-G1 after LPE with 1 g L−1 HEC load.
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The CL of the nanosheets of LPE MoS2 can be seen in Fig. 8.20.

Fig. 8.20-A illustrates the electron image (EI) and Fig. 8.20-B the CL

image of the preprocessed LPE-SE at high concentration for 2 h. Due

to the high concentration of the dispersion, many aggregates of MoS2

were not exfoliated as can be seen from the EI in Fig. 8.20-B. When

LPE is at lower concentration, the exfoliation is more effective and

thinner particles can be seen, as evidenced by the EI illustrated in

Fig. 8.20-C. The CL image of these exfoliated nanosheets illustrated in

Fig. 8.20-D indicates a change of color that could be due to a change

in the band gap of the material.

Figure 8.21: Cathodoluminescence response for WSe
2

(A) CL image of an
hBN/WSe

2
/hBN heterostructure on a patterned Si substrate at room temperature.

The pseudocolors correspond to the luminescence in 307 to 331 nm (green) and
733 to 788 nm (red). (B) CL mapping acquired for the hole highlighted in (A) with
higher magnification at 10K. The pseudocolors correspond to the luminescence in
707 to 716 nm (blue) and 716 to 726 nm (red). (C) Position-dependent spectra taken
from a selection of data points in (B). Adapted from [16].
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The CL for LPE-SE MoS2-G1 could be for two reasons: mineral

impurities such as quartz and feldspar (plagioclase and orthoclase),

minerals that are commonly associated with molybdenite in nature

and display CL or from the exfoliated nanosheets. We did evidence

orthoclase feldspar as seen from Fig. 8.22 with the EDS spectra

illustrated in Fig. 8.22-D in the grade before exfoliation, the area were

the EDS was performed is highlighted by the rectangle in Fig. 8.22-A.

Further experiments need to be carried out using EDS in parallel with

the CL measurements to identify whether the CL is coming from

the impurities or from the exfoliated flakes. Another possibility for

the CL is that sufficient electron excitation was supplied so that the

electrons in the MoS2 crystal moved from the valence band to the

conduction band and emitted photons detected by the CL detector

when the electron returned to the ground state.

Figure 8.22: EDS mapping on MoS
2
-G1 showing impurities, possibly potassium

feldspar KAlSi
3
O

8
. (A) Electron image of the sample acquired at 20 keV. EDS

mapping image for the sulfur element in (B), molybdenum in (C), silicon in (E),
potassium in (F) and oxygen in (G). Note that the bulk MoS

2
flakes identified by

the elemental Mo and S, is not present in images (E) to (G) indicating that what
appear in the image is just the impurity. The spectra shown in (D) was obtained after
the surface mapping of the electron image (A) where we identified the impurity and
performed an area mapping on the highlighted area indicated in (A).

We need to further evaluate our results to determine what is

causing the CL if it is not impurities present on theMoS2-G1 grade
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or even if it is not the polymer 2-hydroxyethyl cellulose (HEC) that

is adhered to the surface of the deposited nanosheets illustrated in

Fig. 8.20-D. We also intend to investigate thickness-dependent CL

and correlate it to the band gap of MoS2, as it was reported in the

literature for the WSe2 material that has monolayer band gap 1.572 eV

[16], illustrated in Fig. 8.21. We performed the CL without needing to

build a heterostructure using hexagonal boron nitride (hBN).

8.3 Photoresponse of solution processed and mechanically
exfoliated MoS2

8.3.1 Photodetector fabricated with solution processed MoS2

To explore the photoresponse properties of MoS2, we built a

device using vacuum filtrate LPE MoS2-G2 nanosheets onto PVDF

membranes, creating a MoS2 film, and deposited gold as contacts

using a mask that was placed on top of the device before the gold

deposition.

