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Abstract 

Colloidal semiconductor nanocrystals or Quantum Dots (QDs) show promise for many 

technological applications such as light-emitting devices, lasers, or fluorescent probes. One of 

the reasons for the QD’s popularity in nanoscience is their size-dependent photoluminescence 

(PL) across the visible spectrum. Apart from the good PL properties it has been reported that 

CdSe-CdS QDs show chemical oxidation on the QD surface and this “etching” process generates 

lattice defects and quenches fluorescence and produces soluble Cd, Zn, S and Se species which 

is a strong drawback to their safe use. Furthermore, CdSe-CdS QDs easily form aggregates of QD 

clusters. To date, capping agents made out of long aliphatic chains or polymers are mostly used 

to protect and stabilize QDs as well as providing a controlled environment for their synthesis. 

However, long-chain capping agents do not provide long-term protection against oxidation.  

In this MSc project the possibilities of replacing the capping agent by encapsulation of QDs with 

sheets of functionalized graphene is explored, creating a physical barrier that protects the QD 

from oxidation and also protects against Cd, S, Se leaching from the quantum dot into the 

environment, avoiding negative effects on the PL properties of the QD. 

To achieve encapsulation, layer-by-layer (LbL) addition is employed using functionalized 

negatively charged graphene oxide (GO) and positively charged graphene by amination of GO. A 

more technical problem is that QDs are typically about 1-10 nm in diameter whereas graphene 

sheets produced from commercially available graphite sources are often more than 100 nm in 

size, which makes it necessary to increase the size of a QD and reduce the size of the 

functionalized graphene sheets. 

CdSe core QDs were successfully synthesized with a quantum yield (QY) of 16.69%. Successive 

Ionic Layer Adsorption and Reaction (SILAR) technique was applied on the CdSe core, 

successfully growing a CdS shell, creating CdSe-CdS core-shell particles with sizes up to 10 nm 

and a QY of 31.79%. To make the core-shell QDs water soluble and to create a positive surface 

charge for the driving force for LbL self-assembly, cetyltrimethylammonium bromide (CTAB) 

was used to create a micelle system in combination with the organic capping agents already on 

the QDs from synthesis, yielding a micelle system with a Zeta potential (ζ) of 53.2 mV and a 

quantum yield of 2.65%. 

Graphene oxide was synthesized from stacked plateleted carbon nano fibers with a fiber 

diameter of 40-50 nm yielding graphene oxide sheets with a sheets size of ≈50 nm and a ζ of 

approximately -20 mV. Because of the low zeta potential and the low reactivity of the material 

for further functionalization, -10 mesh graphite was used as graphite source for large sheet 

graphene oxidation. The graphene sheet sizes of approximately 1-10 μm and ζ = -69 mV were 
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successfully reduced in size by using prolonged tip sonication, 40 000 RPM ultra-centrifugation, 

freeze drying and re-dispersion in ultra-pure water, yielding sheets of 20-300 nm with ζ = -38.7 

mV. 

Positively charged graphene (AGO) was made by aminating the large sheet graphene oxide 

made from -10 mesh graphite using (3-Aminopropyl)triethoxysilane (APTES). After prolonged 

tip sonication and centrifugation at 40 000 RPM in 0.005 M HCl solution the ζ was 33.5 mV. 

For LbL self-assembly the positively charged QD-CTAB micelle system was used to be coated 

with the negatively charged -10 mesh graphite made GO after size reduction, for the positive 

layer the APTES functionalized AGO was used after size reduction. 

After every addition of GO to QD-CTAB the ζ was measured, in this way a charge reversal from 

53.2 mV to -31.1 mV was achieved. Sequentially AGO was added to this solution, reversing the ζ 

back to a positive charge of 36.1. Whether the graphene sheets actually encapsulated the QD is 

not yet clear and needs further research. 

In conclusion it was possible to create a QD micelle system using CTAB at the cost of the QY 

which dropped from 31.79% to 2.65%. Creating nanoscale graphene oxide and aminated 

graphene oxide was successful with zeta potentials of -38.7 mV and 33.5 mV respectively, 

which is high enough to create stable dispersions and as driving force for LbL self-assembly. In 

order to conclude encapsulation of QDs with graphene sheets, additional research is acquired.  
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Preface  

This work represents the master graduation project of Barry Mikes, performed at the 

Eindhoven University of Technology (TU/e). The research was performed under the supervision 

of prof. dr. Gijsbertus de With, Dr. Heiner Friedrich and Kirill Arapov MSc at the department of 

Materials and Interface Chemistry (SMG). 

In this work I explored the possibilities and challenges of layer by layer self-assembly with 

multiple layers of graphene to encapsulate CdSe quantum dots. The size of CdSe was grown by 

growing a CdS shell on the particle and cetyl trimethyl ammonium bromide (CTAB) was used to 

make a positively charged, water soluble, micelle from the CdSe-CdS quantum dots. It was 

sequentially attempted to encapsulate the micelle with negatively charged graphene oxide and 

positively charged aminated graphene. Both graphene species were synthesized in this project 

and reduced to nanoscale sizes in order to make self-assembly possible.  

The final presentation of this research will take place Thursday 18-06-2015 at the Helix building 

of the TU/e in room STO.2.91 at 14:00 hours.  

Barry Mikes 

June 8, 2015, 

Eindhoven
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 Introduction 1
Colloidal semiconductor nanocrystals or Quantum Dots (QDs) show promise for many 

technological applications such as light-emitting devices1–4, lasers5–7, or fluorescent probes8–10. 

One of the reasons for the QD’s popularity in nanoscience is their size-dependent 

photoluminescence (PL) across the visible spectrum11. For instance, the PL properties of CdSe-

CdS core-shell QDs may be utilized as fluorescent labels for medical imaging and solar cells. 

Apart from the good PL properties it has been reported that CdSe-CdS shows chemical 

oxidation on the QD surface and this “etching” process generates lattice defects and quenches 

fluorescence and produces soluble Cd, Zn, S and Se species which is a strong drawback to their 

safe use12. Furthermore, CdSe-CdS QDs easily form aggregates of QD clusters. To date, capping 

agents made out of long aliphatic chains or polymers are mostly used to protect and stabilize 

QDs as well as providing a controlled environment for their synthesis. However, long-chain 

capping agents do not provide long-term protection against oxidation. Therefore in this MSc 

project an alternative for long-term QD encapsulation is investigated. 

In this work it is intended to explore the possibilities of combining or replacing the capping 

agent by encapsulation of QDs with sheets of graphene, creating a physical barrier that protects 

the QD from oxidation and also protects against Cd, S, Se leaching from the quantum dot into 

the environment. To this end, functionalized graphene species, such as graphene oxide (GO)13 

and aminated graphene oxide (AGO)14 can be employed, which show excellent barrier 

properties, being impenetrable for species as small as an oxygen atom due to the 2D structure 

of graphene15.  

To achieve encapsulation, layer-by-layer (LbL) addition is employed, using the coulomb 

interaction forces between polycations and polyanions16. This technique is straightforward in 

the sense that oppositely charged moieties attract each other. Since GO is negatively and AGO 

is positively charged, it shows potential of creating an alternating layer of positively and 

negatively charged species encapsulating a quantum dot. Encapsulation could potentially lead 

to a higher colloidal stability and better solubility in water on basis of repulsion of same 

charged species. The work hypothesis is that by successive LbL addition of GO (negatively 

charged surface) and AGO (positively charged surface) uncovered QD surface and/or “patching” 

of graphene lattice defects can be achieved, assuring full encapsulation of the QD. 

A particular point of attention will be on the PL properties of the QD during encapsulation. In 

literature it is reported that GO quenches PL, removing a QDs desired property when 

encapsulating QDs with GO. Because of the PL quenching it is important to monitor the PL 

properties of the QD, ideally when applying graphene species with varying number of layers. 

Another more technical problem is that QDs are typically about 1-10 nm in diameter whereas 
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graphene sheets produced from commercially available graphite sources are often more than 

100 nm in size, which makes encapsulation questionable. To improve encapsulation of a QD it is 

necessary to significantly reduce the size of graphene sheets towards ≈50 nm, and increase the 

size of a QD towards 15-20 nm, so that the graphene sheet is smaller than the circumference of 

a QD. 

 Thesis outline  1.1

This thesis can be divided into three main subjects, Quantum dots, graphene and layer by layer 

self-assembly which is shown schematically in Figure 1. Every chapter will begin with a small 

theoretical section and background on the material discussed, followed by an experimental 

section, a results paragraph and finally conclusions. At the end of the thesis a summary of the 

entire project is presented. 

The first subject, quantum dots (QDs), will describe the synthesis of the CdSe core particles, 

how the QDs were grown with a CdS shell and how a surface scharge was applied in order to 

create a driving force for LbL self-assembly as well as making the QDs water soluble. Also the 

different characterization techniques used are discussed, paying special attention to the QDs 

photo luminescent properties. 

Graphene will be the second main subject. Here the synthesis of graphene oxide will be 

discussed from two different source materials. Small sheet graphene, made from Stacked 

graphitic fibers with fiber diameter 40-50 nm and large sheet graphene made from natural -10 

mesh graphite will be used as source materials to make graphene oxide. After synthesis of 

negatively charged graphene oxide (GO), positively charged aminated GO (AGO) was 

synthesized. After synthesis the purification of GO and AGO will be discussed. The large sheet 

size GO and AGO made from -10 mesh graphite will also be reduced in size after 

functionalization. 

Lastly the combination of water soluble QD’s with GO and AGO will be discussed, showing the 

potential for alternating layer by layer self-assembly.  
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Figure 1: Flowchart thesis outline  
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 Quantum dots 2
 

 Introduction  2.1

Quantum dots are small crystals composed of semiconductor materials with a particle diameter 

in the range of 1-100 nm. The small size gives QDs specific properties that are different from 

the properties of the same material in the bulk as well as different from single atom and 

molecule behavior.  

 

Figure 2: Band gap energy (Eg) of a molecule, quantum dot and bulk semiconductor 

For example, bulk semiconductors have a set energy barrier between the valence and 

conduction bands, which is dictated by the composition of the material. Unlike bulk 

semiconductors, the band gap of a QD is influenced by its size. This size dependence comes 

from what is called the quantum confinement effect and occurs when a QD is smaller than the 

exciton Bohr radius, the spatial separation distance between an electron and a hole and varies 

between 1 nm and 100 nm dependent on material characteristics. Making a nanoparticle 

smaller than the exciton Bohr radius leads to confinement of excitons inside the particle, 

increasing the excitons energy and increasing the amount of energy needed to excite an 

electron from the valence to the conductive band. This confinement effect explains why the 

bandgap of a semiconductor nanocrystal is larger than the bandgap of a bulk semiconductor. 

Furthermore, approaching the situation from the molecule point of view, when atoms are 

brought together, their electron clouds will interact and increase the amount of available 

energy states. When more atoms are added, more electron clouds will interact and the amount 

of available energy states becomes more as illustrated in Figure 2. Adding even more atoms, 

approaching the bulk state, increases the amount of available discrete energy levels even more, 

until the energy levels are no longer discrete and the energy states can be considered to be 

continuous (bulk state). When varying the amount of atoms added to a quantum dot the band 

gap of the material can be ‘tuned’. Compared to small particles, larger particles will have many 
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atoms, which leads to an increase of overlapping conductive bands, a decrease in band gap, a 

decrease in emissive energy and as a result the emission color shifts towards red (red-shift). For 

particles that become smaller the opposite is true and a blue-shift is observed, indicating a 

band gap increase, as seen in Figure 3. 

Professor Louis E. Brus started his research in the bell laboratories in 1973. In 1983 he and his 

post-docs Moungi Bawendi and Paul Alivisatos reported a new class of materials, crystallites 

with material characteristics in between atomic and bulk behavior. These small semiconductor 

crystallites became known as Quantum dots in which “quantum” refers to the quantum 

confinement effect in a QD leading to size dependable luminescence17. Louis E. Brus describes 

that by changing the size of the particles the band gap changes and with that the emission 

wavelength. This enables engineering of different wavelength emitters by controlling size, as 

seen in Figure 3. 

 

Figure 3 (A) Size- and material dependent emission spectra of several surfactant coated semiconductor nanocrystals in a 
variety of sizes. The blue series represents different sizes of CdSe nanocrystals with diameters of 2.1, 2.4, 3.1, 3.6, and 4.6 nm 
(from right to left). The green series is of InP nanocrystals with diameters of 3.0, 3.5, and 4.6 nm. The red series is of InAs 
nanocrystals with diameters of 2.8, 3.6, 4.6, and 6.0 nm. Adapted from Bruchez Jr

8
. (B) A true-color image of different sized 

nanocrystals, all illuminated simultaneously with a handheld ultraviolet lamp. Adapted from Gao
18

. 

After his post-doc M. Bawendi formed his own group in studying semiconductor quantum dots. 

In 1993 Murray, Noris and Bawendi report the synthesis of CdX, with x = S, Se and Te all being in 

group 16 of the periodic table.19 They reported synthesizing QDs in ranges of 1.2 to 11.5 nm 

with band gap emission shifting with size and composition. They described two different 

methods of introducing the ligands, either using Trioctylphosphine (TOP), or Tetramethylsilane 

as coordinating solvent. 

P. Alivisatos explored the use of semiconductor nanocrystals for fluorescent probes in biological 
staining and diagnostics. Compared with conventional fluorophores, the nanocrystals have a 
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narrow, tunable, symmetric emission spectrum and are photo chemically stable, making them 
suitable for bio imaging8. 
 
With his research professor Louis E. Brus planted the seed for the research that is done now. 

From his work and that of M. Bawendi and P. Alivisatos branches started growing, researching 

the characteristics of QDs for different reasons, e.g. Fundamental research on reaction kinetics, 

the use of QD in bio imaging8–10 as well as the application in photovoltaic applications1–4 such as 

LED and Solar cells are researched.   

