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Abstract 
Graphene has many outstanding properties which make it a prime candidate for new technology. At the 

current time it is very difficult and expensive to produce large sheets of graphene, but there are many 

applications where that is not necessary and smaller flakes of graphene can be used instead. A practical 

way of handling these graphene flakes is in a dispersion, especially a water-based dispersion have many 

benefits. Such a stable dispersion of functionalized graphene is produced, improved, and characterized in 

this project. 

An aqueous system that was developed in two previous M.Sc. theses, each determining a suitable 

graphene powder and stabilizer, was used as a starting point with the main purpose being to improve 

the yield. The method used to produce these dispersions can be described as sonicating graphene 

powder in a solution of water and stabilizer followed by centrifuging to remove un-dispersed graphene 

particles. Experiments were carried out examining the possibility of dispersing those previously un-

dispersed graphene flakes, combining the stabilizer with several surfactants, optimizing the centrifuge 

speed and time, refining the sonication procedure with longer exposure time and cooling, narrowing the 

size-distribution of the original stabilizer through ultrafiltration, and removing excessive unbound 

stabilizer through ultrafiltration. Samples were characterized with UV-vis, SEM, TGA, Electrophoretic 

light scattering, and Laser diffraction spectroscopy.  

It was discovered that the yield from the graphene powder was heavily dependent on sonication time 

and centrifugation conditions. The gain from increasing sonication time showed that most, if not all, of 

the un-dispersed graphene flakes previously considered lost could in fact be dispersed. In an industrial 

setting any un-dispersed flakes could simply be added to the next batch. Reducing the centrifugation 

speed as well as time increased the concentration of graphene to more than twice as high, and that gain 

comes solely from the larger graphene flakes. Thusly the previous problem with a low yield was shown to 

have been caused by too little sonication and too much centrifugation. The particle size analysis did 

show a small reduction in flake size as the sonication time was increased, but when those dispersions 

were characterized in SEM they all formed even films with no discernable difference between them. 

Purifying the scaled up dispersions by removing excess stabilizer through ultrafiltration was performed to 

three different degrees, 0 %, 50 % and 95 %, for a total of three dispersions of 100ml. All three 

dispersions were shown to be highly stable, with no apparent reduction in graphene concentration over 

5 weeks and a zeta potential averaging below -50mV. The TGA results reinforce the UV-vis results, 

proving that the purification worked as intended. 
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Sammanfattning 
Grafen har många otroliga egenskaper som gör det till en bra kandidat för ny teknologi. I dagsläget är det 

fortfarande dyrt och komplicerat att producera stora ark med grafen, men det finns många applikationer 

där det inte är nödvändigt och mindre grafenflagor istället kan användas. Ett användbart sätt att hantera 

dessa grafenflagor är i en dispersion, speciellt en vattenbaserad dispersion har många fördelar. En sådan 

stabil dispersion av funktionaliserade grafenflagor har producerats, förbättrats och karaktäriserats i 

detta projekt. 

Ett vattenbaserat system utvecklat i två tidigare M.Sc. projekt, där det ena bestämde ett bra 

kommersiellt grafenpulver och det andra en bra stabilisator, användes som en startpunkt med 

huvudsyftet att öka andelen grafen från pulvret som dispergeras. Den metod som används för att 

producera dessa dispersioner kan beskrivas som sonikering av grafenpulver i en lösning av vatten och 

stabilisator följt av centrifugering för att avlägsna icke-dispergerade grafenflagor. Experiment utfördes 

för att utvärdera möjligheten att dispergera dem tidigare icke-dispergerade grafenflagorna, kombinera 

stabilisatorn med flera tensider, optimera centrifugeringshastighet och tid, raffinera 

sonikeringsprocessen med förlängd exponeringstid och kylning, smalna av stabilisatorns 

storleksfördelning med ultrafiltrering och avlägsnande av överflödig icke-bunden stabilisator genom 

ultrafiltrering. Prover karekteriserades med UV-vis, SEM, TGA, Elektroforetisk ljusspridning, och 

Laserdiffraktionsspektroskopi.  

Det uptäcktes att inlösningsgraden av grafen var starkt beroende av sonikeringstid och 

centrifugeringsparametrar. Ökningen i grafenkoncentration från sonikeringstid visade att majoriteten, 

om inte alla, av de tidigare icke-inlösta grafenflagorna kunde dispergeras. I en industriell miljö så kunde 

alla icke-inlösta grafenflagor helt enkelt tillsättas i nästa omgång av processen. Att minska 

centrifugeringshastigeten och tiden ökade grafen koncentrationen till mer än det dubbla jämfört med de 

tidigare använda parametrarna, och den ökningen kommer helt från större grafenflagor. Således har det 

tidigare problemet med låg inlösningsgrad visats bero på för lite sonikering och för mycket 

centrifugering. Partikelstorleksanalysen visade en liten minskning av flakstorleken vid längre 

sonikeringstider, dock visade SEM analysen av dem proverna att alla bildade jämna filmer utan synbara 

skillnader mellan proverna. Reningsprocessen via ultrafiltrering utfördes på uppskalade prover till tre 

olika nivåer, 0 %, 50 % och 95 %, för totalt tre 100 ml dispersioner. Alla dessa tre dispersioner visade sig 

vara högst stabila, utan minskning i grafen koncentration under 5 veckor och en zeta potential under        

-50 mV. TGA resultaten förstärkte UV-vis resultaten och visade att reningsprocessen fungerade som den 

skulle. 
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Abbreviations 

CSf  Co-surfactant 

GD  Graphene dispersion 

GP  Graphene powder 

kDa  Kilo Dalton, kilogram per mole 

LDS  Laser diffraction spectroscopy 

MWCO  Molecular weight cutoff point 

PGD  Purified graphene dispersion 

SEM  Scanning electron microscopy 

St1  Stabilizer 1 

TGA  Thermogravimetric analysis 

UF  Ultrafiltration 

UF-filtrate Ultrafiltration filtrate 

UV-vis  Ultraviolet-visible spectrophotometry 

% (w/w) Mass percent 
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1 Introduction 
Graphene consist of a two dimensional layer of sp2-hybridized carbon atoms in a “honeycomb” 

hexagonal lattice structure. It is a promising new material for the modern age, that was first synthesized 

by Novoselov and Geim in 2004 [1], for which they were awarded the Nobel Prize in physics in 2010 [2]. 