LPE was performed in pH 1.0 nitric acid solution [169] using bath

sonication for 5 h to obtain thin MoS2 nanosheets assisted stabilized

by surfactant SDS. The final concentration of the dispersions was

0.3 mg L
−1

. The average thickness of the nanosheets in dispersion

was about 2.5 nm (measured using AFM), while the thickness was

between 1 and 8 nm. The prepared dispersions were vacuum filtrated

onto PVDF membranes and sintered using flash light processing

to improve the adhesion between the PVDF and the film of MoS2

nanosheets. After that the MoS2 film was polished with a curved

metal tool. The photocurrent of sintered MoS2 films between gold

electrodes was measured under simulated sunlight using a PXI-4132

Source measure unit card (National Instruments) and controlled with

a routine LabView program. Photocurrent was measured at different

light intensities and bias voltages.

At single wavelength light, the photocurrent was measured by

putting a monochromator between the sintered MoS2 films and the

light source. Light intensities were measured by using a photodiode-

based meter.
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Figure 8.23: Photoresponse of MoS
2

film at various wavelengths where the light at
the respective wavelength was separated by a monochromator. (A) Time-resolved
photoresponse of MoS

2
film. (B) Plotted photoconductivity (PC) versus wavelength.

(C) The power of light from the monochromator. (D) Plotted photoconductivity versus
photon energy.

Fig. 8.23-A illustrates the time-resolved photoresponse of a MoS2

film, showing results from light wavelengths ranging from 400 to

800 nm with a 20 nm increment. The relationship between photocon-

ductivity (PC) and wavelength is illustrated in Fig. 8.23-B, showing the

results from 400 to 980 nm. The photoresponse of MoS2 film at differ-

ent photon energies (Fig. 8.23-D) was performed after normalizing the

PC at different wavelengths with detected light power (Fig. 8.23-C).

A cut-off energy of 1.38 eV is observed, which corresponds to the

indirect band gap of exfoliated MoS2 [14]. The photoreponsivity in

two different substrates, glass and the PVDF membrane, was also

evaluated without the flash light processing step. The results show a

better response for the MoS2 films deposited on the PVDF membranes

as illustrated in Fig. 8.24. Source-drain (IV) measurements on the film

at each tested wavelength are presented in Fig. 8.25. Note the Ohmic

characteristic of the curves.
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Figure 8.24: Time-resolved photoresponse of the device for the LPE MoS
2
-G2 film

deposited on glass and on the PVDF membrane.

Figure 8.25: Source-drain IV curves of a MoS
2

film illuminated with monochromatic
light of various wavelengths.
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8.3.2 Photodetector fabricated with mechanically exfoliated MoS2

We fabricated a photodetector based on a multilayer MoS2 of a

molybdenite crystal supplied by the company Knaben Molybden AS.

The grade MoS2-G1 originated from similar crystals after grinding.

Using an adhesive polyimide film, we exfoliated the crystal using the

mechanical exfoliation method multiple times until we reach a very

thin layer of MoS2 adhered to the adhesive polyimide.

Figure 8.26: (A) Sunlight simulator used for the photocurrent measurements. (B)
A pellet of MoS

2
-G2 contacted by gold wires under illumination. (C) Mechanically

exfoliated MoS
2

deposited on polyimide films with gold contacts with different thick-
ness. (D) The photodetector with copper tape attached to gold contact lines. (E)
Current measured under illumination and in the dark at 30 mV bias during 60 s. (F)
Source-drain IV curve for 100 mV bias.
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A paper mask with the patterned contact lines was placed on top

of the detector before deposition of 40 nm of gold by vacuum sputter-

ing (Q150T ES, Quorum). Copper tape was also used for the contacts.

The bias voltage was 30 mV and the photocurrent that resulted from

the difference between the current measured in the dark and under

illumination was 45 µA. The calculated photoresponsivity, which

is the ratio between the photocurrent and the light intensity, was

0.23 mA W
−1

of incident optical power in the range between 400 and

800 nm of the simulated sunlight equipment illustrated in Fig. 8.26-A.

The measured light intensity was 200 mW (Thorlabs PM-100). The

photocurrent measurement was done in the same way as described

in the previous section.

There is strong variation in responsivity results in the literature.