 CdSe Quantum dots  2.2

Quantum dots have attracted much attention in the last decades from researchers and 

companies due to their unique electronic and optical properties. More specifically, CdSe 

quantum dots were one of the first QD investigated and are at the moment continuosly being 

developed in an attempt to further increase the QDs properties such as chemical stability and 

enhanced PL properties. CdSe quantum dots are especially popular because of the high 

reported quantum yields of over 85%20. An explanation of quantum yield is given in paragraph 

2.3.3. This high quantum yield is the reason for using the CdSe quantum dots in this project. 

Since the discovery, CdSe QDs have come in different shapes, sizes and core-shell structures21–

23 

Reaction mechanism 

The mechanism of formation of colloidal QD synthesis is believed to involve molecular 

precursors that react to produce active “[monomers]”. Rapid formation of these monomers 

lead to supersaturation that initiates nucleation of QD seeds, in the beginning growing the 

nuclei driven by concentration and later by interparticle Ostwald ripening24–27.  

This growth mechanism does not explain however the chemical formation mechanism of [CdSe] 

monomers. Bawendi et al. proposed two possible pathways of [PbSe] formation28. They 

proposed that TOPSe (TriOctylPhosphineSelenide) can both be a source of either Se0 or Se2- 

because of the weak P-Se bond. In the first pathway, TOPSe reacts directly with the Pb2+ center 

of Pb(oleate)2 complex to produce TOPO, oleate anhydride and [PbSe] monomer. In the second 

proposed pathway, Pb2+ is reduced to Pb0 by a reducing agent (diphenylphosphine, DPP) and 

Pb0 reacts with Se0, provided by TOPSe, to form [PbSe] monomer, anhydride and free TOP. 

Alivisatos et al. performed studies on the formation mechanism on CdSe quantum dots without 

the use of any reducing agents or nucleophilic materials, proposing a mechanism similar to the 

first proposed pathway described by Bawendi et al.29 

Klabunde et al. studied the formation mechanism by adding commercially available CdO to 

TOPSe without any organic acids30. This gives rise to the possibility that first CdO is formed by 

decomposing Cd(O2CR)2 into CdO monomers, or even oligomers of [CdO]n.  
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More studies than just mentioned have been done towards understanding of the chemical 

mechanism of nanocrystal formation for organometallic precursors and tertiary phosphine 

(TOP) selenide or secondary phosphine, either suggesting the direct reaction of TOPSe with the 

metal center to generate CdSe, TOPO and anhydride or the reaction of active secondary 

phosphine selenide with the metal center.31–34  

The formation mechanism that was taken into account in this thesis was made by Kim et al.35 

Their group systematically studied the decomposition process of Cd(oleate)2 which is shown in 

Figure 4. The coordinated alkylamine undergoes a nucleophilic attack on the most electron-

deficient carbonyl carbon of the oleate ligands to form intermediate I. Intermediate I then 

further decomposes to form a CdO cluster or oligomer, intermediate II. [CdO]n reacts with 

TOPSe to lead to the formation of CdSe QDs and TOPO.  

 

Figure 4: Thermal decomposition mechanism of Cd(oleate)2 in the presence of alkylamine to form CdSe QDs in two steps: 
formation of intermediates I and II (Step I) and CdSe QD formation from intermediate II and TOPSe (Step II). Adapted from 
Kim et al.

35
 

  



8 
 

 Core shell 2.3

2.3.1 Successive ionic layer adsorption and reaction (SILAR) 

As explained earlier, to make encapsulation feasible, the size of GO has to be reduced to ≈50 

nm and the size of QDs have to be increased towards 15 – 20 nm. To grow the QD, Successive 

Ionic Layer Adsorption and Reaction (SILAR) technique can be used36–38. As displayed in Figure 

5, SILAR works by first applying a layer of Cd(OA)2 precursor in the needed quantity and then 

successively coat the CdSe/Cd quantum dots with the sulfur precursor. By calculating the 

amount of particles and the size of the particles the amount of necessary precursors can be 

calculated (Cd(OA)2 and S-ODE respectively). When using precursor in excess, free Cd or S 

precursor will be available in the solution, increasing the risk of nucleation to CdS QDs. When 

using a lower amount of precursors than needed, there is a risk of PL loss by lattice defects. 

These lattice defects can occur when particles have irregular growth as a result of incomplete 

addition of the precursors on the surface. As an example, when the Cd precursor amount is 

insufficient the surface of a QD will not be completely covered, consequently the addition of S 

precursor will partly cover the surface leading to lattice defects by either misplaced atoms or 

vacancy defects by missing atoms which can lead to entrapment of charges, effectively lowering 

the PL. 

 

Figure 5: Schematic representation of successive ionic layer adsorption and reaction to increase CdSe/CdS shell size 

Adding a shell has the advantage of reducing the amount of charge carriers localized at the 

surface of the CdSe QD. This is caused by the small band offset in the added CdS shell compared 

to CdSe which is reported to be around 0.2 eV39. This band offset makes it energetically more 

favorable for a charge carrier to stay in the core, rather than the surface, reducing PL quenching 

by reducing surface interaction. 

  

0,35 nm 
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 Water solubility 2.4

2.4.1  Ligand exchange  

To make TOP capped quantum dots water soluble, a ligand exchange can be performed. Xie et 

al.38 and Chen et al.36 report a method by using mercaptopropionic acid (MPA) or 2-

mercaptosuccinic acid respectively to exchange for TOP. Capping the quantum dot with MPA or 

MSA respectively, will lead to solubility in water because of the polar carboxylic acid groups. 

These carboxylic acid groups will also be responsible for colloidal stability of the QDs by means 

of charge repulsion in which the negatively charged carboxylic acid groups repel each other. 

 

Figure 6: Structure of 2-mercaptosuccinic acid and marcaptopropionic acid(MPA) 

 

Figure 7: Schematic representation of a ligand exchange using MPA. 

When applying ligand exchange, Xie et al. reported a drop in quantum yield (QY) dependent on 

shell material and capping agent. For core CdSe capped with MPA they reported a QY of less 

than 0.01. For CdSe/CdS core-shell particles they report a QY of 0.11 and lastly they report a QY 

of 0.48 for a CdSe/CdS/ZnCdS/ZnS multi-shell QD. The reason for this dependency on shell 

material they contribute to the smaller band offset for CdSe/CdS compared to 

CdSe/CdS/ZnCdS/ZnS, which lead to higher probability of charge carriers to be found on the 

particles surface. For the core only particles there is no band offset to keep charge carriers from 

localizing on the surface, explaining the low QY for core particles.  

2.4.2 Micelle approach  

Using a micelle to achieve a surface charge and water solubility has the advantage that the 

surface of the QD undergoes no disturbance and keeps the stabilizing character provided by the 

TOP. CdSe-CdS QDs capped with TOP have a hydrophobic shell of aliphatic tails. Using Sodium 

dodecyl sulfate (SDS) can lead to micelle forming in which the hydrophobic aliphatic tails of SDS 
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orients towards the aliphatic tails of TOP. The negatively charged hydrophilic sulfate group will 

be oriented towards the outside, making the micelle system water soluble. The same system 

can be formed when using cetyltrimethylammonium bromide (CTAB), the difference with SDS is 

that CTAB causes the outer shell to be positively charged. Having a positive charge on the outer 

shell is a distinct advantage when coating the system with the negatively charged GO by LbL 

assembly.  

  

Figure 8 Schematic representation of a micelle system with TOP as capping agent and SDS/CTAB as negative/positive charge 
carriers in the outer shell. 

  

CTAB (+ charge) 
SDS (- charge) 
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 Experimental 2.5

2.5.1 Quantum yield measurement 

To quantify the photo luminescent properties of a material the quantum yield (QY) can be 

measured, see equation 6 for a simplified representation.  

 𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 =  
#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

#𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
𝑥100%  

 

(6) 

In order to measure the quantum yield it is important that the amount of photons absorbed 

and the photons emitted are detected. To do so an integrating sphere was used, which is a 

spherical orb with a highly reflective coating on the inside. A light source, in the case of this 

project a 405 nm, 5 mW laser, can be emitted through a hole in the sphere. Some photons will 

directly hit the detector, some will absorb in the sample and others will scatter. When photons 

hit the inside of the integrating sphere they get reflected and throughout multiple scattering 

events the photon will eventually hit the detector. 

For a typical measurement three recordings are needed. First a blank sample is measured with 

the laser emitting through the solvent used for the measurement. Secondly the laser signal is 

recorded when transmitting through the sample, showing a reduction in intensity equal to the 

amount of absorbed photons. Lastly the integrating time of the detector is adjusted so it can 

measure the emission of the material, in this case quantum dots. It is impossible to measure 

both the sample and the laser signal at the same time due to the higher intensity of the laser 

beam, saturating the detector. 

All three signals are then converted into a photon flux per wavelength by using equation 7. 

 𝑃ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 =  
𝑖∙𝜆

𝑐∙ℎ
  

 

(7) 

Where: 

i = intensity (J/s), from detector 

λ = wavelength (m) 

c = Speed of light, 2.998 x108 (m/s) 

h = Planck constant, 6.626 x 10-34 (J/s) 

By taking the total sum of the photon flux per peak the total amount of photons are known of 

the absorption and the emission respectively. The quantum yield can then be calculated using 

equation 6.  

The measurements were done using a Labsphere CDS-610 as detector in combination with a 

Labsphere LMS 100 integrating sphere, a 5 mW 405 nm laser was used as excitation source. As 

sample holder Hellma 10 mm QS cuvettes were used, avoiding absorption in the UV region. 
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2.5.2 Preparation of QD precursor solution 

In order to avoid fluctuation in procedures and concentration of precursor material, stock 

solution were made which can be used during the SILAR growth step, as well as for the core 

synthesis. Stock solutions were prepared for cadmium oleic acid (Cd(OA)2), selenium 

trioctylphosphine (SeTOP) and sulfur-octadecane (S-ODE).  

A solution of 0.205 mmol/g Cd(OA)2 was made by adding 0.1286 g (1.002 mmol) CdO, 0.6207 g 

(2.197 mmol) oleic acid (OA) and 4.2595 g (16.737 mmol) octadecane (ODE) in a 100 ml round 

bottom flask. The solution was heated under vacuum for 1 hour at 100 °C, then the mixture was 

switched to argon flow and heated up to 240 °C until a clear solution was formed. Furthermore, 

the mixture was cooled down to room temperature, causing the mixture to solidify and was 

stored under argon atmosphere until use. Before use the solid was heated above the melting 

point to slightly reduce the viscosity for use with an injection needle, which happened between 

60-80 °C. 

A saturated solution of SeTOP was made by dissolving 1.1832 g (15 mmol) Selenium  in 12.2262 

g (33 mmol) TOP, stirring vigorously with a stirring rod overnight under argon flow at room 

temperature (approx. 19 °C). The solution was filtered before use by using a 0.22 µm PTFE 

syringe filter.  

A 0.1050 M S-ODE stock solution was made by dissolving 0.0673 (2.1 mmol) g of elemental 

sulfur in 15.5598 g (61.140 mmol) ODE under dried argon flow at room temperature. 

A list of used chemicals used has been added in Appendix 1 

2.5.3 CdSe – Core synthesis  

Synthesis of CdSe quantum dots was done following the procedure published by Chen et al36. 

For this synthesis 2.0406 g (0.186 mmol) Cd(OA)2, 1.6480 g (6.115 mmol) octadecylamine 

(ODA), 0.5012 g (1.860 mmol) trioctylphosphine oxide (TOPO) and 5.0063 g (19.6716 mmol) 

octadecane (ODE) was added to a 100 ml round bottom flask. This mixture was put under 

vacuum for 30 min, at 100 °C before switching to argon flow for 15 min. A cycle of 15 min 

vacuum followed by 1 minute argon flow was performed three times to flush oxygen and water 

from the atmosphere. The mixture was left under argon flow and heated to 270 °C. The 

solution was injected via a rubber septum with 1.24403 g of saturated SeTOP stock solution, 

initiating quantum dot growth. The temperature of the solution during growth was kept 

between 250-260 °C. After 10 minutes the solution was put in a 10 ml vial and cooled in a water 

bath to room temperature, quenching further growth. To precipitate the QDs approximately 

10-15 ml acetone was added to 4/5th of the solution and the resulting dispersion was 

centrifuged at 4000-4500 RPM for 15 minutes and the supernatant was decanted, purification 
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was performed with acetone for two more times. The other 1/5th was kept at -20 °C for future 

reference.  

A handheld UV-lamp was used for a quick determination of PL properties made by Spectroline 

with model number ENF-260C/FE, able to provide 365 nm and 254 nm light. Using the 365 nm 

setting to excite the quantum dots. 

UV-Vis measurements have been performed using a set-up from ocean optics with a USB-

4C03100 detector in combination with a D2000 deuterium lamp from Top Sensor Systems. 

Hellma 10 mm QS cuvettes were used to avoid absorption in the UV region. For quantum yield 

measurements a Labsphere CDS-610 was used as detector to measure the emission inside a 

Labspere LMS 100 integrating sphere, as excitation source a 5 mW 405 nm laser was used.  

TEM images have been made by using a FEI Sphera 200 kV transmission electron microscope 

and samples were prepared by drop casting on a 200 mesh Cu quantifoil R2/2 grid. A list of 

used chemicals used has been added in Appendix 1 

2.5.4 SILAR – Precursor amount 

In order to increase the size of CdSe QDs a SILAR procedure was used, adapted as published by 

Chen et al36. To estimate the amount of precursor material necessary to add a monolayer of 

shell material first the particle amount or concentration of QD particles needs to be known. To 

calculate the amount of particles and their size UV-Vis was used. After drying, the QDs were re-

dispersed in 5 ml of hexane. This solution was diluted 100x to an absorbance (A) of 0.095, 

measured at the peak of the first absorption peak in UV-vis (from high to low wavelength), as 

seen in Graph 1. The path length (l) is the length of the cuvette and is thus constant. The 

extinction coefficient (ϵ) and QD size (nm) can be determined by using the empirical data 

provided by W. William Yu et al40 for CdSe QDs. When the extinction coefficient is known, the 

Lambert-Beer law can be used (1) and the concentration (C) can be calculated.  

 𝐴 = 𝜀𝑙𝑐 (1) 
Where: 

A = Absorbance. 

ϵ = Extinction coefficient. 

l = Path length. 

c = Concentration. 
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The empirical fitting curves for the extinction coefficient (ϵ) of CdSe QD are reported by W. 

William Yu et al. to be as followed:  

 ϵ = 1600 ΔE (D)3 (2) 
Where: 

D = Diameter (nm) of a QD particle. 