Graphene showed remarkable properties in several different areas, including high Young’s modulus and 

intrinsic strength [3], electron mobility [4] as well as being essentially impermeable to all standard gases 

[5]. These properties, and others, meant that graphene had the potential to revolutionize many scientific 

fields, thus leading to a dramatic increase in research on graphene.  

To incorporate graphene in many of its possible applications it must become feasible to disperse good 

quality graphene flakes in water at a high concentration without the use of volatile solvents or harmful 

chemicals. Graphene is by its nature hydrophobic and as such it must be stabilized through the addition 

of a surfactant (surface active agent). Previous work [6] has revealed a promising stabilizer for this 

purpose, which will be referred to as “St1” for confidentiality reasons. The graphene powder that has 

been used was determined in earlier work [7] to be of high quality with large flake size and low oxygen 

content, the name of which is also left out for confidentiality reasons and it will simply be referred to as 

graphene powder or GP.  

The starting point of this project was to test several new methods and variations in the process 

developed in [6], with the goal being to increase yield of graphene in dispersion, simplify the removal of 

excess surfactant, and improve the concentration of graphene in the dispersion.  

2 Background 

2.1 Graphene 
When graphene was first synthesized the main focus was its electronic properties, as a 2D material it 

could be used to make transistors smaller and better than what is possible with current semiconductor 

technology [1]. But that is simply a limited view of all the possible uses for graphene, as previously 

mentioned the array of potential applications of graphene is vast. The problem with most of them 

however is that producing graphene in any form is complicated and expensive. Scientific advancement 

has discovered several different methods of fabrication. Among the more prominent are mechanical 

exfoliation [1], Chemical Vapor Deposition (CVD) [8, 9], thermal decomposition of SiC [10], and liquid 

phase exfoliation [11, 12, 13]. Mechanical exfoliation works by using scotch tape to physically exfoliate 

the layers of graphite powder into graphene, which was the first method discovered in 2004 in [1]. 

Chemical vapor deposition is a more advanced method which can produce large films (~cm2) of 

graphene, it essentially works by reacting specific gases in a highly controlled environment to grow a 

layer of graphene on a specific substrate. Thermal decomposition of SiC can be described as thermally 

desorbing Si atoms from SiC which yields a layer of graphene on top of SiC. 
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However for aqueous dispersions of graphene, liquid phase exfoliation is certainly the most relevant, as 

when dispersing graphene it is desired to have graphene flakes in the right sizes to be dispersed, which is 

precisely what is produced in liquid phase exfoliation.  

The basic version of liquid phase exfoliation works by first dispersing graphite particles in a solution, 

oxidizing them to increase the distance between the atomic layers, then exfoliate them by applying a 

mechanical force (typically in the form of sonication), and lastly the exfoliated graphene oxide flakes are 

reduced to form reduced graphene oxide, see Figure 1. The reduced graphene oxide produced by this 

method is not pristine graphene flakes as there will always remain a small amount of oxygen bound to 

the surface, this material can be viewed as a slightly flawed type of graphene, with the possible flaws in 

such a graphene being limited enough so that it performs similarly to pristine graphene for many 

applications. Reduced graphene oxide will typically aggregate and precipitate directly when it is reduced, 

which can be prevented through the addition of stabilizers such as surfactants or polymers. It is however 

not necessary to functionalize the reduced graphene oxide at this stage if a graphene powder is the 

desired product, seeing as the aggregated flakes can be dried directly to produce such a powder [12, 13, 

14].  

The mechanical force is responsible for the exfoliation is commonly applied through the use of 

sonication, which introduces ultrasonic waves (>20kHz) into the solution shearing apart the carbon layers 

into separate graphene flakes. In recent times new ways of applying a mechanical force to achieve the 

same goal has been developed, fluid mechanics based systems inducing high turbulence [15] or high-

speed laminar flow [16] for example. It has even been shown that enough shearing force in a can be 

achieved through the use of a regular household blender [17]. These more recent developments show 

the possibility for graphene production at a larger scale, which will enable further development of 

graphene and its uses. 

 

 

Figure 1 - Schematic illustration of the liquid phase exfoliation method of producing graphene. Step (1) the oxidation of 
graphite, step (2) the exfoliation into seperate layers, and step (3) the reduction to produce grahene, image adopted from 

[13] 
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2.2 Colloidal systems 
Within the science of nanoparticles it is common to handle a type of fluid system referred to as a 

colloidal system, which is precisely the case with aqueous dispersions of graphene. It can be defined as a 

system of at least two constituents were one is dispersed in the other and the particles of the dispersed 

phase is considerably larger than those of the dispersing phase. This can technically refer to any phase 

being dispersed in another phase regardless of their physical state, though the most common way it is 

used is when describing some form of particle, macromolecule, or aggregate of them, dispersed in a 

liquid. Generally speaking the size range of the dispersant is somewhere in the range of 1 nm – 1 µm, but 

this should only be seen as a general rule since the exact sizes possible varies widely depending on what 

the constituents are [18]. For convenience the dispersed phase will henceforth be referred to as particles 

and the dispersing phase as solvent. 