Lopez-Sanchez et al. [14] reported maximum external photorespon-

sivity of 880 A W
−1

excited by a wavelength of 561 nm; even higher

responsivity has been reported by other authors (i.e., 2200 A/W)

[114] but there is a strong variation of reported reponsivitites with

values as low as 0.1 A/W [116] and 0.008 A/W [114]. Increasing the

gate voltage also improves the photocurrent, and the same goes for a

higher intensity on the illumination [14, 112]. Therefore, it could be

possible to improve the results achieved for our photodetector if we

aimed for that but our intention was just to show the photoresponse

of the grade used in Paper III (i.e., MoS2-G1), and we had no intention

of investigating this subject further.

In Fig. 8.26-B, an illustration of a flake under illumination is shown.

Note that this was not the same setup used for our experiments as

the gold wires were not optimal to achieve good electrical contact.

Fig. 8.26-C and D illustrates the MoS2 flakes on top of the polyimide

film. The measurement of source-drain IV curves indicated Ohmic

contacts in respect to the Au, regardless of the incident optical power

as illustrated in Fig. 8.26-F. Our device fabrication was much simpler

than previous reported devices and can be used to test the light

absorption and luminescence capabilities of exfoliated MoS2.
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8.4 Printed inkjet lines of 2D layered materials

As part of the study of inkjet printing of 2D materials, we printed

using a commercially available graphene inkjet ink; and the result was

conducting electrodes with well defined edges. We used a Dimatix

2831 piezoelectric materials printer (Fujifilm, USA) with a Dimatix

11610 cartridge with 21 µm printing nozzles, a nozzle spacing of

254 µm, drop spacing 20 µm and a drop size of 10 pL.

As part of the study of inkjet printing of 2D materials, we printed

using a commercially available graphene inkjet ink; the result was

conducting electrodes with well-defined edges. We used a Dimatix

2831 piezoelectric materials printer (Fujifilm, USA) with a Dimatix

11610 cartridge with 21 µm printing nozzles, a nozzle spacing of

254 µm, a drop spacing of 20 µm and a drop size of 10 pL.

To compare the suitability of the substrates that we used for

printing organic PEDOT:PSS inks, we printed two of the substrates of

Paper V (i.e., S1 and S2) with the graphene ink. Chapter 9 discusses

the characterization of the substrates. A detailed description of the

substrates used in this section can be seen in Fig. 9.1. The 2D layered

material ink used is commercially available (Cambridge Graphene

Ltd., Versarien PLC).

Figure 8.27: Graphene-printed test lines on resin-coated composite (left) and on a
nanocellulose coated substrate (right).

We used the Dimatix 2831 printer with Dimatix 11610 cartridges. It

was necessary to print multiple layers of the ink to cover the substrate

and get a conductive line. We printed 20 layers using two different

resolutions (i.e., drop spacing 20 µm and 10 µm). We only printed the

substrate S1 with 20 µm drop spacing, and we could not achieve a

conductive line on this sample. On the other hand, we could measure

the resistance on the samples printed on S2, and they were 103±10

kΩ sq
−1

and 14±2 kΩ sq
−1

for 20 µm and 10 µm respectively for
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20 pxl lines and 174±1 kΩ sq
−1

and 55±5 kΩ sq
−1

for 15 pxl lines.

These printouts onto one of the resin-coated composites (S2) and a

nanocellulose coated substrate supplied by Åbo Akademi University

are illustrated in Fig. 8.27. Comparing these results with printed

PEDOT:PSS lines (discussed in Paper V), we concluded that to achieve

the same level of resistance for 1 printed layer (PL) of PEDOT:PSS we

needed to print 20 printed layers of the graphene ink with a resolution

of 10 µm drop spacing, which increased the processing time of the

printing considerably.
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Chapter 9

Paper Substrates for Printed
Electronics - Results and
Discussion

It is only with the heart that one can see rightly.
What is essential is invisible to the eye.