ΔE= Energy of the first absorption peak in eV. 

They also report an empirical relation between the absorption wavelength and the size of the 

particle by measuring the absorption and emission spectra of many different sizes of CdSe, 

CdTe and CdS QDs and relating this to TEM size measurements (X-Ray diffraction was used to 

determine the size for the smallest crystallites). This makes it possible to determine the 

diameter (D) of a quantum dot using absorption data from UV-Vis by using the following 

empirical relation, which is a polynomial fitting curve of their found data: 

 
 

𝐷𝐶𝑑𝑆𝑒 = (1.6122 × 10−9)𝜆4 − (2.6575 ×  10−6)𝜆3

+  (1.6242 ×  10−3)𝜆2 − (0.4277)𝜆 + (41.57) 
(3) 

Where: 

𝜆 = wavelength first absorption peak (high to low wavelength). 

A correction factor on the absorption data should be applied before using the Lambert-Beer 

law. This correction is needed to avoid errors caused by a difference in polydispersity between 

the measured samples and the samples measured by W. William Yu et al., which can be related 

to the width of either the emission peak or the absorption peak of the CdSe QD. This correction 

can be applied by using one of the following relationships: 

 𝐴 =  𝐴𝑚
ℎ𝑤ℎ𝑚𝑈𝑉

𝐾
 or 𝐴 =  𝐴𝑚

𝑓𝑤ℎ𝑚𝑈𝑉

𝐾′
 

 

(4) 

Where: 
Am = Measured absorbance 
hwhm = Half width half maximum on the high wavelength side of the measured absorption 
peak 
Fwhm = Full width half maximum of the measured emission peak. 
K = Standard value for hwhm (CdSe, 14nm) 
K’= Standard value for fwhm (CdSe, (25 nm) 
 

Using the diameter of the particle the area of a particle can be calculated which is equal to:  

 𝐴 = 4𝜋𝑟2 (5) 

Where: 

A = Area (m) 

r = Radius (m) 
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CdSe has a Wurtzite crystal structure with lattice constants: a=b = 4.2985 Å and C = 7.0152 Å. 

The a=b lattice constant were used to calculate the area, represented as a square, a monolayer 

would occupy. Dividing the area of a CdSe QD by the area a unit cell would occupy, it can be 

calculated how many Cd/Se atoms maximally can be added to form one layer. Li et al37 report 

an average monolayer thickness of 0.35 nm for coating CdSe with a Cds shell. After every 

addition of CdS, the radius of a particle increases by 0.35 nm and the new amount of Cd/S 

precursor needed is calculated. 

As an example: In Graph 1 the absorption spectra is shown which was used to calculate the 

particle size and concentration used for SILAR. The wavelength of the first absorption peak and 

optical density are 586 nm and 0.095 respectively. The size was calculated using equation (3). 

This wavelength correlates with a CdSe QD size of 4.02 nm.  

Using the calculated size, the absorption coefficient can now be calculated using Equation (2)  

ΔE =
ℎ𝑐

𝜆
→  ϵ = 1600 

ℎ𝑐

𝜆
 (D)3 

ϵ = 1600 
4.135667516 ∙ 10−15 ∙ 299792458

586 ∙ 10−9
 (4.02)3 = 220684.1 𝑀−1𝑐𝑚−1 

Where: 

h = planck constant = 4.135667516 x 10-15 eV*s 

c = speed of light = 299792458 m/s 

To correct the absorption for the difference in polydispersity compared to the standard 

provided by W. William Yu et al. equation (4) was used with the hwhm standard value K. 

𝐴 =  𝐴𝑚

ℎ𝑤ℎ𝑚𝑈𝑉

𝐾
= 0.095

18.21

14
= 0.123568 

The concentration of QDs can now be calculated using the Lambert Beer law (equation (1)). 

𝑐 =
𝐴

𝜀𝑙
=  

0.123568

220684.1 ∗ 1
= 5.59931 ∙  10−7𝑚𝑚𝑜𝑙/𝑚𝑙 

To recall, the starting solution dissolved in 5 ml hexane with OD 0.095 solution was diluted 

100x. This means that the starting solution has a concentration of 5.5931 x 10-7 * 100 = 5.5931 x 

10-5 mmol/ml. 3 ml of this diluted solution was used, adding in total 1.68 x 10-7 mol CdSe for the 

SILAR reaction. 
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Graph 1: Absorbtion spectra of CdSe quantum dots used for SILAR. First absorption peak is at 586 nm. The peak at 660 nm is 
due to the high emission of the lamp source, see spectrum: Appendix 3 

Multiplying the concentration with the Avogadro constant yields: 

1.68 ∙ 10−7 ∙ 6.02 ∙ 1023 = 1.01 ∙ 1017CdSe particles 

The area of 1 particle can be calculated with equation (5): 

𝐴 = 4𝜋𝑟2 = 4 ∙ 𝜋 ∙ (
4.02∙10−9

2
)

2

= 5.09 ∙ 10−17𝑚2  

 

The area of one CdSe unitcell can be calculated by: 

𝐴 = a ∙ b = 4.2985 ∙ 10−10 ∙ 4.2985 ∙ 10−10 = 1.85 ∙ 10−19𝑚2  

Dividing the area of one particle by the area of one unit cell leads to the amount of unit cells 

necessary to create one monolayer of Cd/S: 

#𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 =  
5.09 ∙10−17

1.85∙10−19
= 2.75 102 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠  

The total volume of one unit cell contains four atoms, two cadmium- and two Se/S atoms. The 

addition of atoms on the surface of one unit cell after the addition of either Cd or S precursor 

equals: 

2.75 102 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 ∙ 2 𝑎𝑡𝑜𝑚𝑠 = 551 𝑎𝑡𝑜𝑚𝑠  

Since the amount of particles is known from UV-Vis measurements as calculated with equation 

(1) the total amount of atoms needed for one addition can be calculated: 

551 ∙ 1.01 ∙ 1017 = 5.57 ∙ 1019  
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Dividing by the Avogadro constant the amount of moles needed can be calculated: 
5.57∙1019

6.02∙1023 = 9.25 ∙ 10−2 𝑚𝑚𝑜𝑙  

For this synthesis a Cd(OA)2 precursor solution of 0.1 mmol/g was used and a S-ODE precursor 

of 0.105 mmol/ml. with densities 0.794 g/ml and 0.78 g/ml. This means for the first addition 

that for full coverage of all particles in solution with Cd: 

9.25∙10−2

0.1
= 0.926 𝑔𝑟𝑎𝑚 of Cd(OA)2 precursor is needed. 

In practice this calculation was used as a guide and 10-100 times less was used to avoid a 

concentration build-up during synthesis, leaving free Cd or S particles in solution, increasing the 

risk of forming core CdS quantum dots. When adding the exact amount of precursor solution 

the time needed for every atom to find its place will be very long. This increase in reaction time 

will then also lead to interparticle Ostwald ripening.  

The exact addition of precursor material is added in Appendix 5.  

2.5.5 SILAR - Core-shell synthesis  

In order to increase the CdSe core size controllably by adding a CdS shell, the SILAR technique 

was used which is explained in paragraph 2.3.1. The SILAR technique was performed by loading 

3.01 g di-octylamine, 3.00 g ODE and 2.24 g (3 ml) of CdSe in hexane in a 100 ml round bottom 

flask. The solution was heated to 100 °C to evaporate the hexane and any water left in solution. 

This also led to evaporation of approximately 1,5 grams of di-octylamine. For the next step the 

reaction temperature was increased to 240 °C under argon flow. The amount of precursor 

solution calculated in the previous section was then injected through a rubber septum using a 

syringe and needle. The Cd(OA)2 stock solution was kept between 60-80 °C under constant 

stirring to keep a homogeneous mixture and avoid solidification. The S-ODE precursor was used 

at room temperature. For addition 1 – 8 each addition had an interval of 20 minutes, addition 

9-15 had 30 minutes between additions. After 8 additions the solution was cooled down to 

room temperature and a 0.4 ml sample was taken and frozen at -20 °C. The solution then stood 

for 10 hours before heating again to 100 °C under vacuum and switching to 240 °C under argon 

flow, no evaporation of di-octylamine was noticed. After 15 sequences the solution was cooled 

to room temperature and approximately half (45 ml) of the reaction was precipitated using 

acetone and centrifugation at 4000 RPM. 

This resulted in an orange precipitate, a yellow oil layer and a clear supernatant. The oily layer 

was decanted separately for later work-up. The orange precipitate was then washed 3 more 

times with approximately 15 ml of acetone yielding 0.2593 grams.  
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Analysis of the synthesized material was performed similarly to CdSe core particles as described 

above in chapter 2.5.3. 

2.5.6 Ligand exchange  

To make the CdSe-CdS core-shell particles water soluble and in order to create a charged 

surface which can be utilized for LbL self-assembly, ligand exchange was performed. CdSe-CdS 

QDs were prepared with a negatively charged surface by exchanging the lipophilic ligands with 

ligands that have, in this case, a carboxylic acid group.   

A 0.2 mmol/ml MPA stock solution was prepared by dissolving 1.91 g (18 mmol) MPA to 90 ml 

of demineralized water. As a quantum dots source, 0.1 ml of unwashed CdSe-CdS SILAR grown 

QD’s were dispersed in 5 ml hexane. In all experiments 1 ml QD dispersion in hexane was added 

to 5 ml of 0.2 mml/ml MPA and the two layered solution was vigorously stirred for 

approximately 72 hours. A schematic from the experimental set up can be seen in Figure 9. 

Experiment # Description 

1 No additional steps taken 

2 After 48 hours neutralized by adding 60 µl 32% NH3  

3 Neutralized MPA by adding 500 µl 1 M NaOH before adding 1 ml QD’s  
Table 1: Overview of changes between different experiments. 

 

 

Figure 9: Schematic of reaction set-up for ligand exchange 

2.5.7  Micelle encapsulation 

To make the CdSe-CdS core-shell particles water soluble and in order to create a charged 

surface which can be utilized for LbL self-assembly, micelle encapsulation was performed. In 

order to avoid disturbance of the CdSe-CdS surface, leading to potential lattice defects and with 

that PL quenching, a micelle was formed using CTAB. The micelle is formed because the 

aliphatic chain of CTAB and the aliphatic chains on the surface of the QD attract each other, at 

the same time the polar positively charged groups will be pointing outwards. 

To determine the amount of CTAB necessary two concentration ranges were made ranging 

from 20 to 50 mg/ml CTAB on 4 mg/ml washed and dried quantum dots. And 2 to 15 mg/ml 

CTAB on 2 mg/ml QD’s, using CdSe-CdS core-shell particles after SILAR synthesis. 

 

 

Hex + QD 
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Approximately 2 or 4 mg of washed and dried quantum dots are deposited with a spatula on 

the bottom of a vial, to this, the appropriate concentration of CTAB in demi water was added. In 

order to dissolve the quantum dots, constant vigorous stirring with a stirring bar was applied 

over the course of ≈72 hours, approximately half of the CdSe-CdS quantum dots seemed to be 

attached to the stirring bar after 24 hours. In addition the samples were sonicated in a 

sonication bath (Branson 1510) for 10 minutes, heated to 30-40 °C in a water bath, stirred by 

stirring bar for 5 minutes and then sonicated again. This sequence was repeated for 5 times for 

20-50 mg/ml CTAB samples and 4 times for 2-15 mg/ml CTAB samples. After dispersing as many 

QDs as possible the QD-CTAB were rinsed by centrifugation at 2000 RPM for 3 times, discarding 

the supernatant to remove excess CTAB. The precipitate was re-dispersed in demineralized 

water and tested on emission with a UV lamp. 

Another technique used was adding 100 μl of 4 mg/ml CdSe-CdS solution in heptane to a 

solution of 2 mg/ml CTAB in water, during sonication of the CTAB in a sonication bath. After 5 

minutes a milky white dispersion was formed and sonication was stopped. After 16 hours the 

solution was clear with a small foam layer on top. This foam layer evaporated when opening 

the vessel to the atmosphere, leaving a clear solution behind. 

SEM imaging was done with a FEI Quanta 3D FEG. All Silicon with native SiO2 layer, were used as 

substrates and have been pretreated in a solution of:NH3:H2O2:H2O, 2:3:5 to clean and 

hydrophilize the surface.  

The ζ and Z-average size was measured using a Malvern zetasizer nanoseries, model Zen 3600. 

Using disposable cuvettes for dynamic light scattering and disposable DTS 1070 cells for ζ 

measurements.  
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 Results & discussion 2.6

2.6.1 Quantum Yield 

When measuring the quantum yield there is a risk that an emitted photon gets reabsorbed by 

the dispersion and this chance increases when the concentration increases. To determine the 

optimum concentration range were the quantum yield can be measured a concentration range 

has been made from core CdSe particles with optical densities ranging from 0.74 to 0.04. It 

turns out that the QY does not change significantly for the synthesized QDs when measuring 

different concentrations. And thus measuring the QY at any concentration between an optical 

density of 0.75 and 0.040 should yield a representative QY.  

Sample Optical density Quantum yield 

CdSe core particles  0.74 26.80 % 

CdSe core particles 0.345 26.58 % 

CdSe core particles 0.045 27.84 % 

CdSe core particles 0.040 25.73 % 
Table 2: Concentration dependency on the photo luminescent quantum yield 

2.6.2 CdSe – Core particles  

It is known in literature that when washing quantum dots by precipitating with an anti-solvent, 

in this case acetone, a loss of quantum yield is expected. It is observed that when quantum dots 

are washed four times, with a combination of 15 ml acetone, 3 ml of chloroform and being 

centrifuged at 4000 RPM, it results in a complete loss of photo luminescent properties. An 

explanation for this could be that ligands were desorbed from the surface of the quantum dot, 

causing severe lattice defects, leading to entrapment of excitons and quenching of PL 

properties. Shen et al.41 showed how ligands play an important role in PL properties by showing 

a loss of QY upon loss of capping agent they even showed a recovery of QY upon reintroducing 

of capping agents, which was not attempted in this thesis. Using only acetone, no chloroform 

and washing two times instead of four, the drop in QY (see Table 4 and Appendix 2) is within 

acceptable values in the scope of this research, dropping from 26.74 % to 16.69 %. 
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Graph 2: Normalized UV-Vis spectra of CdSe core particles before and after washing. The peak at 660 nm is due to the high 
emmission of the lamp source, see spectrum: Appendix 3. 