Some particles naturally form stable colloidal solutions in certain specific solvents without the addition of 

a stabilizing agent, referred to as lyophilic, and some does not, referred to as lyophobic. In a water based 

system these terms are replaced by hydrophilic and hydrophobic, respectively. Whether or not a 

colloidal particle acts as lyophilic or lyophobic naturally depends on the forces interacting between the 

particles themselves, the particles with the solvent, and the solvent molecules with each other. Since 

particles that are capable of being colloidally dispersed would be relatively small, their surface to volume 

ratio would be high, thus leading to a high surface energy in the system. This would result in a driving 

force to reduce the surface energy by aggregating the particles (since doing so would lower the total 

Gibbs free energy of the system), which must be counteracted if a stable dispersion is to be created. In a 

system with lyophilic particles the interactions between the particles and the solvent is stronger than the 

driving force to aggregate them, thus resulting in the aggregation not occurring, and with a lyophobic 

dispersant they are not [18].  

2.2.1 The electric double layer 

It is a general rule that at the interface between two phases there will be an accumulation of charges, 

this rule certainly applies to all colloidal systems. Most likely this is a result of two phases typically having 

different affinities for cations and anions, and as such cations will accumulate in one of the phases and 

anions in the other. This layer of electrical charges is called “The electric double layer” [18], see Figure 2. 

The interactions between these double layers, with aspect to lyophobic stabilization, are described by 

the DLVO-theory. Named as such for the authors of it; Boris Derjaguin, Lev Davidovich Landau, Evert 

Johannes Willem Verwey and Theo Overbeek. This theory can essentially be summarized as: the 

repulsion between lyophobic particles in a solution can be described by an increase in free energy and 

van der Waals interactions [19, 20]. It is not possible to measure the charge at the actual surface of 

particles, but it is possible and common to measure the “zeta-potential”, which is the charge at the 

slipping plane, to evaluate the surface charge. This is illustrated in Figure 2 
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Figure 2 - Scematic illustration of the electric double layer, image adopted from [21] 

 

2.2.2 Stabilization and Surfactants 

The stabilizing of a lyophobic dispersant can generally be described as electrostatic stabilization, steric 

stabilization, or a combination of the two. Electrostatic stabilization essentially means that the surface 

charge of the particles is of a sufficiently high absolute value for the particles to repel each other and 

attract the solvent molecules. Steric stabilization can be explained as adsorbing or binding a layer of 

some material onto the particles which provides particle repulsion and solvent interaction. The 

combination of them is essentially when adsorbed molecules also increase the surface charge and thus 

providing electrostatic repulsion between particles, attractive forces to the solvent molecules, and 

physically blocking the particles from binding to each other [18].  

The materials which are most commonly used for this purpose are referred to as surface active agents, 

or surfactants. Their shape is typically described as a “headgroup” with a longer “tail”, see Figure 3. 

These two parts of the molecules have different charges and an affinity for different phases, which can 

be described as them having a hydrophobic and hydrophilic part, thusly they are amphiphiles. These 

properties make them excellent for dispersing particles in a solvent where the particle and solvent have 

opposing qualities, such as dispersing particles with a very low surface charge in a polar solvent such as 

water. Typically surfactants gather at the borders between phases, because the hydrophobic part of the 

surfactant repulses the solvent. If the concentration of surfactants becomes high enough the molecules 

start to form micelles (referred to as cmc, critical micelle concentration), see Figure 4, where the parts of 

the surfactants that have a low affinity for the solvent adhere to each other in order to close off from the 

solvent. These structures can have many different shapes depending on the size and shape of the 

molecule, temperature of the system, etc.  
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Figure 3 - Schematic illustration of a typical surfactant, image adopted from [22] 

 

 

Figure 4 - Schematic illustration of the concept of critical micelle concentration (cmc), image adopted from [22] 
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3 Experimental 

3.1 Materials 

3.1.1 Graphene 

The graphene used in this project is a high grade graphene powder with a large flake size and low 

amount of oxygen, characterized and show to be as such in one of the previous thesis projects in this 

subject [7]. The manufacturer and product name is not shown for confidentiality purposes and it is 

instead referred to as graphene or graphene powder (GP). The graphene in its powdered form consists of 

large aggregates of graphene flakes which have to be cleaved apart for it to truly be considered 

graphene, which is done through sonication in this project. A SEM image showing one of these 

aggregates from the powdered form of the graphene can be seen in Figure 5. 

 

Figure 5 - SEM image of the graphene powder as received from the manufacturer 

3.1.2 Stabilizers 

The stabilizer used in this project was found to stabilize graphene flakes in water in [6]. As with the 

graphene powder, it is not named and will be referred to as stabilizer 1, or St1.  

Five common surfactants were tested in combination with St1. The names of these co-surfactants (CSf) 

are also confidential and are referred to as CSf1 – Csf5. 
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3.2 Methods 

3.2.1 General process and variations for graphene dispersion 

The starting point of the experiments was a variation of the protocol developed in [6]. The different 

aspects of this protocol would be tested on their own in separate experiments, at the end the variations 

that had proven to give the best results would be combined into an improved protocol and scaled up. All 

experiments use only Milli-Q water whenever applicable. The original protocol is: 

Step 1: Add 50 mg of St1 to 10 ml of water, mix by shaking the vial until solution is clear. 

Step2: Add 35 mg of graphene powder, mix by shaking (the graphene powder stays as a dry powder on 

top of solution without mixing). 

Step 3: Sonicate the mixture for 7 min at 40 % amplitude. 

Step 4: Centrifuge the mixture at 2000 rpm for 30 min (to remove un-dispersed graphene) and save 

supernatant as graphene dispersion (GD). 

Step 5: Mix sediment with 10ml of premade St1 solution, repeat steps 3 and 4. 

Step 6: Repeat this procedure until all graphene is stabilized or no more can be stabilized. 

Step 7: Add all of the dispersions together and subject to ultrafiltration to remove excess stabilizer, giving 

purified graphene dispersion (PGD). 

Typically a stock solution of St1 and water at the concentration from the above protocol was prepared, 

which was repeated several times as needed during the course of the project and used in most 

experiments for convenience. A low amount of graphene was used in some tests, 3,5 mg or 5 mg, to see 

if a certain variation would be capable of stabilizing graphene at all. The experiments performed were in 

some cases based on a dynamic approach, were the results were evaluated continuously during the 

project and subsequently only the variations which showed promise were investigated further. Thus, the 

results are mentioned shortly where they influenced further experiments. 