– The Little Prince. Antoine De Saint-Exupery

9.1 Introduction

In this chapter, we discuss Paper V, a publication where six sub-

strates were carefully characterized and subjected to inkjet printing

using a water-based ink containing PEDOT:PSS. The organic printed

electronics' chemical interactions with the IRL of monopolar inkjet pa-

per substrates and coating color composition were evaluated through

Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR)

and energy dispersive X-ray spectroscopy (EDS). Other evaluated

properties of the IRL were pore size distribution, surface roughness,

ink-dewetting, surface energy and the impact of such characteristics

on the electronics performance of the printed layers. Resin-coated

inkjet papers were compared to a multilayer coated paper substrate

that also contained an IRL but did not contain the plastic polyethylene

(PE) resin layer. This substrate showed better electronic performance
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(i.e., lower sheet resistance), which we attributed to the inert coating

composition, higher surface roughness and higher polarity of the

surface, which influenced the dewetting of the ink. The novelty is

that this substrate was rougher and had somewhat lower printing

quality but with better electronic performance and the advantage of

not having PE in their composite structure, which favors recycling. We

also compared printed PEDOT:PSS lines with printed graphene lines

in terms of the process parameters for the inkjet printing necessary to

achieve the same level of resistivity.

This chapter is divided into three parts. Part I refers to the physical

and chemical characterization of the surface of the substrates S1 to S6

in terms of pore size distribution, surface roughness, the composition

of the coating layers in the IRLs of the substrates and the contact angle

measurements to estimate the surface energy. Part II is related to

the printed PEDOT:PSS lines, the ink distribution (dewetting) on the

surface of the substrates, and the analyses of ink-substrate chemical

interactions. Part III is related to the electrical properties of the printed

lines and how the results from Part I and Part II help us to answer the

research question regarding the impact on the ionic/electronic per-

formance of the PEDOT:PSS printed lines depending on the substrate

chemical and physical characteristics.

9.2 Part I: Physical and chemical surface characterization of
the substrates

To facilitate the reference to the substrates in this chapter, we

present again the cross-section SEM images of the substrates in

Fig. 9.1. The thickness of each coating layer identified in these images

is indicated in Table 9.1 together with a short summary of the coating

composition of each layer. Note that S1 does not contain a PE layer.

For the other substrates the layer before the BP is the PE layer. S2 to

S4 contain only one coating layer. Composition of the coating layers

of the IRLs was estimated through EDS and FTIR measurements.
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Table 9.1: Thickness and main components of the coating layers of the paper
substrates. CL1 refers to the first coating layer, CL2 to the second and so on. BP
refers to the base paper, PE to the polyethylene layer and resin is the embedded
material.

Subs- L1 L2 L3 BP Main coating component

trate [µm] [µm] [µm] [µm] of the IRL

S1 (L1) 3.4 ± 0.1 (L2) 17 ± 0.4 (L3) 9.8 ± 1.3 62 ± 2.8 (L1) SiO2; (L2) AlO(OH)

and (L3) CaCO3

S2 (L1) 42 ± 0.4 (PE) 19 ± 2.8 NA 153 ± 2.8 AlO(OH)

S3 (L1) 37 ± 0.6 (PE) 31 ± 2.1 NA 170 ± 3.3 SiO2

S4 (L1) 35 ± 0.7 (PE) 31 ± 0.4 NA 167± 2.0 SiO2

S5 (L1) 5 ± 0.2 (L2) 38 ± 0.2 (PE) 33 ± 1.5 190 ± 2.0 (L1) AlO(OH) and (L2) SiO2

S6 (L1) 0.5 ± 0.02 (L2) 42 ± 0.7 (PE) 23 ± 1.3 173 ± 1.0 (L1) AlO(OH) and (L2) SiO2

Resin Resin

ResinResin

Resin

Resin BP

CL2

CL2

PE

PE

Resin Resin

Resin

Resin

Resin

PE
PE

PE

PE

PE

PE
PE

BP

Resin

PE

PE

BP

BPBP

BP
BP

Figure 9.1: Cross-section SEM images of the substrates. The coated layers are
indicated in the image, as are the PE and BP composite layers. Resin refers to the
embedded material of the sample preparation.
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Figure 9.2: FTIR analyses on the surface of the substrates indicating the presence
of AlO(OH), SiO

2
and PVOH referred by icons in the legend.