 Absorption Emission 

Peak position 587 nm (first peak) 601 nm 

Full width half maximum - 36.1 nm 

Half width half maximum 18.59 - 
Table 3: Additional data for Graph 2 based on unwashed CdSe 

Graph 2 and Table 3 show that when washing CdSe core particles the peak position does not 

change, indicating that the size of the quantum dots stays the same and the band 

characteristics do not change. 

Sample Optical density Quantum yield 

CdSe core particles (averaged) 0.04 – 0.74 26.74 % 

Washed CdSe core particles 0.590 16.69 % 
Table 4: Quantum yield values for CdSe core particles, the core particles are averaged from table 2.  

Transmission electron microscopy was accomplished to verify the size of the synthesized 

quantum dots, see Figure 10, in parallel to the sizes determined with UV-Vis as was explained in 

chapter 2.2.2. Figure 10 was used to determine the size distribution, using a Matlab script, 

resulting in the image displayed in Appendix 4. The script allows the user to manually define the 

long and short axis of the particle by 4 points, calculating the size based on the pixel size 

measured in TEM. Each QD then yields a X-value and Y-value for the diameter. The average of 

this X and Y have been put in a histogram ranging particle sizes of 3-10 nm with an interval unit 

of 0.5 nm, the result has been plotted in Graph 3. In the histogram the shape of the peak is 

comparable to the emission peak in Graph 2, which, as discussed previously, correlates to the 
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size of a QD. The peak position at maximum intensity in graph 2 corresponds to a size of 4.05 

nm, see 2.2.2. for the calculation based on the absorption spectra. Graph 3 has been shifted 

more and has an average size of 5 nm. This originates from a small sampling array of particles, 

extension of which to 100 and higher will result in more accurate size distribution. The 

histogram in Graph 3 shows that the sizes based on UV-Vis and measured with TEM/Matlab are 

in the same size range, with a shift of approx. 1 nm. 

 

Figure 10: TEM image from CdSe QDs, 240 000 magnification. Figure after size analysis included 
as as Appendix 4. 

 

Graph 3: Histogram of CdSe core particles made from Figure 10 with a total count of measured particles of 69. 
Particles were counted from 3 to 10 nm in size with an interval unit of 0.5 nm. 
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2.6.3 SILAR – Core shell particles 

After synthesis UV-Vis data has been recorded directly after synthesis, after washing and from 

the residue which was formed after washing. The emission and absorption spectra of these four 

samples is shown in Graph 4. Comparison of the emission spectra in Graph 2 with the emission 

in Graph 4 demonstrates a shift from 601 to 622 nm for the highest intensity peaks, which can 

be accounted to QD growth, were the first layers of CdS shell contribute to the discrete energy 

levels of the core CdSe particle. In addition, a new emission peak was seen at 436 nm which can 

be assigned to the formation of CdS QDs. The formation of CdS QDs can be caused by an excess 

of precursor material or by lack of time between addition steps, both resulting in free Cd(OA)2 

and S-ODE. Free precursor can result into nucleation of CdS QDs, growing in parallel with 

sequential addition of precursor material in further SILAR addition.   

 

Graph 4: Emission and absorption data from particles after SILAR synthesis, after washing and from the residue 
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After precipitating with acetone and centrifuging the QDs most of the CdS QDs stay in an oily 

residue. Most of the emission coming from CdS QDs have been reduced after washing. 

Measuring the oily residue itself shows a concentration of mainly CdS QDs and in lesser values 

some CdSe. Showing that although CdS QDs are being formed, they can potentially be 

completely separated from the CdSe-CdS by purification, using centrifugal techniques. 

The absorption spectra in Graph 4 does not show the characteristic CdSe QD absorption peak. 

This can be explained with Figure 2, when the Quantum dots grow the more discrete energy 

bands will be added, until approaching an energy band structure as is shown in Graph 4 by the 

continuous line. It is expected that an energy band structure will be formed, excitons formed in 

the CdS outer shell will relax back in the CdSe inner core since CdSe has a lower band gap 

compared to CdS. This means that by adding a CdS shell the absorption profile has been 

altered, but the emission does not shift in the same way.  

The size of the grown CdSe-CdS cannot be related anymore to UV-Vis data since the absorption 

coefficient is different than the CdSe particles alone, TEM analysis is necessary to determine the 

size and polydispersity of the sample. In order to get an indication of the size of CdSe-CdS QDs 

the same technique has been applied as with the CdSe core particles in which a histogram was 

made and plotted in Graph 5. For this sample two areas have been probed, a 62k magnified 

image has been taken of which the upper left corner has been measured as shown at the left in 

Figure 11.  

 

Figure 11: TEM image from CdSe-CdS core-shell QDs, at the left: 62K magnification with the two areas boxed used for Graph 
5, right: 150 000 magnification of the boxed in area. 
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Graph 5: Histogram of CdSe-CdS core-shell particles made from the boxed in areas in Figure 10 with a total count of 
measured particles of 241. Particles were counted from 1 to 10 nm in size with an interval unit of 0.5 nm 

From Figure 11 it can be seen that the particle size was increased, yet far from the anticipated 

sizes of around 15 nm. Positive to notice is that the particles seemed to have kept their 

spherical appearance, with small deformations noticeable.  

When comparing the raw data of the two boxes in figure 11 it shows quite the difference, 

although the area probed is close together. In the 62k image, 25% of the particles is smaller 

than 4 nm, in the 150 000 image this is 68% which is a considerable difference for such a small 

difference in probing area. The histogram of CdSe core particles in Graph 3 only shows one 

particle smaller than 4 nm in the histogram of CdSe-CdS particles in Graph 5 there are 

significantly more particles smaller than 4 nm. From this we concluded that there is a high 

concentration of CdS particles in the CdSe-CdS sample, in contrary to the absorption and 

emission data in Graph 4. We hypothesize that such a difference between UV-Vis data and TEM 

data is due to the lower QY of synthesized CdS QDs than CdSe. With a lower QY there is 

relatively less emission per CdS particle which explains the high amount of particles counted in 

the TEM image compared to the low emission in Graph 4. The deviation from the anticipated 

size for CdSe-CdS particles can be explained by the precursor materials being depleted towards 

CdS growth. 

After washing the CdSe-CdS QDs have a QY of 31.79%. This increase, in contrast with CdSe QDs, 

is expected from reports in literature, were the QY increases when adding a shell layer to QDs 

with a higher band gap then the core system. The higher bandgap of the shell makes it 

energetically less favorable for charge carriers to migrate to the surface of the quantum dot, 

reducing interaction at the surface of the QD leading to less loss of charge carriers and 

therefore increases PL. 
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A way of determining how many CdS particles are actually in solution, and with that how much 

precursor material was lost, is by calculating the particle concentration using the empirical 

determined absorption coefficient data from W. William Yu et al as was done in 2.2.2., this was 

however not in the scope of this research. 

2.6.4 Ligand exchange 

When creating the two phase system, CdSe-CdS quantum dots were highly luminescent in the 

hexane phase. In experiment #1, after stirring, a highly viscous dispersion was made in the 

hexane phase and no photoluminescence was visible in the water phase after heating to ≈40 °C. 

After two days a precipitate was formed in the hexane phase, floating on the hexane-water 

interphase, showing no sign of PL properties in either phase. 

Experiment #2 has the same set-up as #1 with again formation highly viscous dispersion in the 

hexane phase after vigorous stirring. To determine if the viscous dispersion could be broken by 

increasing the pH, 60 μl of NH4 was added, increasing the pH from 1-2 to 6-7. This addition let 

to an immediate breakdown of the gell-like structure, creating two translucent solutions. After 

excitation under an UV-lamp no emission was detected in either phase. 

For experiment #3, the MPA stock solution was first neutralized by drop wise addition of 500 µl 

1 M NaOH until a solution with pH ≈ 7 was obtained. After adding 0.5 ml of CdSe-CdS and 

stirring for 16 hours both the hexane phase as the water phase were translucent. Further 

inspection under a 365 nm UV-lamp showed weak emission in the water phase. 

Uv-Vis shows an optical density of less than 0.05, emission of the QD was too weak to be 

detected by the detector. Chen et al.36 report a quantum yield drop from approximately 60% to 

10% in optimum conditions when performing ligand exchange with MPA.  

This drop in QY makes this technique unsuitable for creating a system in which the PL 

properties of QDs are tried to be preserved.  
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Graph 6: Absorption spectra of ligand exchange with MPA 

2.6.5 Micelle encapsulation 

A CTAB concentration range was made from 20 to 50 mg/ml. CdSe-CdS particles agglomerated 

against the stirring bar and the CTAB solution was unable to fully dissolve all added CdSe-CdS 

particles. The 20 mg/ml showed by far the highest emission compared to the 30-50 mg 

samples. When measuring the zeta potential (ζ) and Z-averaged size with the Zeta Nano from 

Malvern, see Table 5, it shows that the values do not deviate much and all concentrations have 

similar size and ζ. A ζ > 55 mV will provide good colloidal stability and a big enough driving force 

for self-assembly (Appendix 8). 

Since all of the previous concentrations failed to fully dissolve the added quantum dots and the 

lowest amount of CTAB seemed to dissolve the particles the best, another concentration range 

was made, ranging from 2-15 mg (2, 5, 15, 20 mg). After sonication and heating cycles it turned 

out that the samples with 5, 10, 15 mg CTAB lost their PL properties and were therefore 

discarded. The 2 mg/ml CTAB with 2 mg/ml QDs still emitted, however it also failed to disperse 

all added QDs, precipitating the QDs on the stirring bar as well as the walls of the vial, making it 

impossible to determine the concentration of solubilized QDs. 
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Concentration CTAB Ζ Size 

(mg/ml)  mV nm 

4 mg/ml QD’s   

20 58.2 143.6 

30 61.4 154.0 

40 61.8 141.3 

50 57.1 117.2 

2 mg/ml QDs   

2 50.2 132 
Table 5:  ζ and Z-averaged size of varius concentrations of CTAB with 4 mg/ml and 2 mg/ml QDs respectively. 

To avoid that solid particles have to be picked up by CTAB in order to be re-dispersed, a solution 

of QDs in heptane was used. The advantage is that the QD particles are already fully dispersed 

before adding to the water-CTAB solution. The downside is that also micelles containing 

heptane will form, as well as micelles of QDs containing heptane. After settling for 16 hours the 

solution cleared up, due to evaporation of the heptane, which formed a foamy layer on top of 

the solution. This layer could be evaporated further by leaving the vial to air to the atmosphere. 

Creating a completely clear and photo luminescent solution of QDs in water with a quantum 

yield of 2.65 %. Which is an loss of 31.79 % - 2.65 % = 29.14 % compared to the CdSe-CdS core-

shell particles and a drop of 91.7 % in QY by applying a micelle system. The ζ of the micelles 

formed in this way was 53.2 mV. 

During SEM analysis, see Figure 12, it can be seen that particles of around 100-200 nm were 

produced by using this method. Judging by size this must mean that either multiple QDs are 

located in one micelle system or that agglomeration has occurred due to drying effects. In order 

to exclude potential agglomeration due to drying effects, Cryo-TEM can be used to take images 

of the micelle system frozen in the dispersion. For the average size of the particles in water, a Z-

Averaged size of 66.98 nm was found.  
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Figure 12: SEM image of micelle system made from 100 μl of 4 mg/ml CdSe-CdS in heptane dispersed into 
3 ml of 2 mg/ml CTAB. A droplet was spin-coated on a SiO2 wafer.  

The particle size itself dictates that multiple CdSe-CdS particles must be covered in one particle 

as shown in Figure 12. In line with this project it would be beneficial if multiple QDs were 

encapsulated in a CTAB micelle system since this would also increase the size of the particle 

towards more suitable sizes for LbL assembly. It does give rise to the question if growing the 

particles in size, using the SILAR technique, was necessary in the first place, or that a micelle 

system with suitable sizes could have been made with CdSe core particles.   
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 Conclusions  2.7

synthesis of CdSe core particles and applying a CdS shell has been successful with QYs of 

16.69% and 31.79% respectively, the growth of the particle was less than anticipated and CdS 

QDs were made as an unwanted side product, with the potential of removing CdS by 

centrifugation. From SEM data it shows that the micelle system with CTAB is larger than just the 

encapsulation of one QD, yielding a QY of 2.65%. This increase in size is potentially beneficial 

for encapsulation with functionalized graphene. Furthermore the ζ shows a highly colloidal 

stable QD-CTAB micelle with ζ = 53.2 mV. Apart from optimization of the techniques used, most 

importantly optimization of the QY, the size of QDs have been increased and made water 

soluble, meeting the requirements as set in the hypothesis in the beginning of this thesis. 
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 Graphene 3

 Introduction 3.1

During the last decade, graphene (Figure 13) has become a hot topic in science with over 

11.000 articles written in 2013 alone (see also chapter popularity). It is regarded as one of the 

most promising materials for future society thanks to its outstanding combination of properties 

such as a high mechanical strength, outstanding electrical conductivity and impermeability 

towards gasses42. It displays mechanical properties like a breaking strength of approximately 42 

N/m and a Young modulus of 1.0 TPa, five times higher than steel43,44.

 

Figure 13: From left to right; A graphene mono layer, a stacked structure of graphene found in graphite, a piece of crystalline 
graphite ore (vein graphite)

45–47
. 

Graphene is a single atomic plane that consist of sp² hybridized carbon atoms and when 

stacked better known as graphite, also the major raw material for graphene research. Also it 

can be elastically stretched up to 20% unlike any other crystal48. An intriguing thermo-

mechanical property is the shrinkage of graphene monolayers upon heating, explained by the 

domination of phonons in 2D lattices49. Graphene is also promising for electronic applications 

as conductors, transistors, etc. It displays current densities of a million times higher in 

comparison to copper. Ultrahigh-frequency transistors with terahertz frequencies to replace 

current HEMTs (high-electron-mobility transistors) are one of the many possibilities. 