3.2.1.1 Re-dispersion of sediment from centrifugation 

The number of re-dispersions resulting in a sizeable gain was tested. A sample was prepared up to step 

4, and the sediment was then mixed with St1 stock solution and divided into two separate halves. Only 

one of those was subjected to further sonication before both were centrifuged again. The sonication and 

centrifugation steps were performed the same as previously. This was repeated 4 times and the samples 

were analyzed with UV-vis. 
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3.2.1.2 Amount of St1 

Varying the amount of added St1 was screened to see if the results from [6] concerning the optimal St1 

content were repeatable. Steps 1-3 from the original protocol were performed with varied amounts of 

St1 and a low amount of graphene (5 mg). The samples were then diluted and the concentration was 

compared through visual examination. The amounts of St1 tested were 4 mg, 10 mg, 20 mg, 50 mg, 75 

mg, and 100 mg (all in 10 ml water). Another sample was also prepared at 0,25 % St1 with a high amount 

of graphene (35 mg), using steps 1-4 of the original protocol, since it is just above what seemed in the 

first experiments to stabilize a lower amount of graphene. Because the optimal proportion of St1 was 

quite extensively studied in [6], and that the results of the experiments performed in this project are 

highly similar to the results from [6], it was not investigated further. 

3.2.1.3 Co-surfactants  

These experiments were done to see if the stabilization and yield could be improved, since the graphene 

dispersions seemed to sediment to a certain degree. The amounts added were based on literature. The 

amounts of CSf1, CSf3, and CSf4 had been used to stabilize graphene on their own. The amount of CSf2 

had been showed to increase the yield when combined with St1, and the amount of CSf5 was based on 

the supervisor’s experience. Four experiments were performed. 

 In the first experiment the original amount of St1 was used as the starting point to which the co-

surfactants were added and subsequently mixed until clear, with a sample containing only St1 as a 

reference. This was done twice with a low amount of graphene (3,5 mg) and a high amount of graphene 

(35 mg). The samples were subsequently sonicated and centrifuged as in the original protocol. The 

amounts of CSf added were: 

 CSf1, 15 mg  

 CSf2, 2,5 mg  

 CSf3, 5,2 mg (liquid form) 

 CSf4, 0,2 g  

 CSf5, 150 µl (liquid form) 

The second experiment lowered the amount of St1 to half of what was originally used while the other 

parameters were kept constant. 

The differences between the samples were evaluated by visual examination, both directly in the process 

and after the samples were finished. This was done because the performance of a co-surfactant system 

could be very complicated, as the interactions between the surfactants are somewhat unpredictable in 

nature and many of the combinations were clearly considerably worse than only St1. Thus only a result 

at least comparable to solely St1 was pursued further. 
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The third experiment used only the co-surfactants that showed improvement or no difference from the 

reference in test two, these co surfactants were CSf2, CSf4, and CSf5. First the dispersions made with 

them together with St1 was characterized with UV-vis and compared to a reference made with only St1 

(at 0,5 % concentration). The same protocol as previously was then used to make three dispersions, 

except with the CSfs on their own (no St1) and a low amount of graphene (5 mg). These samples were 

compared visually  

The fourth experiment used the co-surfactant which gave the highest absorbance with UV-vis and the 

only one that would stabilize graphene on its own, CSf4, together with St1 in varying amounts. In the first 

set the amount of St1 was kept constant and the amount of CSf4 varied, in the second set the reverse 

was used. Otherwise the same protocol as previously was used, with a high amount of graphene (35 mg). 

These samples were characterized with UV-vis. 

 25 mg St1 + 0,25 g CSf4  

 25 mg St1 + 0,15 g CSf4  

 25 mg St1 + 0,1 g CSf4 

 0,2 g CSf4 + 30 mg St1  

 0,2 g CSf4 + 20 mg St1  

 0,2 g CSf4 + 15 mg St1

 

3.2.1.4 Centrifugation conditions 

The centrifugation speed and time was varied too see if there were graphene flakes that had been 

functionalized but were being centrifuged out. Steps 1-4 from the original protocol was performed with a 

low amount of graphene (5 mg) and varying centrifugation speeds and times. Speed was varied from 

2000-500 rpm with intervals of 500 rpm and all speeds were tested with 30 and 10 minutes. All GDs were 

first diluted before centrifugation and that dilution was left overnight to allow the un-dispersed flakes to 

settle at the bottom, secondly the dispersion was centrifuged and diluted again. These sets of dilutions 

were then analyzed with UV-vis and the difference in absorbance with and without centrifugation was 

compared.  

3.2.1.5 Sonication conditions 

Longer sonication time was tested to see if yield could be improved, and cooling was added in the 

process to avoid excessive heating. Steps 1-4 of original protocol were performed with variations in the 

sonication. The cooling methods tested were: pulsing and keeping the sample vial in an ice-bath during 

sonication. Pulsing was performed in intervals with 5 seconds active followed by 5 seconds rest. 

Variations tested were: 

 Pulsing for 7 minutes effective time, without ice-bath. 

 Pulsing for 7 minutes effective time in ice-bath 

 Pulsing for 15 minutes effective time in ice-bath 

 Pulsing for 20 minutes effective time in ice-bath 
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The variations with ice-bath were repeated afterwards with all aspects identical except for a lower 

centrifugation speed and time (500rpm for 10 minutes), only the versions with ice-bath were used in 

these experiments because the first experiments indicated that only pulsing did not limit the heating 

sufficiently for an extended sonication time. All samples were characterized with UV-vis and the samples 

made with a lower degree of centrifugation were analyzed with LDS and SEM. 