9.2.1 Coating composition analyses of the ink receiving layers of
the substrates

To access the chemical composition of the coating layers, we used

two methods, FTIR and EDS, which complemented one another. The

analyses of the substrates using FTIR presented in Fig. 9.2 gave

mostly information about the outermost layers of the substrates. The

elemental spectra and atomic percentage of the mapping is presented

in Fig. 9.3. The EDS elemental spectra and atomic percentage for

each coating layer is presented in Fig. 9.4. The EI with the multiple
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Figure 9.3: EDS data from the surface mapping of the entire surface of the cross
section of the embedded substrates.

and single coating layers that are highlighted in yellow in Fig. 9.5

indicate the regions where the EDS area scan was performed on each

coating layer of the cross-section image. Si and Al were identified in

the EDS analyses, which is in agreement with the FTIR analyses for

bohemite [AlO(OH)] and silica (SiO2) presented in Fig 9.2. Briefly, we

identified that the binder used in all substrates was polyvinyl alcohol

(PVOH). Substrates S6, S2 and S5 contain AlO(OH). Amorphous silica

is present on the substrates S1, S3, S4 and S6. In S6, there is both

AlO(OH) and SiO2.

9.2.2 Morphology of the pores and pore size distribution

Natural and synthetic polymeric binders are often present in the

composition of IRLs of the paper substrates. Observing the images

collected with the SEM of the surface of the substrates illustrated in
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Figure 9.4: EDS area scan spectra for each coating layer of the substrates with the
indication of the composition, spectra and thickness of the coating layer.

Fig. 9.6, there are regions occupied by the pores and regions occupied

by the pigment/binders. These regions will have various brightness,

and by exploring this feature, an algorithm in the TESCAN software

enables the estimation of the morphology of the pores. The brightness

difference can be used to define a threshold between the porous and

nonporous structures [170] and in this way estimate the pore size

distribution.

The International Union of Pure and Applied Chemistry (IUPAC)

system classifies pores according to the diameter as follows: micro-

pores, < 2 nm; mesopores, 2 < D < 50 nm; and macropores > 50 nm

[171]. In Fig. 9.6-A the analyzed pores are highlighted in yellow. The

length and width of the pores are presented in the histograms in
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9.2. Part I: Physical and chemical surface characterization of the substrates

Figure 9.5: EDS mapping of the cross-section surfaces of the substrates. The areas
surrounded by yellow in the electron image were the regions used for the area
scan. The scales of the images are the same as that of the first image on the line.
The elements identified in the mapping are indicated in the image as silicon (Si),
aluminum (Al), oxygen (O), calcium (Ca) and carbon (C).
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Figure 9.6: Pore size distribution analyses by processing SEM images (A) Indication
of the analyzed pores highlighted in yellow. (B) Histograms of the PSD after mor-
phology analyses considering the length and (C) the width of the pores; n indicates
the number of pores analyzed.
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Fig. 9.6-B and Fig. 9.6-C, respectively. Most of the porous IRLs have

pores in the macropores range. S1 and S3 have broader pore size dis-

tribution. S3 is the most porous substrate with a significantly higher

number of pores compared to the other substrates. The main differ-

ences between these two substrates would be the thickness of each

coating layer, the absence of the PE layer for S1 and the composition

of the coating layer that was discussed in the previous subsection.

It is common to refer to the Lucas-Washburn [172] equation (Eq. 9.1)

to discuss penetration of fluids into porous media.

L �

(
D cosθ γL t

2 η

)
1/2

(9.1)

In this equation, the length (L) of the ink penetration is directly

proportional to the square root of the pore diameter (D), where γL is

the surface tension of the liquid, η is the dynamic viscosity, t is time

of the fluid penetration in seconds and θ is the contact angle. This

means the bigger the pores, the faster the ink solvent penetrates. The

bigger pores in S1 contribute to a faster ink absorption and penetration

which cause poor printability. However, the fact that it was a rougher

substrate has contributed to a better wetting of the surface.