Fundamental research has shown that graphene shows ballistic transport at room temperature, 

allowing charge travel time between source and drain of 0.1 ps for 100 nm distances, 

corresponding to terahertz frequencies42. An interesting possibility is the development of 

graphene coatings, applying its characteristic properties on the coated surface. So similar as to 

pure graphene materials, also coatings seem to be promising for novel applications. Opto-

electronically, graphene coatings are suggested to be a future competitor for ITO, a transparent 

conductor used in solar cells, LCD displays etc. However several issues need to be solved first. 

For a standard transparency of 80%, graphene films display a resistivity of several hundreds of 

ohms, two orders of magnitude higher than ITO50.  
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 Graphite  3.2

The main raw material for graphene research is 

graphite, a material abundantly found in nature that 

consists of graphene sheets stacked upon one another. 

As with many materials, graphite also comes in different 

shapes and sizes. Mostly used is natural flaked 

graphite51 and vein graphite52 other, synthetic, graphite 

sources are also used, such as synthetically made 

graphitic fibers, the latter will be used in this report. The 

reason this is used is because of the size limitations for 

the graphite source. Vein graphite has the biggest flake 

size, with sizes of a few cm to even meters. Vein 

graphite is believed to be formed by solidification of 

liquid carbon in rock veins and fissure allowing the large 

size and high degree of crystallinity. Vein graphite has in 

general a higher thermal and electrical conductivity, 

originating from its high crystallinity52. Natural flake 

graphite is the most widely used variant of graphite and is produced by applying high 

temperature (≈750 °C) and high pressure (≈1 GPa) conditions on carbon deposits. Because it is a 

powder and not made out of one piece, as in vein graphite, the flake sizes of graphene being 

able to be produced directly out of natural flake graphite will be smaller than for vein graphite. 

Powdered graphite is being sold with particles sizes smaller than <150 µm53. Even though the 

sheet size of this powder is a lot smaller already than vein graphite, it is not quite small enough 

for encapsulation of a particle in nano-meter size range, hence a size reduction will be 

necessary. Synthetic graphitic fibers, sold by Strem and used in this report, can be grown with 

mean platelet sizes of 40-50 nm. These fibers are grown by stacking of graphene platelets using 

catalyst particles (Ni/MgO) and can be 100 to 10 000 nm long54. When exfoliating graphene 

from these fibers it will provide graphene sheets with the same mean width as the fiber, 

making it suitable for this project, without the need of size reduction.  

 

Figure 15: Image of the top of a graphitic fiber, showing the stacked, plate-like structure. 

Figure 14: (top) A heap of natural flake 
graphite. (bottom) a vein graphite chunk. 
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 Graphite Exfoliation techniques 3.3

As stated in the previous paragraph, graphene is yielded from graphite as the raw material. 

Graphite, build up by stacked graphene layers that are only held together by Van der Waals 

forces, needs to be exfoliated into graphene sheets before it can be used in industrial 

processes. Graphite can be exfoliated by three general mechanisms e.g. mechanical 

electrochemical and chemical exfoliation. In mechanical exfoliation, a mechanical force is 

applied on the graphite raw material to produce few-layer sheets. The simplest procedure 

applied on graphite is the “scotch tape method” in which graphite is placed in between two 

pieces of (scotch) tape (Figure 16, left). 

 

Figure 16: left, scotch tape method. Right, lithium intercalation graphite exfoliation. Through the addition of water, micro 
explosions of hydrogen occurs, separating the sheets. 

The adhesive tape holds the two ends in place so that shear force can overcome the interlayer 

Van der Waals dispersion interaction, analogous to the working principle of a pencil. This 

procedure yields pristine crystal and can yield sheets with millimeter dimensions. Downside of 

this technique is the low yield and high time consumption which makes it inapplicable in 

industry42,55. 

 

Another mechanical exfoliation technique is wafer anodic bonding. In this procedure, a piece of 

graphite can be placed on top of a substrate with an anode attached and a cathode to the back 

of the substrate. When applying an electrical field typically around 1.5 kV at elevated 

temperature around 200-250°C, the substrate and crystal starts forming bonds at the interface, 

effectively anchoring the bottom layers to the substrate. When the crystal is removed, few-

layer graphene sheets will stick to the surface56. Mechanical force can also be applied through 

the use of ultrasonication, due to the high hydrophobicity of graphene; an organic solvent is 

needed to produce stable dispersions. Coleman et al. illustrated this by use of N-methyl-

pyrrolidone making dispersions up to 0.01 mg/ml57. Close to the mechanical exfoliation is also 

electrochemical exfoliation by the use of intercalation of lithium (Figure 16, right). Molten 

lithium salts, e.g. LiOH, can be used to intercalate lithium in between the graphene sheets in 

graphite by electrolysis with a graphite cathode. This forms the reduced LixCy compound, 

equivalent to metallic lithium, also used in Li-ion batteries as anode material. If this intercalated 
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graphite is brought into contact with water, the intercalated lithium readily reduces water to 

form gaseous hydrogen which builds up a mechanical pressure in between the graphene 

sheets. This pressure overcomes the Van der Waals interactions and separates graphite into 

few-layer graphene sheets57. Despite the numerous attempts at mechanical and 

electrochemical exfoliation techniques, chemical exfoliation is now by far the favorite choice of 

chemists to synthesize few-layer graphene sheets. In chemical exfoliation the graphene sheets 

that build up graphite are chemically altered to reduce the interlayer Van der Waals dispersion 

interaction and increase the interlayer spacing. Also hydrophilicity is achieved so that water can 

be used as solvent. This is typically done by oxidizing the graphene sheets to graphene oxide 

sheets by use of strong oxidants such as KMnO4 in sulphuric acid media in combination with 

NaNO3. This protocol is better known as the Hummer’s method58,59. Before the formulation of 

the Hummers method in 1958, two other main techniques were discovered. In 1859, Brodie 

discovered that adding KClO3 to a slurry of graphite in fuming HNO3 produced water soluble 

graphene sheets60. Later in 1898, Staudenmaier adapted Brodie’s method by adding KClO3 in 

steps rather than adding everything at the start of the reaction. Also to increase the acidity of 

the reaction medium, sulfuric acid was added to the fuming nitric acid61. This alteration 

achieved a C:O ratio in one reaction comparable to four Brodie treatments59. Note that all of 

these procedures form harmful gasses like NO2, N2O4 and/or ClO2
13. However the Hummers 

method, discovered in 1958, is the most abundantly used in graphene research although 

slightly altered procedures are also formulated. For example Tour et al. proposed a procedure 

in which NaNO3 is removed from the reaction medium and a combination of sulfuric and 

phosphoric acid rather than pure sulfuric acid13. By oxidizing the graphene sheets, several 

oxygenated moieties form on the graphene sheet such as simple alcohols and epoxides. At the 

edges of the two-dimensional crystal, bond breaking occurs and carbons atoms can be oxidized 

completely to carboxylic moieties introducing negative zeta-potentials to the graphene oxide 

sheets, dependent of the pH of the solution. An elaboration on this oxidation method is given in 

the next paragraph. 

  



35 
 

 Negatively charged graphene 3.4

For graphene to be implemented in industry, it has to be easily processable as described in 

previous paragraph. This is one of the reasons that chemical exfoliation of graphene is the most 

popular in current research since this allows evading of hazardous organic solvents and the use 

of aqueous dispersions. In the Hummers method58, a small amount of graphite is dispersed in 

concentrated sulfuric acid. Then NaNO3 is dissolved in the mixture and cooled to 0°C in an ice 

bath to avoid an uncontrollable temperature rise due to the exothermic reaction upon adding 

of KMnO4. Then KMnO4 is added in small portions to start oxidizing the graphene sheets for 

about 30 minutes. Afterwards the mixture is worked up through addition of ice and H2O2 for 

neutralization of the manganese species13,58. 

 

Figure 17: Left: Chemical conversion from graphene sheets in graphite to graphene oxide through the use of strong oxidants. 
Adapted from

62
. Right: Illustration of redox processes during the oxidation and workup of reaction mixture. (1),(2) Formation 

of the active dimanganese heptoxide. (3) Oxidation of graphene by dimanganese heptoxide (for an alcohol). (4) Reduction of 
MnO2 to Mn2+, removable by decanting supernatant after centrifugation. 

During the reaction, the electron-rich widely-conjugated graphene sheet is oxidized to yield 

oxygen functionalities on the graphene basal plane. These functionalities are widely accepted 

to be mainly alcohols, epoxides and carboxylic groups, although the percentage and location of 

the functionalities is still under debate. However, the active manganese species responsible for 

this oxidation is argued not to be the permanganate species but diamanganese heptoxide 

formed through the reaction of permanganate and permanganyl. The diamanganese heptoxide 

species are known to be more reactive than its permanganate counterpart and can readily 

oxidize organic compounds completely to CO2. If treated without caution, danger of explosion is 

possible59,63 In 2012, a mechanism of the formation of graphene oxide was formulated by Shao 

et al64. It is argued that graphene sheets oxidation (Figure 17, left) initially starts at the edges 

and inherent defect positions by intercalated sulfuric acid and manganese species to form 

phenolic groups. These groups can then be oxidized further to form carbonyl groups and 

originally conjugated double bonds are transformed into single bonds through the redox 

process, which destroys the aromaticity. Also adjacent alcohol groups can condense to form C-

O-C ether or epoxide moieties. Further oxidation of adjacent alcohol species at the edges or 

inherent defects results in the formation of quinone moieties, which C-C bond can easily cleave 

and formation of two carboxylic acid groups occurs. After purification of the reaction mixture, 

this chemical modification enhances the formation of few-layer graphene sheets due to the 

(1) KMnO4 + 3 H2SO4 ⇌ K+ + MnO3
+ + H3O+ + 3 HSO4

-  

(2) MnO3
+ + MnO4

- ⇌ Mn2O7
 

(3) Mn2O7 + Cx ⇌ MnO2 + Cx(OH)  

(4) MnO2 + H2O2 ⇌ Mn2+ + H2O  
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increased interlayer spacing and thus lowered Van der Waals dispersion interaction. Applying 

mechanical stress through the use of an ultrasonication bath, the sheets are easily separated 

and dispersed in aqueous media. Despite the good success in synthesizing these graphene 

oxide platelets, the chemical structure of graphene oxide has still been the center of great 

discussion over the years. Several models have been proposed but not one has been 

unambiguously accepted by the scientific community. This could be attributed to the 

complexity of the material, for instance its composition is nonstoichiometric. Also the material 

is amorphous, thus disabling the use of XRD, a common characterization technique59. Earlier 

models (Figure 18) of graphene oxide consisted of regular structures in which units were 

repeated. 

 

Figure 18: Illustration of graphene oxidation. 
64

 (a) Graphene sheets with impurities in the basal planes and at the periphery 
act as initial reaction centers. (b) Oxidation of the impurities to alcohols. (c) Further oxidation to quinone like species 
(rectangle) and condensation to epoxides. (d) Cleavage of weak c-c bond at the periphery to form carboxylic acid groups. 
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In 1939, the Hofmann and Holst model proposed that epoxide groups were periodically spread 

over the graphene basal plane to obtain a C2O ratio, found trough combustion techniques. Also 

the flat sp² structure of pure graphene sheets was kept in the model65. In 1946, Ruess adapted 

the model to include hydroxyl groups to match the amount of hydrogen found in graphene 

oxide. Also the basal plane sp² hybridization was altered to sp³ hybridization. 

 

Figure 19: Left: Illustrations of most important graphene oxide models. The Lerf-Klinowski model displayed here lacks the 
carboxylic acids groups at the periphery. Right: Hydrogen bonding between water molecules and graphene oxide platelets. 
Both adapted from

59
  

The proposed repeat unit for graphene oxide is that 25% of cyclohexane rings contained 

epoxide groups in the 1,3 position and hydroxyl groups in the 4 position66. Later in 1969, Scholz 

and Boehm proposed a structure in which no epoxide groups are present but exchanged by 

quinonal species in a periodical fashion67. Recent models have abandoned the periodicity in 

graphene oxide and opted for a more random, amourphous, berthollide structure. Currently, 

the most cited model was developed by Lerf and Klinowski who published several papers based 

upon solid state NMR measurements68. Using cross-polarization magic angle spinning 

experiments (CP/MAS) three broad resonance peaks were found and attributed to tertiary 

alcohols, epoxy groups and alkene species. These measurements matched well with previously 

proposed models but the distribution of the moieties was still unknown, e.g. isolated or 
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conjugated double bonds. What was also noticed, the full-width-at-half-maximum of the H2O 

peak in proton NMR remained constant over a wide temperature range69. This is indicative of 

very strong interaction between the graphene oxide sheets and water. Neutron scattering 

experiments confirmed the strong attachment of water through hydrogen bonding (Figure 19, 

right) with the epoxides and alcohol moieties70–72. This explains the stacked structure of 

graphene oxide due to interlayer hydrogen bonding but also the solubility in water of separated 

few-layer graphene oxide sheets. To further elucidate the structural features of graphene 

oxide, Lerf et al. continued his research through the use of specific chemical reactions73. They 

concluded that the double bonds are likely conjugated and careful analysis of IR-spectra 

indicated the presence of carboxylic groups at the edge of the sheets67,74,75 Due to these 

(de)protonated carboxylic acid moieties, a negative zeta potential (ζ) is achieved that can be 

used for layer by layer self-assembly on positively charged surfaces, e.g. a CTAB micelle.  

 Positively charged graphene  3.5

In order to synthesize positively charged graphene, the functional groups of graphene oxide can 

be utilized, making graphene oxide a synthesis product for negatively charged graphene as well 

as a precursor for positively charged graphene. In this thesis three attempts have been tried to 

synthesize positively charged graphene with an as high as possible ζ to ensure colloidal stability 

Sodium azide 

Graphene oxide was aminated via a Curtius rearrangement, see Figure 20, as described by 

Gromov et al. and Singh et al14,76. In this reaction thionyl chloride is used to react with the 

carboxylic acid groups of the graphene oxide, producing an acyl chloride (1). With sodium azide 

this acyl chloride reacts into an acyl azide (2). When applying heat an isocyanate is formed, 

giving off N2 gas (3). When the isocyanate is exposed to water, an amine group is formed, 

producing CO2 gas (4).  
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Figure 20: Curtius rearrangement with sodium azide on the carboxylic acid group of GO 

Choline chloride  

Choline chloride has a good solubility in water due to it being a quaternary ammonium salt 

(0.65 mg/ml) and having a polar alcohol group on the other side of the chain. The quaternary 

ammonium salt has potential in this project, utilizing the ionic strength positive charge of the 

ammonium group could lead to a high ζ. The reaction pathway, see Figure 21, starts with 

making an acyl chloride from the carboxylic acid groups (1) and sequentially the choline 

chloride will add through an addition and elimination reaction (2).  