3.2.1.6 Filtering and size selection of St1 

Filtering a St1 solution in ultrafiltration to size-select it and narrow the size distribution was tested. This 

was done because St1 has a very wide size distribution, a study was found that showed an improvement 

in the stabilizing of graphene with a lower average molecular weight, it was hypothesized that the larger 

molecules might negatively affect the stability, and it would guarantee that all St1 could pass through the 

membrane in later purification (as it would already have done so during this step). Ultrafiltration 

membranes with molecular cutoff weight of 3kDa and 100kDa were used, the filtrate was saved while 

discarding the remains that didn’t pass through the membrane. All experiments at this point were 

performed with 20 min effective time pulsing sonication, as it was shown previously to greatly improve 

the degree to which the graphene was dispersed. 

For the solution that was filtered through the 3kDa membrane, a solution of 1 % (w/w) was prepared 

and mixed until clear, and subsequently filtered through the membrane. This filtered solution was then 

analyzed with UV-vis and compared to an unfiltered solution at 0,5 % (w/w). Consequently the filtered 

solution was concentrated in a rotary evaporator. Two concentrated batches were made, doubling and 

tripling the concentration of the 3kDa filtrate. Three batches were made using the 3kDa filtered St1, one 

with each of the different concentrations (unconcentrated, double concentration, and triple 

concentration). Steps 1-4 of the original protocol were performed with each of the three concentrations 

and a low amount of graphene (5 mg). Unfortunately all of the graphene in these dispersions re-

aggregated within 1 day and thusly it was not used for any more experiments.  

For the solution that was filtered through the 100kDa, the starting solution was prepared at 0,5 % (w/w), 

the same concentration as was used in the original protocol, since it was hypothesized that the vast 

majority of St1 would pass through a 100kDa membrane. This filtered solution was then also analyzed 

with UV-vis and compared to an unfiltered solution at 0,5 % (w/w). The filtrate was then used to make 

two graphene dispersions, steps 1-4 of original protocol, at high (35 mg) and low amounts (5 mg) of 

graphene. A second batch of 100kDa filtered St1 was also made because the first one was showed to 

have approximately half the concentration of unfiltered St1 at 0,5 %. The second batch started with a 

solution prepared to 1 % (w/w), which was then subsequently used to prepare a graphene dispersion 

(steps 1-4 of original protocol) with a high amount of graphene (35 mg). This sample was also compared 

to an equivalent sample with unfiltered St1 in UV-vis.  

  



Page | 11  
 

3.2.1.7 Combining the best performing variations 

The first combined test was performed to see if the best performing co-surfactant combination would 

give a better result when compared to only St1 at a longer sonication time. Steps 1-4 of the original 

protocol was performed with a high amount of graphene (35 mg), 30 mg St1 + 0,2 g CSf4 in 10 ml water, 

and 20 minutes effective time pulsing) in an ice-bath. This sample was then analyzed in UV-vis and 

compared to the equivalent sample with only St1 (only difference being the stabilizers). Since this 

showed a lower concentration of graphene, the co-surfactant was not used for any further experiments. 

The second combined test was to combine all the best performing variations. Using 100kDa filtered St1 

of high concentration (started at 1 % (w/w) before filtering), with a high amount of graphene (35 mg), 20 

min pulsing sonication in an ice-bath, and 500 rpm centrifugation for 10 minutes. This sample was 

analyzed with UV-vis, and the analysis was repeated several times over the course of 7 weeks to evaluate 

long term stability. 

3.2.1.8 Scaling up and removal of excess stabilizer 

The sample size was scaled up from the second combination, and purified to three different degrees. The 

sample size was increased 10 times, starting with 100 ml of 100kDa filtered St1 at high concentration 

(started at 1 % (w/w) before filtering), adding 350 mg of graphene, pulsing sonication in an ice bath, and 

a larger sonication tip (13 mm standard tip). Since there is no way to accurately scale up sonication to 

achieve the exact same result, the sonication time needed with the larger volume and bigger tip was 

tested by visually examining the dispersion at intervals of sonication. First the sample was sonicated 10 

minutes, 5 further minutes of sonication, and another 5 further minutes of sonication. After 20 minutes 

(effective time) of sonication the dispersion appeared very similarly to the previous samples with smaller 

volume. The sample was then centrifuged at 500 rpm for 10 minutes. Visual examination of the amount 

of sediment after centrifugation as well as the sample itself showed that this sonication time is 

approximately equivalent to what had been used for the smaller samples.  

This procedure was then repeated twice, yielding three equivalent samples. Two of these samples were 

subjected to further purification to remove excessive stabilizer. The purification was done to remove 50 

% of excessive stabilizer in one sample and 95 % in the other. This process is performed by pouring the 

GD into the ultrafiltration cell, diluting it with ~100ml water (approximately doubling the original 

volume), and then reducing the total volume back to the original volume (only the stabilizer and water 

will pass through the membrane while the graphene will remain in the dispersion). To remove 50 % 

excessive stabilizer this was executed once, and to remove 95 % it was executed 5 times. In both of the 

purified samples there appeared to be some small amount of visible un-exfoliated graphene, which upon 

closer inspection could be seen in the unpurified sample as well, thus all samples were subjected to 10 

further minutes of sonication under the same conditions as previously to minimize the un-exfoliated 

graphene.  

All three scaled up samples were characterized with UV-vis, LDS, Zeta-potential analysis, SEM, and TGA. 

UV-vis characterization was repeated several times over the course of 5 weeks to evaluate long term 

stability. 
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3.3 Application instruments 

3.3.1 Sonication 

Sonication is a common method to disperse particles in solutions. It works by inducing ultrasonic waves 

(>20kHz) into the sample resulting in cycles of alternating high- and low pressure that in turn creates 

incredibly large numbers of small vacuum bubbles at the low pressure that in turn collapse aggressively 

at the high pressure [23, 24], thus cleaving the graphene flakes apart from each other. There are two 

common types of sonication instruments, sonication baths and probe-sonication.  