9.2.3 Surface roughness and surface energy of the substrates

The substrates' RMS roughness and total surface energy of the

substrates (γS) are presented on the Table 9.2. Note that the surface

roughness value for S1 (i.e., Sq �105 nm) is 10-fold higher than for

the other substrates, the resin-coated substrates we tested were all

in the same range of roughness (i.e., ∼10 nm) (see Fig. 8.2). In the

paper industry standards, RMS roughness in the range of 100 nm is

considered smooth [173]. In this way, the substrate S1 may also be

considered smooth. It is an engineering technique to add the PE layer

to the inkjet paper to reduce the roughness [125], but this increases

complexity in production, leading to higher costs and making it more

difficult to recycle. Regarding the surface energy of the substrates,

all substrates show a strong electron donor γ−S (Lewis base) and a

negligible electron acceptor γ+S (Lewis acid) as can be seen from Table

9.3 indicating a very asymmetric polarity characteristic to monopolar
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Table 9.2: The RMS roughness (Sq) estimated through AFM measurements and
the total surface energy of the substrates (γS) was estimated by contact angle
measurements

Substrate Sq γS
[nm] [mN m

−1
]

S1 105 66

S2 11 58

S3 11 55

S4 12 55

S5 16 61

S6 12 53

surfaces, according to Van Oss [143]. Because the polar component of

the surface energy (i.e., γAB � 18 mN/m) is slightly higher than the

other substrates, the substrate S1 is more favorable to wetting of a

polar ink than the other substrates; as a result, we observed a lower

contact angle measured for the ink on this substrate 35.6° compared

to the others.

Table 9.3: Surface energy components and parameters for the substrates obtained
by solving Eq. 7.3 and using the contact angle measurement data described in
Paper V.

Substrate γS γLW
S γAB

S γ+S γ−S
[mNm−1] [mNm−1] [mNm−1] [mNm−1] [mNm−1]

S1 65.8 47.9 18.0 1.1 74.5

S2 57.7 43.6 14.1 0.9 58.4

S3 54.7 46.6 8.1 0.4 45.9

S4 55.3 46.7 8.6 0.3 52.1

S5 61.3 46.6 14.8 1.0 54.9

S6 53.1 42.9 10.1 0.5 47.6

9.3 Part II: Chemical interactions between ink and substrate,
ink distribution and dewetting.

The analyses of the coating composition is important especially

when we wish to verify the inertness of the substrates. Chemical
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9.3. Part II: Chemical interactions between ink and substrate, ink distribution and dewetting.

reactions between the substrate IRL and the printed ink layer would

appear in the analyses of the FTIR illustrated in Fig. 9.7.
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Figure 9.7: Comparison of FTIR measurement for the substrate and the printed
PEDOT:PSS ink layer. The measurement for the ink was done on the surface of the
printed line, whereas the spectra for the substrate was acquired on the surface of
the substrate. Sx-sub indicate the spectra for the respective substrate where x is the
number of the substrate from 1 to 6. Sx-ink indicate the spectra of the printed ink on
the respective substrate.

These spectra were acquired from the surface of a 20 pxl printed

line with 3 printed layers (PLs) of the ink and from the surface of the

substrate without the printed lines. From these data we can evaluate

the inertness of the substrates to the PEDOT:PSS ink, as there is no

indication of a chemical reaction verified by the fact that the spectra

for the ink are similar in all substrates.
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Figure 9.8: (A) Raman spectra of the PEDOT:PSS ink printed onto the substrates
indicating the vibration frequency of the characteristic bands. (B) Chemical structure
of PEDOT:PSS. (C) Raman YZ laser penetration analyses for S1 and S4 indicating
the 5 spectra with the highest intensity from the focus point. (D) Raman YZ profile of
printed PEDOT:PSS ink.
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9.3. Part II: Chemical interactions between ink and substrate, ink distribution and dewetting.

Note that the region for the fingerprint of the PEDOT:PSS is

in the range of 900 cm
−1

to 1700 cm
−1

similar to what is presented

for the Raman in Fig. 9.8-A. The PEDOT:PSS chemical structure is

presented in Fig. 9.8-B. In Fig. 9.8-C, the loss of intensity of the laser

is expressed in percentage of the signal compared to the maximum

measured intensity. The maximum intensity that we evaluated was

for the band correspondent to the asymmetric stretching (C�C−O) at

1504 cm
−1

and the area within the frequency 1379 cm
−1

to 1482 cm
−1

corresponding to the width of this band. Our aim was to evaluate if

there would be a change in the spectra in YZ direction characterizing

chemical reactions but we did not observe changes in the spectra

besides the loss of intensity (meaning that the substrates remain inert

when the ink penetrate the IRLs of the substrates).