 

Figure 21: Choline chloride functionalization on the carboxylic acid group of GO 
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APTES 

APTES ((3-aminopropyl)triethoxysilane) can react by a condensation reaction producing an 

amide functional group on the hydroxyl group of graphene oxide and as side product ethanol, 

see Figure 22. With this reaction the hydroxy group is utilized rather than reacting with the 

carboxylic acid groups as is the case with sodium azide and choline chloride.  

 

Figure 22: (3-aminopropyl)triethoxysilane (APTES) functionalization on the hydroxyl group of GO 

 

 Experimental 3.6

3.6.1 Graphene oxide 

Two starting materials have been used to synthesize negatively charged graphene oxide. The 

direct method was done from stacked plateleted carbon nano fibers, which has a fiber diameter 

of 40-50 nm and thus potentially yielding 40-50 nm graphene oxide sheets after oxidation. The 

indirect method consists of using -10 mesh graphite which is build up out of large sheet 

graphite, with sheet sizes ≈10 μm. It is called indirect because after oxidation the sheets have to 

be broken down towards smaller sheets. 

Batch  After 20 hours Pouring over H2O2 + ice Yield  

GO-1  Black Faint yellow  to black 0.1656 g 

GO-2 Purple Yellow  dark brown  black 0.3724 g 

GO-3 Purple Yellow  dark brown 0.3063 g 

GO-4 Purple Yellow  dark brown 0.1431 g 

GO-5 Purple gell Bright Yellow  brown 3.2400 g 

GO-5 
reduced size 

- - 0.4550 g 

Table 6: Color changes throughout reaction 

In this thesis, five graphene oxide synthesis have been done of which 4 with plateleted carbon 

nano fibers (GO-1 to GO-4) as starting material and one with -10 mesh graphite as starting 

material (GO-5). The motivation for the different synthesis is seen in Table 7. 
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Batch Motivation 

GO-1 First synthesis using modified hummers on stacked platelet carbon nano fibers. 

GO-2 Used new acids to determine if the strength of the acids increased the performance 
of the oxidation reaction. 

GO-3 After synthesis trails were done to purify the supernatant resulting after 
centrifugation.  

GO-4 Optimization of the dialyses technique found with GO-3 in preparation for synthesis 
of positively charged graphene. 

GO-5 Using -10 mesh graphite to avoid purification on small particles, adding an additional 
step in the synthesis of sheet size reduction. 

Table 7: Motivation for different synthesis 

For GO-1 to GO-4 a typical synthesis was performed by using the improved Hummers method13, 

dissolving 0.5 g stacked graphene plateleted carbon nano fiber in concentrated 62.5 ml H2SO4 

and 7.5ml H3PO4 under vigorous stirring, resulting in a black color. After the graphite was 

dissolved, 3.0 g of KMnO4 was added to the solution in small increments to avoid a temperature 

rise, turning the solution to deep dark green. The solution was then heated to 40 °C and 

wrapped in aluminum foil for uniform heat transfer, leaving the solution to react for 

approximately 20 hours, resulting in a purple/black solution, see Table 6 for color changes. In 

case of GO-1 the black solution was poured over ice containing 3.5 ml 35% H2O2 in increments, 

adding more ice if needed or by cooling. In batch GO-2 – GO-5 the purple solution was first 

cooled to ≈5 °C and a solution with 66.5 ml demi water and 3.5 ml H2O2 was pre-cooled in an 

ice bath to avoid dilution of the solution. The first addition to H2O2 made the solution change 

color, after adding the whole reaction product, the solution went through a color change again. 

After purification the product was freeze dried using a Christ Alpha 1-4 LD Freeze Dryer. For 

purification of GO-1 to GO-4 a Sigma 3-30 000 centrifuge was used. 

The purification of GO made from stacked plateleted carbon nano fibers was adapted between 

synthesis in order to find an optimum for purification. The techniques used will be more 

elaborated in chapter 3.6 to give an overview of applied purification techniques. 

For GO-5, -10 mesh graphite was used and the synthesis was scaled up four times compared to 

GO-1 to GO-4, dissolving 2 g of graphite in a mixture of 250 ml H2SO4 and 30 ml H3PO4, adding 

12 g of KMnO4 in increments. After 16 hours the solution turned into a gel in which stirring by 

stir bar was not possible anymore. To make stirring possible 90 ml of H2SO4 was added. 

Purification was done by centrifugation using a Beckman Coulter Optima L-90K ultracentrifuge 

at 30 000 RPM for 30 min and re-dispersing in water, 9 washing cycles have been done in this 

way resulting in a pH between 5-6 and a fairly strong gel like material in the bottom of the tube. 

The resulting gel was taken out with a spatula and was freeze dried. 
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After washing and freeze drying of GO-5, the sheet size was reduced by 3 hours of tip ultra-

sonication using a Vibracell VC 750 with an amplitude of 40% and a 10 seconds on, 10 seconds 

off pulse, using an ice bath to cool the sample. Two batches of 200 ml with a concentration of 

2.5 mg/ml were sonicated, dissolving in total 1 g. The samples were centrifuged using a 

Beckman Coulter Optima L-90K ultracentrifuge at 40 000 RPM for 30 min. The resulting 

supernatant was freeze dried using a Christ Alpha 1-4 LD Freeze Dryer yielding 0.455 g.  

The ζ of graphene oxide was measured using a Malvern zetasizer nanoseries, model Zen 3600 

using disposable DTS 1070 cells for ζ measurements. TEM was performed on a FEI Sphera 200 

KV microscope and samples were made by drop casting on a 200 mesh Cu quantifoil R2/2 grid. 

Atomic Force Microscopy (AFM) imaging was done with a Solvernext made by NT-MDT using 

standard tips from the cartridge for GO-5 before sonication and a diamond like carbon tip 

(NSG01_DLC) after sonication of GO-5 in order to determine the size reduction of graphene, as 

well as sheet thickness. SEM imaging has been done with a Quanta 3D Feg, made by FEI. All SiO2 

wafers, used as sample support for SEM and AFM imaging, have been pretreated in a solution 

of NH3:H2O2:H2O, 2:3:5 to clean and hydrophilize the surface. TGA analysis has been done of 

GO-2 with a TGA Q500 from TA instruments. A list of used chemicals used has been added in 

Appendix 1. 

3.6.2 Positively charged graphene  

For these experiments a ζ higher as 30 mV was chosen as threshold for a successful charge 

reversal, since this gives a moderately stable dispersion (see Appendix 8).  

Sodium azide 

Graphene oxide was aminated via a Curtius rearrangement as described by Gromov et al. and 

Singh et al14,76, dissolving 0.050 grams of GO-2 in 15 ml (207 mmol) Thionyl Chloride (SOCl2) and 

1.5 ml (19.5 mmol) of dimethylformamide (DMF) solution in a 3-neck-100 ml round-bottom 

flask at 80 °C for 50 hours. The resulting product was vacuum filtered using a 0.22 µm PVDF 

filter, washing the product on the filter by adding approximately 50 ml Methylene chloride 

(CH2Cl2). After filtering the entire product was added to a 100 ml flask containing 40 ml DMF 

and 0.053 grams of Sodium azide (NaN3). The dispersion was stirred approximately 115 hours at 

room temperature, in contrast to the 30 hours described in literature, the extra time was to 

ensure that the reaction was complete. After stirring the temperature was increased to 95 

degrees for 20 hours. The dispersion was then filtered over a 0.22 µm PVDF filter and washed 

repeatedly with demi water. 

Choline chloride  

Two syntheses have been performed, using GO-3 and GO-4 respectively. For a typical synthesis 

0.05 grams of GO was dissolved in 10 ml (138 mmol) of SOCl2 and 1 ml (13 mmol) of DMF in a 3-

neck-100 ml round bottom flask at 80 °C for 50 hours. GO-4 was used directly after freeze 
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drying in order to avoid loss of reactivity due to storage time. The resulting product was 

vacuum filtered using 50 ml CH2Cl2 to wash the product on a PVDF filter. The resulting filter 

cake was then directly added to 1.64 g (11.75 mmol) choline chloride dispersed in 40 ml 

acetonitrile, which was prepared as described below. The dispersion was then refluxed for 50 

hours under vigorous stirring. The solubility of GO and choline chloride in acetonitrile was 

limited and choline chloride collected as a white layer on the sides of the flask.  

To avoid hydrolysis of acyl chloride, choline chloride and acetonitrile were first dried. 70 ml 

(1.34 mol) acetonitrile and 1.3561 g (33 mmol) of CaH, as drying agent, were loaded in a 250 ml 

round bottom flask and connected with a distillation set-up including a vigreux condenser and 

dried argon flow. The 40 ml dried acetonitrile was captured in a 100 ml schlenk flask loaded 

with 20-30 ml 4 Å mol sieves to ensure the exclusion of H2O. To dry choline chloride, 1.64 g of 

choline chloride was loaded together with 60 ml of acetonitrile in a 250 ml round bottom flask 

and distillation was performed on the same set-up as previously discussed. By weighing the 

total weight before and after distillation it was determined that 30.38 ml of acetonitrile was left 

in the 250 ml round bottom flask. Sequentially 10 ml of the dried acetonitrile was added to the 

flask, making the total reaction mixture 40 ml (766 mmol) of acetonitrile and 1.64 g (11.75 

mmol) of choline chloride in excess, ignoring the weight loss of the distilled bonded water. 

APTES 

The transetherification of APTES was done in DMF, ethanol or methanol as solvent. For a typical 

reaction 0.015 g of large sheet GO-5 was added to 15 ml of ethanol, methanol or DMF 

respectively. Sonication in a sonication bath was done with a Branson 1510 for approximately 

15 minutes to disperse the GO. After dispersing, 0.6 ml of APTES was added during sonication, 

and the dispersion was sonicated for 15 minutes more. The product was centrifuged and the 

supernatant was discarded continuing purification with ethanol for two more times. The 

resulting precipitate was then dried in the atmosphere. Yielding a light black solid for ethanol 

and methanol and a white, slightly gray solid for DMF. To reduce the sheet size of the sheets 

made in DMF, a 0.5 mg/ml solution was made in 0.005 M HCL and tip ultra-sonication was done 

using a Vibracell VC 750 with an amplitude of 40%. And a 10 seconds on, 10 seconds off pulse 

for 3 hours in “on” mode, using an ice bath to cool the sample. After sonication the resulting 

dispersion was centrifuged with a Beck Coulter Optima L-90K ultracentrifuge, keeping the 

yellow supernatant with the smallest sheet sizes and discarding the precipitate. 

3.6.3 Purification of stacked plateleted carbon nano fibers 

The purification of GO has to be elaborated since the standard purification did not yielded small 

sheet size graphene. After centrifugation GO was still in solution and additional or different 

approaches had to be taken in order to rinse this product. 
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For GO-1 purification was performed by four sequential washing steps to remove the acids and 

manganese products. a typical washing step was done by adding water, centrifugation at 8000 

RPM for 30 min at 4 °C and discarding the supernatant. After the second washing step the 

supernatant was black, indicating particles still in solution. This supernatant was kept 

separately for work-up. The remaining precipitate was re-dispersed in 15 ml of H2O and 15 ml 

of ethyl ether as anti-solvent to continue purification. This precipitate was washed four times 

until it had a pH between 4-5. The remaining supernatant was washed for 8 more sequences, 

trying different ratios of di-ethyl ether and water, including only di-ethyl ether.  

After synthesis of GO-2 the reaction product was purified in a similar way as GO-1, only 12 

times. Also leading to a supernatant solution which was darker of color compared to GO-1 and 

freeze drying the precipitate. Vacuum filtration resulted in a precipitate on a 0.22 μm PVDF 

filter, which led to a very thin coating on top of the filter. No  significant changes in the color of 

the supernatant was observed after filtration, indicating that the supernatant consisted of very 

small particles. After filtering the supernatant, it was attempted to precipitate the supernatant 

by using a combination of solvents to try and find an anti-solvent using the work of Parades et 

al. as inspiration77, as is seen in table Table 8.  

Solvents used Ratio Appearance Result 

Hexane:ethanol 1:1:1 2-layered  Stable, no precipitation 

Hexane 1:1 2-layered Stable, no precipitation 

Hexane:2-propanol 1:1 1 solution Stable, no precipitation 

Ethanol 1:1 1 solution Stable, no precipitation 

2-propanol 1:1 1 solution Stable, no precipitation 

di-ethylether 1:1 1 solution Stable, no precipitation 

Methanol 1:1 1 solution Stable, no precipitation 

Acetone 1:1 1 solution Stable, no precipitation 
Table 8: solvents used to try and precipitate the supernatant of GO. 

The solutions were kept for over 2 weeks, without any sign of precipitation.  

Dialyses was performed in a Spectra pore 4 dialysis membrane, using GO-3. The reaction 

mixture of GO-3 was diluted twice by using 70 ml of demineralized water to avoid immediate 

rapture of the dialyses membrane by the acid. Approximately 25 ml of GO was loaded in a 50 

ml tube, using 5 tubes in total. The tubes were filled while partly submerged in 5 l demi water 

to avoid disintegration of the dialyses bag by the highly concentrated acid. When filling, 

exothermic heat signatures could be seen around the bag, indicating osmosis between the acid 

and the demi-water. The pH dropped to 2 over the course of 3 hours, renewing the demi water, 

after which dialyses was performed overnight. After approximately 15 hours two of the bags 

ripped at a spot which was sticking out of the water. Also the bags attract water, starting out 

with 25 ml and ending with approximately 40 ml, increasing tension in the bags and a fully 



45 
 

inflated air pocket. The demi-water was refreshed 9 times over the course of 5 days. It takes 

approximately 6 hours for the pH to go from ≈5 to between 2-3. After 3 times of refreshing 

precipitation started forming that was coated on the bags. After the 4th time refreshing the 

water the supernatant was no longer brown, but black. The dialysis bags were emptied and put 

in four round bottom flasks in preparation for freeze dry. The final pH of GO-3 was 6.1 and the 

yield after freeze drying was 0.3063 g. 