The bath type imposes these oscillating waves throughout a tank, usually filled with water. Typically 

these devices are used for cleaning as the sonication effectively strips of impurities stuck to for example 

lab-glassware, but they are also used for dispersing particles in some cases and can fulfill other tasks 

such as degassing water as well. The probe type sonication offers a much higher intensity, up to three 

orders of magnitude higher energy input in comparison to bath type, and functions quite differently. The 

ultrasonic waves are induced by a probe that is put directly into the sample and this probe then oscillates 

at a high frequency (20-40 kHz) which produces the ultrasonic waves in the sample. As mentioned above 

it is of a much higher intensity than bath type and as such will be much more efficient when dispersing 

powerfully aggregated samples such as a graphene powder [23, 24, 25]. 

The probe sonicator used in this project is a Vibracell VCX750, the amplitude was set to 40 % for all 

experiments, and when pulsing was utilized it was always performed in intervals of 5 seconds on – 5 

seconds off. For experiments with a small volume (10ml) the sample was sonicated in a 20ml glass vial 

with a 6mm tapered microtip, and for experiments with a larger volume (100ml) the sample was 

sonicated in a 300ml Rosette cooling cell with a 13mm standard probe. These specific tips were chosen 

on the basis of the recommended tips for certain sample volumes in the user’s guide [24].  
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3.3.2 Centrifugation 

Centrifugation is simply the process of placing the sample in a rotor and spinning it. This produces a 

centrifugal force that acts like a gravitational force but at an increased level, essentially it speeds up a 

sedimentation process. This sedimentation behavior is described by the Stokes equation, see Equation 1. 

This equation is very useful for theoretic understanding of how centrifugation functions, but 

unfortunately it cannot be used to predict the centrifugation speed and time required in this project for 

two main reasons. The equation assumes a spherical particle, graphene is highly non-spherical, and many 

of the terms in the equation are unfortunately unknown [26], it is therefore not used for any calculations 

before the experiments. 

𝒗 =
𝒅𝟐(𝒑−𝑳)∗𝒈

𝟏𝟖𝒏
   Equation 1 

v= sedimentation rate 

d=diameter of sphere 

p=particle density 

L=medium density 

n=viscosity of medium 

g= gravitational force 

In this project centrifugation has mainly been used to remove un-dispersed graphene powder. The 

centrifuge used in this project is a Hettich Rotina 420r with the 6-placed angled rotor (radius=117mm). 
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3.3.3 Ultrafiltration 

Filtration is essentially separating components from a fluid system by the use of a porous barrier, or 

membrane, in other words based on differences in size. Ultrafiltration is simply filtration where the pores 

of the membrane are in range of a few to approximately one hundred nanometers, and it is generally 

pressure driven. Typically the membranes used for ultrafiltration are measured by their molecular weight 

cutoff (MWCO), which is the cutoff point for molecular weight of molecules that would pass through the 

membrane. For example a membrane with 100kDa MWCO will retain at least 90 % of all molecules 

above 100kDa [27, 28].  

In this project it has been used in two ways, to size select the stabilizer and to purify GDs from excessive, 

unbound stabilizer. Size-selection of the stabilizer is performed by filtering a solution of stabilizer and 

water through the membrane and saving the filtrate, thus removing the vast majority of molecules 

above the MWCO of the membrane from the solution.  

Purifying the GD works by diluting a dispersion with water and then reducing the total volume back to 

the original volume (while retaining the graphene flakes in the dispersion), thus first reducing the 

concentration of both graphene and unbound stabilizer and then letting only the stabilizer and water 

pass through the membrane until original volume is reached. This produces a solution with the same 

concentration of graphene and a diluted amount of stabilizer, the amount of water that is used to dilute 

the dispersion and how many times the process is repeated naturally determines how much stabilizer is 

removed [27, 28].  

The ultrafiltration device used in this project, see Figure 6, is an EMD Millipore Solvent-resistant Stirred 

cell, with usable volume being 10-300ml and for 76mm membranes. The membranes used were 3kDa 

and 100kDa Ultracel regenerated cellulose membranes. 

 

Figure 6 - Stirred ultrafiltration cell, image adopted from [29] 
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3.3.4 Rotary evaporation 

Rotary evaporation is a common easy way to concentrate solutions by reducing the solvent content. It 

principally functions by depositing the solution in an evaporation flask, connecting it to the device which 

rotates it in a heated water or oil bath, the device then pumps a negative pressure in the system to 

reduce the heating required to evaporate the solvent, the solvent evaporates, the evaporated solvent 

then condenses on the cooling coil, and finally the condensate flows down into the collecting flask.  

The pressure used was approximately 100 mbar, and the temperature of the water bath was set to 50°C. 

The instrument used is a Hei-VAP Advantage from Heidolph. 

 

3.4 Characterization instruments 

3.4.1 Ultraviolet-visible spectrophotometry 

One of the characterization methods that were invaluable during this project is Ultraviolet-visible 

spectrophotometry (UV-vis). It provides a quick, easy, and accurate way to evaluate the relative 

concentrations of dispersed materials. The basic principle is that the transmittance of a sample over a set 

of wavelengths is measured and then converted to absorbance via an equation. This absorbance is 

directly proportional to the concentration of the absorbing species in the sample according to the 

Lambert-Beer law. Thusly, for example, an increased absorbance of 50 % when two samples with the 

same absorbing species are compared can be equated to an increased concentration of 50 %. Typically a 

sample has a peak at a certain wavelength which is used when comparing values since it is the most 

accurate. Unfortunately St1 and graphene has peaks that are very close to each other (approximately at 

280 nm), hence when both are present in a sample the peaks will blur each other. Fortunately however, 

graphene has a measurable absorbance throughout the entire spectrum measured in this study, unlike 

St1 which essentially has zero absorbance above ~600nm. Thusly to measure the absorbance of only the 

graphene in a sample which contains St1 and graphene, the absorbance at 660nm was used, in 

accordance with literature [11].  