We plot the normalized Raman signal intensity 15 µm above

and below the focus point versus the laser penetration depth in

micrometers in Fig. 9.8-D with the error estimated based on three

measurements. The results show a higher intensity of the signal for

the ink above the surface of S1, even at lower laser intensities (more

distant from the surface), which we attribute to the ink density on top

of the substrate for S1 being higher compared to the other substrates.

That may also explain the lower electronic resistance measured for

this substrate.

Figure 9.9: Raman mapping analyses to evaluate ink de-wetting of the printed
surface of S1 and S4 substrates. The scale bar indicates the maximum and minimum
intensities for the band at 1504 cm−1

Noticing that the ink density could be evaluated using Raman, we

obtained surface mapping of the printed surface in the XYZ direction
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Figure 9.10: (A) To the left, Raman microscopy images (5x magnification) of the the
printed surfaces of S1, and to the right the printed surface of S3 (10x mag.). (B)
SEM images of the printed surfaces at the interface ink/substrate for S1 and S3. (C)
Magnified SEM images of the printed surfaces of a 20 pxl line with adjusted contrast.
(D) Photograph of printed samples of 20 pxl lines (9 mm length) and contacts (4 mm
length). (E) Template of the printed lines showing the line width in pixels to the left.
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to evaluate the ink distribution on the substrates in XY direction. The

dewetting of the ink through the intensity of the Raman signal was

also evaluated (see Fig. 9.9). The mapping can be compared with

microscopy images of the same area in the same magnitude. If we

observe Fig. 9.10-A for S1 and S3 we can make some correlations to

the Raman mapping images, the image for S4 would be very similar

to S3.

We observe areas of especially pronounced print roughness for

S1 and sharp lines with slightly uneven ink distribution for S3. In

Fig. 9.10-B, some pigments in the first coating layer of S1 are not fully

covered with one printing layer of the ink (e.g., as they are for S3).

This create an uneven distribution of the ink that we also observed

in the surface mapping (i.e., Fig. 9.9). In Fig. 9.9, the anisotropic ink

distribution between S1 and S4 is evident. The line quality of the

printouts can be qualitatively evaluated from sections of the printed

lines accessed by SEM, illustrated in Fig. 9.10-C. To the naked eye,

the differences in printability are not evident as can be seen from

the photographs of the printouts in Fig. 9.10-D. S1 present worse

printing quality than the other substrates. With this, we would like to

point out that a somewhat lower printing quality could be acceptable

in exchange for better electronic properties and more sustainable

substrates for printed electronics.
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Figure 9.11: Sheet resistance of a 20 pxl printed line printed on the substrates S1 to
S6
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9.4 Part III: Sheet resistance of the printed lines

The sheet resistance of the printed lines were evaluated using a

4-probe measurement setup. The contact resistance was attenuated

with this measurement setup. Therefore the values measured for

resistance are much lower compared to the values obtained with

the two-probe measurement illustrated in Paper V. S1 showed a

lower resistance compared to the other substrates with values around

59±0.2 kΩ sq
−1

compared to an average of 550 kΩ sq
−1

for the other

substrates, despite the surface roughness of 105 nm, substrate S1

showed comparably lower electrical resistance than the other resin-

coated substrates. Substrate S2 and S5 that contain a coating layer of

bohemite [AlO(OH)] show slightly higher resistance than the other

resin-coated substrates. These results are illustrated in Fig. 9.11.
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Chapter 10

Conclusion

What a beautiful thing it is, to be able to stand tall and
say, "I fell apart, and I survived". #metoo

– Unknown

In this thesis,we describedmethods forprocessing two-dimensional

nanosheets of MoS2 in water with and without assistant stabilizers us-

ing liquid-phase exfoliation. These methods could be easily employed

to exfoliate other 2D materials with good quality nanosheets regard-

ing dimensions, optical properties and crystallinity, comparable to

the method reported for dispersions obtained in organic solvents. We

achieved nanosheets in the range of 200 nm in water only without any

stabilizer agent and around the same average lateral size of nanosheets

in surfactant surfactant-assisted and cellulose-assisted dispersions.