The purification of GO-4 was also done with dialysis, however the process was sped up as much 

as possible to avoid potential reduction of GO when dissolved in water, which was indicated by 

the loss of ζ. Dialyses tubes were filled with GO, while submerged in demi-water. The pH of the 

demi-water was measured constantly and the water was refreshed every time the pH reached 

below 3. After approximately 25 refreshes the water was changed below pH 4-5. In this way 44 

refreshes have been done in the course of 10 hours, using in total 220 l demi water resulting in 

an end pH of 5.8. and a yield of 0.1431 g after freezedrying. The low yield is a direct result of 

losses caused with filling of the dialyses tubes and caused by ripping of some of the bags. 
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 Results & discussion negatively charged graphene 3.7

3.7.1 stacked plateleted carbon nano fibers 

A concentration of 0.1 mg/ml precipitated and freeze dried graphene oxide (GO) was used to 

determine the ζ which was -47,3 mV at pH 6-7. Adding 100 μl of 32% NH4 to 3 ml of GO-1 

solution changed the pH to 13-14, the ζ changed to -33,7. This increase in ζ upon increasing the 

pH is not expected. When increasing the concentration of OH- deprotonation occurs on the 

carboxylic acid groups, increasing the negative charge on GO. The reason for the increase, 

rather than the expected decrease, of the ζ is therefore unclear. 

Sample name ζ 

 mV 

GO-1 -47.3 

GO-1 pH 13-14 -33.7 
Table 9 Ζ GO-1 supernatant and on freeze dried GO-1 

For the second batch of GO the reaction product was pre-cooled in an ice-bath instead of 

adding ice to the reaction, reducing the dilution of GO-2 compared to GO-1. The ease of 

working up the material by centrifuging was increased due to the higher concentration of GO. 

The ζ of GO-2 was slightly lower compared to GO-1 and did slightly decrease when increasing 

the pH by adding NH4 which is to be expected.  

Sample name ζ 

 mV 

GO-1 -47.3 

GO-1 pH 13-14 -33.7 

GO-2 -38.0 

GO-2 pH 13-14 -42.6 
Table 10: Comparison of the ζ GO-1 and GO-2 

To determine the mass of functional groups in GO-2 a thermal gravimetric analysis (TGA) was 

done, the result is seen in Graph 7. The mass loss up to 100 °C is presumably due to 

physisorbed water, although no FTIR data proving that is available. Around 125 °C a steep 

decrease in mass of 31 % was observed, which is described in literature due to the desorption 

of CO, CO2 and H2O, which were formed by the thermal breakdown of the quinone, carboxylic 

acid, alcohol, epoxide and ether groups, see Table 11. 
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Table 11: TGA results from various authors
78–80

 compared to GO-2 

  

 

Graph 7: TGA of GO-2 with ramp rate 2 °C/min 

To determine the size of GO-2 sheets in dispersion cryo TEM was used as seen in Figure 23. The 

supernatant of GO-2 shows a rod-like rather than the expected sheet-like appearance. A 

hypothesis on the rod-like appearance is that the sheets are partly rolled up, forming a U-shape 

with the negatively charged groups inhibiting further rolling of the sheet. The length of the 

sheets are in the expected scale of 40-50 nm, similar to the diameter of the fibers of stacked 

plateleted carbon nano fibers. 

Author Heating ramp Peak onset Loss 

Stankovich et al. 1 °C/min 150 °C 33 % 

Becerril et al. 5 °C/min 200 °C 30 % 

McAlister et al. 1 °C/min 200 °C 30 % 

GO-2  2 °C/min 125 °C 31 % 
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Figure 23: cryo TEM image taken from the supernatant of batch GO-2 after filtration over a 0.22 um PVDF filter. 

5 0  n m5 0  n m
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To explain the hypothesis of how a partly rolled up sheet should look like a schematic figure is 

made of the expected shapes. 

 

Figure 24: Relation of shape of sample to electron beam interaction. 
 

In order to prove the shape a 3D image is required, for this a tilt series can be made of the 

sheet. In a tilt series, many images are made under different angles and brought together to 

form a 3D structure of the sheet. 

The third batch of GO (GO-3) was synthesized to focus on the supernatant, rather than using 

the precipitate after centrifugation as was done with GO-1 and 2. After dialyses and freeze 

drying a 0.1 mg/ml solution was made with ζ = -17.2 mV. A hypothesis for this low ζ is that since 

the solution turned from brown to black during the prolonged dialyses time, reduction might 

have taken place in the watery environment, reducing some of the negatively charged groups 

and therefore changing the ζ. To determine the reason for the low ζ additional research will be 

required. 

In order to reduce the potential effects of prolonged dialyses a fourth batch was made, GO-4. 

Care was taken to speed up the dialysis process as much as possible, successfully bringing down 

the time spend in a dialyses tube from 4 days to 10 hours and freeze drying immediately after, 

in preparation for amination with choline chloride. In the dialysis bags precipitation was 

formed, also many times bags leaked due to the acid and pressure build up, resulting in loss of 

material. The ζ after freeze drying was -20.3.  

3.7.2 Purification 

By far the easiest method of purification of GO was by centrifugation at 4000 RPM, although 

this yielded a precipitate for GO-1 to GO-2, a supernatant solution was still left without the 

possibility of work-up using the techniques described. The smallest platelets will be the least 

effected by centrifugal forces and thus stay in the supernatant. Dialysis on GO turned out to be 

a very time and labor intensive process resulting in a low yield, but dialyses enabled purification 

of GO while in solution, keeping the smallest sheet sizes of GO. In addition, freeze drying adds 

to this time because the supernatant had to be dried when it is still in solution, drying 400 ml of 

1: A cylinder shape, corresponding to a 

fully rolled up GO sheet. 

2: Cross section, beam interaction with 2 

sheets. On sides slightly more interaction 

3: Proposed cross section of the sheets 

imaged. 

4: Upstanding sides would lead to more 

beam interaction and higher contrast. On 

the sides longitude interaction and in the 

center 1 sheet. 

5: Much beam interaction on the left side, 

only 2 sheets of beam interaction on the 

right. 
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mainly H2O took ≈90 hours. During the dialysis precipitation of the product was observed, 

indicating possible reduction of the GO while dialysis is performed. 

3.7.3 -10 mesh graphite 

In an attempt to avoid dialyses to clean the smallest sheet sizes in the supernatant, GO-5 was 

synthesized so that cleaning could be done on the large sheet size graphene, and then reducing 

the size of this already purified graphene using tip sonication, avoiding possible deterioration of 

the product as was seen when washing the small sheet sized graphene in GO-1 to GO-4 in the 

form of precipitation in the dialysis bags and the low ζ after purification. Directly after cleaning 

the precipitate had a strong gel like appearance, which needed vigorous shaking to get re-

dispered in water. After freeze drying a mushroom like structure occurred, whereas GO-1 to 

GO-4 produced a powder, this “mushroom” had to be cut out of the round bottom flask. An 

image of the appearance after freeze drying is shown in Figure 25. 

 

Figure 25: Appearance of GO-5 after freeze drying  

A SEM image sequence was taken of this reaction product, which is included in Appendix 9, 

cutting out a small piece of sample in order to show the porous structure.  

A 0.1 mg/ml dispersion was made which had a ζ of -69 mV, which is by far the highest ζ 

measured in this work. In order to determine the size of the particles and in order to determine 

if there were single sheets or multiple stacked sheets, AFM was done on a sample made by spin 

coating on a pretreated SiO2 wafer with a concentration of 0.1 mg/ml, which is shown in Figure 

26. When looking at the cross sectional analysis in the bottom image of Figure 26 the height of 

the graphene platelet is around 1.5 nm high. When taking into account the functional groups 

sticking out on the basal planes of graphene oxide, the small layer of water bound to those 
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functional groups and the fact that graphene is not completely flat but has a rippled texture 

due to the flexibility of the sheet, 1.5 nm in height is then safe to assume that a monolayer of 

graphene oxide has been deposited on the wafer.  

 

Figure 26: AFM image made from 0.1 mg/ml of GO-5 showing the large sheets. Sample was made by spin coating on a SiO2 

wafer. Imaging was done using a standard cartridge tip. The bottom image shows the cross-sectional analysis done at Y-axis 
14 μm. Sizes, top to bottom (µm): 11.21, 0.83, 3.85, 4.72. 
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During the process of size reduction of GO-5 using tip sonication and freeze drying the resulting 

supernatant, the ζ was measured which is displayed in Table 12. 

Sample ζ 

 mV 

Before ultra-sonication -69.0  

After 3 hours of ultra-sonication -63.8  

Supernatant 40 000 RPM centrifugation -47.6  

Precipitate 40 000 RPM centrifugation -50.8  

Re-dispersed after freeze drying -38.7 
Table 12: ζ throughout the different stages of size reduction of GO-5 

Analyzing the found differences in ζ it is interesting to see that it seems that by sonication alone 

the ζ becomes slightly lower. After centrifugation the smallest particles are still in the 

supernatant, it shows that the smaller particles have a lower ζ after sonication. The precipitate 

has a comparable ζ to that of the supernatant, which means that by precipitation and re-

dispersion the ζ can change quite a lot since when both the “precipitate” and the “supernatant” 

were still in solution after 3 hours of sonication the ζ was -10 to -15 mV lower. Furthermore a 

decrease in ζ is shown after freeze drying of the supernatant, which again indicates the 

importance of proper dispersion after precipitation or that by freeze drying some of the 

functional groups of GO are lost resulting in a reduction of ζ. 

To determine the sheet size of GO-5 after sonication, AFM was used, a standard cartridge tip 

did not result in the proper resolution to make suitable images. As replacement for the 

cartridge tip a diamond like carbon tip was used, which has small fibers on the tip which have a 

diameter of 10 nm. The resulting image is added as Figure 27 and Figure 28. In the cross 

sectional analysis done at line A (2.55 μm on Y-axis) a single sheet with a height of 1.5 nm and a 

diameter of 320 nm is shown. The image also shows particles that are higher than other 

particles in the image. The origin of these particles is unclear, although contamination by tip 

erosion from direct sonication  is not excluded. To verify, TEM elemental analysis can be done 

on these particles, supplying information if the particles are metal or carbon based. A cross 

sectional analyses at 0.4 μm, line B, is shown in Figure 28. In this figure many small particles of 

20-60 nm are seen with a characteristic height of a monolayer of around 1.5 nm. Indicating that 

successful size reduction has taken place and it is possible to create particles in the size range 

needed in this project, namely around 50 nm. 
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Figure 27: AFM image made from 0.01 mg/ml of GO-5 after sonication showing the small sheets. Sample was made by spin 
coating on a SiO2 wafer. Imaging was done using a diamond like carbon tip. The bottom image shows the cross-sectional 
analysis done at Y-axis 2.55 μm, the line donated A. Sizes, top to bottom (nm): 321, 111, 91. 
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Figure 28: Cross sectional analysis of figure 27 at Y-axis 0.4 μm, the line denoted B. 

 Results & discussion Positively charged graphene  3.8

3.8.1 Sodium azide 

From measuring the ζ of GO-2 it was determined that negatively charged particles were 

synthesized and aminated through Curtius rearrangement should be possible. Since the 

dispersion could be filtered, which should not be possible because of the expected small sheet 

sizes after exfoliation of stacked graphene plateleted carbon nano fiber, this could be an 

indication that the sheets that are aminated agglomerated and together. When dispersing in 

water, visible flake sizes have been seen, which also indicate some degree of agglomeration. A 

reason for the agglomeration could be not fully functionalizing the graphene oxide to aminated 

graphene oxide. This would lead to positive and negative charged moieties in dispersion, which 

would attract and precipitate. Precipitation indeed occurred over de course of hours and 

complete precipitation over the course of days, indicating an unstable colloidal dispersion. Also 

 

Table 13: Colloidal Stability compared to zeta potential
81,82
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 ζ measurements were done on the aminated samples resulting in a ζ of 19.0 mV. This low ζ is in 

line with the poor stability of the dispersion, as seen in Table 13. The low increase in ζ is likely 

due to the low ζ of the GO, lacking enough functional groups for amination. 

3.8.2 Choline chloride 

Both GO-3 as GO-4 have been used to try and functionalize GO with choline chloride, in which 

GO-4 was done specifically for this reason, trying to do dialysis fast in order to avoid 

deterioration of reactivity.  

Batch used for synthesis ζ 

GO-3 before  -20.3 

GO-3 after choline chloride synthesis -38.0 

GO-4 before -17.2 

GO-4 after choline chloride synthesis -23.8 
Table 14: ζ of GO-3 and GO-4 before and after functionalization with choline chloride. 

From Table 14 it can be seen that instead of obtaining a ζ which is more positive, the ζ actually 

becomes more negative after functionalization. This means that it is unsuited to use for LbL 

assembly and the synthesis has most likely failed in functionalization. One of the reasons of the 

failed functionalization might lie in the poor solubility of both graphene and choline chloride, 

reducing the surface area available for reaction. 

3.8.3 APTES 

Compared to the functionalization done with choline chloride and sodium azide, the 

functionalization with APTES was by far the least labor intensive. When GO-5, large sheets 

(before ultra-sonication), was added in ethanol and methanol, it would not disperse properly, 

based on Paredes et al77 DMF was chosen as an organic solvent with better dispersibility. A 

good dispergation of GO is important because the surface area increases and more functional 

groups are reachable for the APTES. The importance of the right solvent is seen in Table 15 

were DMF shows the highest positive charge. Acidic conditions were chosen to increase the ζ to 

be above 30 mV in order to increase the potential for LbL self-assembly and to create a stable 

colloidal system. With APTES we were successful in functionalizing graphene oxide towards a ζ 

higher than 30 mV with reduced sheet size. 