A quartz cuvette was used in all experiments, with the baseline being the cuvette filled with water. Prior 

to, and in-between measurements, the cuvette was rinsed thrice with water and then twice with the 

sample itself before depositing the sample into the cuvette a third time and measuring. This was done to 

eliminate contamination between measurements. All scans were performed over the range of 200-700 

nm and all samples were diluted to degrees typically ranging from 10 µl to 100 µl in 10 ml water, degree 

of dilution depending on the approximate expected concentration. All comparisons for graphene 

concentration are made at 660 nm, comparisons of St1 concentration is typically done at 280nm (where 

the St1 peak is), and all comparisons are done between samples with the same degree of dilution or with 

adjusted absorbance values to what they theoretically would be to match a different dilution. The 

instrument used in this project is a LAMBDA 650 UV/Vis Spectrophotometer from Perkin Elmer. 
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3.4.2 Laser diffraction spectroscopy 

Laser diffraction spectroscopy (LDS) is the method used to evaluate the flake size of the graphene. It 

works through the principle of diffraction of a laser light beam by dispersed particles. The diffraction 

pattern is detected and evaluated based on the Mie theory of light scattering. This produces the 

equivalent sphere diameter, which gives an approximate value for the flake size of the graphene [30]. 

These measurements are mostly used to compare changes in flake size between samples rather than 

absolute flake size, since it is likely that this method is somewhat inaccurate for a two dimensional 

material such as graphene.  

The measurement cell is filled with water and a diluted sample is deposited into it (the software has a 

built-in function which detects if the concentration is in the required interval). Five measurements are 

performed for each sample and these are then averaged to achieve as accurate a result as possible. The 

instrument used is a Mastersizer 3000 from Malvern Pananalytical and the cell used is a Hydro SV. 

3.4.3 Zeta potential measurements 

Zeta potential was measured to assess the degree of stabilization of the particles. The basic principle is 

measuring the electrophoretic mobility of the dispersed species. This is done by subjecting the sample to 

a potential difference in the cuvette which causes the charged dispersed particles to move with a 

velocity related to the zeta-potential of the particles. The velocity of the particles is measured through 

M3-PALS (Phase analysis Light Scattering, a method patented by Malvern), and the zeta potential is 

calculated from the velocity [31, 32].  

The special zeta-potential cuvette is simply filled with a diluted sample and measured in the instrument. 

Three measurements are performed for each sample and the cuvette is rinsed thrice with water 

between samples (it is not necessary to rinse with the sample in this case since the degree of dilution 

does not need to be very specific with this measurements). The instrument used is a Zetasizer Nano ZS 

from Malvern Pananalytical. 

3.4.4 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a common characterization method which is used to evaluate the 

change in weight of a sample when exposed to an increasing temperature. Essentially it functions by 

putting a sample on a highly precise scale in a chamber with a controlled atmosphere, the chamber is 

then heated and the weight change of the sample is monitored continuously. The atmospheres used are 

typically purely nitrogen, oxygen, or air, depending on what thermal reactions are to be assessed [33].  

In this project an air atmosphere was used, as the graphene will decompose completely under such an 

atmosphere, and hence the graphene content of a sample can be approximated. The samples were first 

oven-dried at 150°C for three hours to remove as much water as possible, in aluminum dishes covered 

with aluminum foil. The water content would otherwise be such a large proportion of the sample so that 

it would drastically reduce the resolution of the graphene decomposition. Thus the sample used for TGA 

consists almost entirely of graphene and stabilizer, with negligible water content. The TGA instrument 

used is a TGA 2 from Mettler Toledo. 
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3.4.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) is the most common method to closely examine materials too small 

for light optic microscopy, such as graphene. It basically works by first emitting and accelerating an 

electron beam, focusing it through various magnetic field apertures and lenses, and scanning it over a 

portion of the sample. This is done in a chamber under a high vacuum to minimize unintentional 

scattering of both the electron beam and the products resulting from the beams impact on the sample. 

The impact of the electron beam then produces two electron products; secondary electrons, which are 

electrons excited from the surface level atoms by the electron beam, and backscattered electrons, which 

are electrons from the incoming beam that have been elastically scattered by the electric field of the 

atoms in the sample. In a generalized sense, secondary electrons give information about the surface 

topography and backscattered electrons about compositional- and phase differences. Characteristic X-

rays are also produced when secondary electrons are excited by the incoming beam electrons, which 

since they are characteristic of each element give information about the elemental composition of the 

sample [34].  

There were three different types of samples analyzed, dispersion, oven-dried dispersion, and powder. 

The dispersions were deposited on stubs in droplets, and left to air-dry. The oven-dried samples were 

parts of the samples that were oven-dried for TGA, a square of roughly 0,5 cm2 was cut from the 

aluminum dish the samples were dried in, and then adhered to a stub with carbon tape. The powder was 

also adhered to a stub with carbon tape.  
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4 Results and Discussion 

4.1 Re-dispersion of sediment from centrifugation 

4.1.1 UV-vis  

After performing this experiment it could be clearly seen that the graphene that is centrifuged out can 

be dispersed when sonicated again after mixing with more water and stabilizer, see Figure 7. Even at 

four re-dispersions the re-sonication basically doubles the concentration. The most likely cause is that 

the initial sonication is not enough to de-aggregate all of the graphene added, and that’s what causes the 

increase in concentration rather than an increased availability of stabilizer. It is likely that the aggregates 

in the graphene powder require a varying degree of force to separate, essentially being aggregated to 

different degrees. It is also worth noting that later experiments revealed that the centrifugation used in 

these experiments (2000 rpm for 30 min) removes a substantial portion of functionalized and exfoliated 

flakes (see 4.4 for more details). It could be the case that these flakes might be further functionalized by 

the extended exposure to sonication and stabilizer, and thus becoming more stable and able to resist the 

centrifugal force which previously forced them to sediment. Or they might be broken apart into smaller 

flakes which aren’t centrifuged out, see 4.5.2 for a detailed examination of flake size relative to exposed 

sonication time.  