The half-time of celullose-assisted dispersions was higher than that

for dispersions without stabilizer in a solvent-mixture exfoliation

method reported in the literature. The method for producing thin

nanosheets of MoS2 in water without stabilizer showed somewhat

lower half-time than the ones with the assistant stabilizer, but it may

still be interesting for large-scale production due to the environmental

aspects associated with it.

Some applications require solvents that would not stabilize the

nanosheets so effective as organic solvents. The nanosheets can then to

be precipitated through centrifugation at high centrifugation speeds

and re-used or re-processed for the desired application. The lower
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Chapter 10. Conclusion

yield could be circumvent either by increasing the LPE processing

time or an optimization of the cellulose stabilizer's concentration.

The maximum MoS2 dispersion concentration achieved here using

1 g L
−1

HEC-load was (43±2) mg L
−1

and the average lateral size for

the nanosheets measured with TEM was (397±83) nm. When using

surfactant on the other hand, there will be a plateau and the concen-

tration will be monotonically affected with the increase of surfactant

concentration. Thus, increasing the surfactant's concentration would

not lead to higher dispersion concentration.

The LPE method of choice will largely depend on the initial size of

the bulk MoS2, bigger particles in the millimeter range should be first

exfoliated using shear exfoliation. Bulk particles in the micrometer

range can be exfoliated with both methods but sonication should be

preferred for low volumes. Shear exfoliation would lead to a higher

yield than sonication for larger volumes because the sonication's
intensity will be lower the higher the volume.

Applications produced using the MoS2 grades used here displayed

photoresponse up to 0.23 mA W
−1

, indicating the excelled properties

of the grades used here and the applicability of the processed materials

evaluated for fabrication of photovoltaic and photodetector devices.

To put this thesis into the perspective of material production to

device fabrication, inkjet printing and paper substrates for the purpose

ofprintedelectronics were evaluated. Some of these substrates differed

in their structural fabrication as evaluated through cross-sectional

SEM images. The images of the resin-coated substrates showed that

they contain the ink-receiving layer (IRL) with multiple pigmented

coating layers and also a layer of polyethylene polymer that makes

the substrates less likely to be recyclable.

The paper substrate without a PE surface layer showed compa-

rably low electrical resistance for printed PEDOT:PSS lines despite a

RMS surface roughness of 105 nm. The lack of the PE layer means that

such water-based ink/substrate combinations could be recyclable.

For all low-roughness substrates investigated, pore size and surface

energy were important characteristics. They influenced de-wetting

phenomena, and the final ink distribution. The Raman spectroscopy

methodology was particularly successful in correlating ink distribu-

tion with printed line resistance.
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Chapter 10. Conclusion

Comparing the printing of organic PEDOT:PSS with the two-

dimensional material graphene inkjet printed lines, we determined

that to achieve the same level of electrical resistance for 1 printed

layer we needed to print a higher number of printed layers of the

graphene ink with a higher resolution, which resulted in a thicker

printed line with better contact between the nanosheets due to the

reduced drop spacing. The drawback of this is that the processing

time of the printing increased considerably using the equipment we

used.
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Outlook

Depending on the requests from the reviewers there maybe a

need for some studies related to the adhesion of the HEC polymer

onto the MoS2 basal plane which I intend to perform anyways before

their query. Besides, I wish to extend the characterization on the

thickness of the MoS2 nanosheets using Raman spectroscopy on a

larger number of samples and have enough data for an statistical

analysis.

Unprescendent cathodoluminescence for liquid-phase exfoliated

nanosheets of MoS2 has been reported but requires some further

experiments on the origin of this luminescence, which could be from

impurities. If verified that is due to the MoS2-exfoliated nanosheets,

then experiments testing the thickness dependence of the nanosheets

correlated to the CL experiments should be carried out in parallel

with EDS and AFM.
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