Solvent with APTES, dissolved in water ζ 

From Ethanol, dissolved in water  -22.6 

Ethanol, dissolved in 0.005 M HCL  13.9 

DMF, dissolved in 0.005 M HCL 31.9 

DMF size reduced, dissolved in 0.005 M HCL 33.5 
Table 15: ζ of APTES functionalization done in ethanol and DMF as solvent 
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 Conclusions 3.9

Using small sheet sized graphene oxide seems to pose extra difficulties in which the quality of 

the material deteriorates faster compared to large sheet sized GO, making purification without 

loss of properties and sufficient yield difficult. Using -10 mesh graphite for making GO avoids 

the purification issues after synthesis and leads to material with an excellent ζ but make it 

necessary to reduce the size of the sheets. The high ζ, makes the material suitable for 

functionalization because of the high concentration of functional groups. Tip sonication is a 

working technique to reduce the size of graphene platelets but possibly creating a 

contamination of ≈20 nm particles which have to be further characterized. Using an ultra-

centrifuge with RPMs of 40 000 or even more is an excellent way for size selection of graphene 

oxide sheets, in which centrifugation at 40 000 yielded sheet sizes suited for the goal of 

encapsulation of QDs for the negatively charged GO as well as the positively charged graphene 

functionalized with APTES. From the three attempted synthesis to create positively charged 

graphene, APTES functionalization seems to be superior over the synthesis with sodium azide 

and choline chloride because of the higher ζ and the less labor intensive synthesis route. A 

remark has to be made that the APTES synthesis route was done on large sheet size graphene 

and the synthesis with sodium azide and choline chloride on small sheet size graphene, which 

makes the height of the ζ not fully comparable. Using the techniques described it was possible 

to synthesize negatively and positively charged graphene in the size scale of 20-300 nm and 

with a ζ higher/lower then 30/-30 mV achieving the prerequisites needed for multi-layered self-

assembly on the charged quantum dot surface.  
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 Layer by layer self-assembly 4

 Introduction 4.1

Layer by layer self-assembly is a simple and effective way to construct thin layers of alternately 

positively and negatively charged layers of macromolecules, polymers, inorganic particles etc. 

The technique has first been suggested by Iler in 1966 for colloidal systems16. Later this 

technique was also applied using polycations and polyanions by Decher et al83–86. The technique 

is simple and straight forward and is based upon simple coulombic interaction between 

oppositely charged moieties. In 1999, Kotov suggested that not only electrostatic interactions 

contribute but also hydrophobic interactions have to be taken into account87.In practice, a 

charged surface or a low concentration of colloidal particles, is immersed in a suspension of 

oppositely charged particles. Adsorption of those charge particles proceeds, halfway through 

charge neutralization and charge reversal of the surface happens, until charge saturation of the 

opposite sign is obtained. Then the process can be repeated by another suspension of particles 

with the same polarity as the initial surface. This process can be repeated and is shown to be 

able to deposit more than 100 monolayers88. This process has been successfully applied on 

many (in)organic systems e.g. silica beads with PEI/PAH89, graphene oxide and alumina90, etc. 

For coating colloidal systems e.g. CdSe/CdS quantum dots Sukhorukov et al. advices to use low 

concentrations of colloids to avoid bridging of the polyelectrolyte used, producing aggregates. 

The exact concentration needed for addition they determined experimentally, using a 

concentration that gave acceptable amounts of precipitation. Further they report to have been 

unable to centrifuge particles smaller than 100nm using 13500 RPM. For these particles they 

slowly added the polyelectrolyte until a reversal of the electrophoretic mobility was found. 

 

Figure 29: Schematic representation of layer by layer self-assembly 
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 Experimental 4.2

A micelle system was formulated by adding 100 μl of 4 mg/ml CdSe-CdS QDs in heptane to 3 ml 

of a 2 mg/ml CTAB dispersion as described in 2.5.7. The QD-CTAB solution was used after 

evaporating the foamy layer, using 1 ml to be coated with size reduced GO-5. In order to avoid 

adding GO in excess, 2.2 ml of 0.1 mg/ml GO-5 was first added, later increasing the 

concentration two times to avoid dilution, adding 3.8 ml of 0.2 mg/ml GO-5 and 2 ml of 0.5 

mg/ml GO-5. The total addition was 8 ml and 2 mg of GO-5 . Addition of GO to the QD-CTAB 

dispersion was performed in small increments, measuring the zeta potential (ζ) after every 

addition. After the ζ reached the threshold of -30 mV, which is enough to form a stable 

dispersion (see Appendix 8), the addition of GO-5 solution was stopped. 

After reaching the pivotpoint in which the ζ goes from positive (QD-CTAB) to negative (QD-

CTAB-GO), GO functionalized with APTES was added to 1 ml of the solution with QD-CTAB-GO, 

applying a positive charge to the particle surface. For this an unknown concentration of GO-

APTES was used, after centrifugation the supernatant of the APTES functionalized graphene 

oxide was used directly and not first freeze dried as was done with the size reduced GO-5. The 

addition was stopped after the ζ exceeded a value of 30 mV. 

 Results & discussion 4.3

Addition of GO-5 to the QD-CTAB dispersion resulted in diluting the dispersion 9x which made it 

impossible to still measure the QY due to the already low emission of the dispersion. In Graph 8 

the change in ζ from positive to negative is shown by the addition of size reduced GO-5. Adding 

GO-5 does not necessarily mean that the sheets only self-assemble with the positively charged 

QD-CTAB micelles, it is possible that interaction between GO and free CTAB micelles has taken 

place, screening the charges of GO sheets. As expected the gradient of the curve also decreases 

as the concentration of GO increases. 
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Graph 8: ζ pivot point when adding size reduced GO-5 to QD-CTAB 

After adding APTES functionalized GO-5 the ζ was successfully changed from negative -25.5 mV 

to 36.1 mV as is seen in Graph 9. In total 125 µl of APTES was needed in order to achieve charge 

reversal from negative to positive.  

 

Graph 9: ζ pivot point when adding GO-5-APTES to QD-CTAB 

Although the change in ζ indicates an interaction between the positive and negative charged 

species, this does not conclude encapsulation of QDs by LbL self-assembly. In order to 

determine if encapsulation occurred, TEM images were taken which are seen in Figure 30 for 

QDs-CTAB-GO and Figure 32 for QDs-CTAB-GO-APTES. 



60 
 

 

Figure 30: TEM images taken from CdSe-CdS CTAB micelle coated with GO, drop casted on a TEM grid. A) Magnified 5000x B) 
14 500x magnification C) 80 000x magnification D) 240 000x magnification 

In Figure 30A it can be seen that the entire TEM grid is coated with a layer of graphene, 

indicating that the amount of GO has been added in excess. The particles seem to be packed in 

small groups, which can be caused by agglomeration when drying the sample, or by successful 

encapsulation of multiple QDs with CTAB and GO. That the excess of GO compared to the 

amount of CTAB covered QD particles was not reflected in an earlier ζ reversal could be 

explained by the surface charge screening of GO by free CTAB. 

A B 

D C 
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From this imaging it is still unclear to say if QD-CTAB particles actually have been coated with 

GO or that that the GO mainly reacted with free CTAB in solution.  

 

Figure 31: TEM image taken from CdSe-CdS CTAB micelle coated with GO, drop casted on a TEM grid, showing a crystal lattice 
boxed in and the corresponding fast Fourier transformed image at the right. Image was made at 240 000x Magnification 

To prove that high contrast objects in Figure 30 are QDs, high resolution TEM was performed. In 

Figure 31 it is clearly seen that the boxed in area contains a particle with a crystalline lattice. 

The fast Fourier transformed image of the boxed area (in the right of Figure 31) shows two dots 

in the outer area of the circle, with a distance between them of 5.71 nm and a radii of 2.855 

nm. The distance between lattice planes can be calculated by transforming this radii from the 

reciprocal space to the real space by taking the inverse of the radii: 
1

2.855
= 0.35 𝑛𝑚, which 

corresponds to the (002) lattice plane of a Wurtzite crystal.91 Both CdSe as CdS have a Wurtzite 

crystal structure, concluding that the high contrast objects in Figure 31 are indeed QDs.  

Figure 32 shows agglomerates of particles in a cluster-like formation, indicating QD clusters. 

There is some organic material around the particles as well, however it cannot be said if these 

clusters are actually encapsulated QDs or that it is from contamination from CTAB-GO  

agglomerates. In order to further analyze whether these particles are QD clusters elemental 

analysis can be performed in TEM, expecting high concentrations of Cd and S for QDs and high 

concentrations of oxygen and carbon for GO. 
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Figure 32: TEM images taken from CdSe-CdS CTAB micelle coated with GO and APTES, drop casted on a TEM grid A) 
Magnified 6500x B) 19k magnification C) 50 000 magnification D) 150 000 magnification 

In order to increase the quality of the imaging the amount of added GO and APTES respectively 

has to be reduced. For that the amount of free CTAB has to be reduced, which can be done by 

optimization of the CTAB process in which the resulted micelle product can be purified without 

the loss of the formed micelles.   

A B 

D C 
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 Conclusions & outlook 5
It was possible to create a QD micelle system using CTAB at the cost of the QY which dropped 

from 31.79% for CdSe-CdS to 2.65% for CdSe-CdS with CTAB. Using tip sonication it was possible 

to create nanoscale graphene oxide and aminated graphene oxide with sizes between 20-300 

nm with ζs of -38.7 mV and 33.5 mV respectively. Ultra-centrifugation with 40 000 RPM proved 

to be a powerful tool for purification and size selection. ζ reversal from positive to negative and 

back to positive was reported after adding GO and GO-APTES respectively, however if the 

addition also led to encapsulation of QDs is unclear and needs further investigation. The goal 

set of encapsulation has been reached, noting that optimization is still necessary in various 

process steps.  

Making CdSe-CdS QDs water soluble by creating a micelle system the QY drops with 91.66 % 

which is far from ideal since the size tunable PL of CdSe quantum dots are their most 

characteristic property. It makes it therefore crucial to decrease the drop in QY when making 

QDs water soluble.  

It will be interesting to investigate further towards the chemical behavior of nano sized 

graphene so it can be better understood why the functionalization yield on small sized 

graphene oxide is so low. Furthermore the size reduction process can be optimized as well as 

the functionalization process to increase the ζ of the produced products. 

Self-assembly was only partly successful, it still needs proof that encapsulation of QDs is 

possible. Additional research can include researching a purification method to remove excess 

CTAB without changing particle size, this contributes towards avoiding charge screening 

between graphene oxide and CTAB, reducing the amount of graphene needed.  

As analyses methods cryo TEM can be valuable to study the made micelles in solution as well as 

performing elemental analyses to determine if the micelles indeed include QDs or that they are 

“empty”  CTAB micelles. 
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 Appendix 7
Appendix 1: List of chemicals 

Chemical name Abbreviation Item number CAS number Supplier 

Cadmium oxide CdO 202894 1306-19-0 Sigma Aldrich 

cetyltrimethylammonium bromide CTAB 1.02342.0100 57-09-0 Merck 

Choline chloride  - A15828 67-48-1 Alfa Aeser 

(3-Aminopropyl)triethoxysilane APTES 440140 919-30-2 Sigma Aldrich 

Dichloromethane  DCM 13790502 75-09-2 Biosolve 

Dimethylformamide (extra dry) DMF 041947 68-12-2 Biosolve 

Hydrogen peroxide 35% H2O2 1.08600.1000 7722-84-1 Merck 

Mercaptopropionic acid MPA 773807 107-96-0 Sigma Aldrich 

Octadecane ODE 74740 112-88-9 Sigma Aldrich 

Octadecylamine ODA  A18017 1120-48-5 Alfa Aesar 

Oleic acid OA K91145571 112-80-1 Merck 

Phosphoric acid  H3PO4  345245 7664-38-2 Sigma Aldrich 

Potassium permanganate KMnO4 014307 7722-64-7 Alfa Aesar 

Selenium Se A12592 7782-49-2 Alfa Aesar 

Sodium azide NaN3 71290 26628-22-8 Sigma Aldrich 

stacked graphene plateleted carbon 
nano fiber 

- 06-0170 7782-42-5 Strem 

-10 mesh graphite -  43319 7782-42-5 Alfa Aesar 

Sulfur S 84683 7704-34-9 Sigma 

Sulfuric acid H2SO4 258105 7664-93-9 Sigma Aldrich 

Thionyl chloride SOCl2 88950 7719-09-7 Sigma Aldrich 

Trioctylphosphine TOP L15744 4731-53-7 Alfa Aesar 

Trioctylphosphine oxide TOPO L15744 4731-53-7 Alfa Aesar 

 

Appendix 2: Quantum yields measurements 

Sample Optical density Quantum yield 

CdSe core particles  0.740 26.80 % 

CdSe core particles 0.345 26.58 % 

CdSe core particles 0.045 27.84 % 

CdSe core particles 0.040 25.73 % 

Washed CdSe core particles 0.590 16.69 % 

CdSe-CdS core-shell 0.445 31.79 % 

CdSe-CdS CTAB micelle 0.222 2.65 % 
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Appendix 3: Spectrum of UV-Vis light source  

 

 

Appendix 4: TEM image TEM image of CdSe QDs, 240 000 magnification, with annotations used to determine the 
size distribution of CdSe core particles using an in house Matlab script. 
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Appendix 5: SILAR addition of precursor material used 

Addition # Cd(OA)2 S-ODE 

 Calculated Added Calculated Added 

 (g) (g) (g) (g) 

1 0.93 0.008 0.69 0.003 

2 1.28 0.008 0.95 0.003 

3 1.68 0.016 1.25 0.009 

4 2.15 0.032 1.59 0.018 

5 2.66 0.128 1.98 0.085 

6 3.24 0.319 2.4 0.18 

7 3.87 0.51 2.9 0.34 

8 4.55 0.8 3.38 0.53 

9 5.3 1.03 3.93 0.76 

10 6.1 1.40 4.53 1.04 

11 6.95 1.82 5.17 1.35 

12 7.86 2.30 5.84 1.70 

13 8.83 2.83 6.56 2.11 

14 9.85 3.43 7.32 2.54 

15 10.93 4.07 8.13 3.02 
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Appendix 6: TEM image of CdSe-CdS QDs, left a magnification of 62k and a zoomed in area of the boxed in area, with 
annotations used to determine the size distribution of CdSe core particles using an in house Matlab script 

 

 

 

Appendix 7: TEM image of CdSe-CdS QDs with a magnification of 150 000 with annotations used to determine the size 
distribution of CdSe core particles using an in house Matlab script 
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Appendix 8: Colloidal Stability compared to zeta potential
81,82
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Appendix 9: SEM image sequence from the porous structure of GO-5. From left to right the image is magnified onto the center of the 
previous picture. 
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