 

Figure 7 – The absorbance at 660 nm with and without re-sonication of a sample in the re-dispersion proscess, for re-
dispersion 1-4 

  

0,050 0,047 
0,035 0,034 

0,130 

0,104 

0,081 
0,069 

0,00

0,02

0,04

0,06

0,08

0,10

0,12

0,14

1 2 3 4

A
b

so
rb

an
ce

 [
-]

 

Re-dispersion number 

Without re-sonication

With re-sonication



Page | 19  
 

4.2 Amount of St1 

4.2.1 Visual examinations 

In Figure 8 it can be seen that raising the St1 content above 0,2 % doesn’t seem to make the dispersion 

darker, only more yellow-brownish in color, and when less St1 is used the dispersions fail completely. 

That intensification in color (not darkness) seen with a higher St1 content is attributed to the increase in 

stabilizer concentration. The sediment on the bottom of the vials comes from these samples not being 

centrifuged and instead having the un-dispersed graphene settle in the dilution by leaving it still for a 

day. Although the previous work indicated a reduction in absorbance with a St1 content above 0,5 %, 

this reduction is small enough so that it likely would not be noticed in the visual examination. The 

dispersion made with 0,25 % St1 and 35 mg of graphene has a very large amount of un-dispersed 

graphene flakes despite it being centrifuged, see Figure 9. These results seem to reinforce what was 

determined in previous work [6], and thus 0,5 % St1 content is used henceforth. It is worth noting that 

unlike some stabilizers, St1 seems to have a relatively wide range of usable concentrations for graphene 

dispersions.  

 

Figure 8 - Dilutions of graphene dispersions with a varied St1 content, 1 % - 0,2 %, and undiluted “dispersions” made with   
0,1 % and 0,04 % St1 

 

Figure 9 – Vial with a graphene dispersion made with 0,25 % St1 and 35 mg graphene 
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4.3 Co-surfactants 

4.3.1 Visual examination 

The first experiment showed varying inconsequential results for a low and high amount of graphene, but 

in the second experiment when a lower amount of St1 was used (the amount of CSf kept constant) there 

were some promise for three of the co-surfactants (CSf2, CSf4, CSf5), with CSf4 giving the best result, 

while the other two (CSf1, CSf3) resulted in a poor to nonexistent stabilization of graphene. Images of 

the sedimentation of the dispersions from the second experiment with reduced St1 content and a 

reference with typical St1 content (50 mg) is shown below in Figure 10. In the third experiment only CSf4 

was capable of stabilizing graphene on its own. It is however worth noting here that the dispersion with 

solely CSf4 only remained stable for a few days, the graphene then completely re-aggregated. 

 

Figure 10 – Vials with graphene dispersions made with co-surfactants and St1 with a reduced St1 content, in order: CSf1 - 
CSf5, and lastly equivalent sample with only St1 at standard concentration (0,5 %) 

4.3.2 UV-vis 

The UV-vis data for the co-surfactants that were the best in the visual examination shows clear 

differences in-between them, see Figure 11. The best combination, CSf4 & St1, was considerably closer 

to the reference, but still not quite as good. Together with the fact that it seemed to stabilize graphene 

on its own (at least temporarily) the ratios of St1 and CSf4was examined closer. 

 

Figure 11 - Absorbance of graphene dispersions at 660nm for different co-surfactant combinations 

  

0,030 
0,035 

0,052 

0,070 

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

CSf2 & St1 CSf5 & St1 CSf4 & St1 Reference

A
b

so
rb

an
ce

 [
-]

 

Stabilizer composition 



Page | 21  
 

The experiments with the varying amount of CSf4and St1 unfortunately gave somewhat inconsistent 

results, see Figure 12. Varying the St1 content from the starting point of 25 mg St1 and 0,2 g CSf4 leads 

to an increase in absorbance both with higher and lower amounts of St1 and lowering it further to 15 mg 

drastically reduced the absorbance below the starting point. A slightly different behavior is observed 

when holding the St1 content fixed and varying the amount of CSf4. Observing only the three 

measurements with the highest CSf4 content points toward more CSf4 being beneficial, but the sample 

with the lowest amount completely disproves that by having the highest absorbance of those four 

measurements. The best performing variation (30 mg St1 and 0,2 g CSf4) showed an absorbance that 

was actually slightly higher than the reference. It should be noted here that unlike CSf4 on its own the 

combination of St1 and CSf4 did not re-aggregate like the sample with only CSf4 did. This variation was 

later tested with a longer sonication time and compared to a sample with only St1 and found to then 

give a lower absorbance, see 4.7.1 for more details. 

 

Figure 12 - Absorbance for different combinations of St1 and CSf4. The red columns represent a static amount of CSf4 and a 
varied amount of St1, while the blue columns represent the reverse 
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4.4 Centrifugation conditions 

4.4.1 UV-vis  

The centrifugation experiments showed a clear dependence upon both speed and time. As can be seen 

in Figure 13, the original speed of 2000 rpm and time of 30 min resulted in an absorbance drop of 70 % 

when compared to a dilution of the same sample before centrifugation The result of the major 

dependence on speed is almost certainly caused by the size of the graphene flakes, flakes above a 

certain size are centrifuged out at certain speeds. These results thusly point to large functionalized flakes 

being centrifuged out at all speeds and times to varying degrees, as a drop in absorbance is observed for 

all speeds and times. It is indeed a quite natural result, since it has simply not been properly investigated 

earlier which centrifugation speed and time would maintain as large flakes as possible while still 

removing un-exfoliated flakes with the specific graphene powder used in this project. With the 

dependence upon time possibly being caused by the flakes having a large variety of sizes and as such 

having a larger portion being affected fully after a longer time exposed to the centrifugal force. It is likely 

that this time-dependence would plateau after some time, this would however be expected to be longer 

than what was tested here. It is an interesting observation that for all of the values tested, a 500 rpm 

decrease in speed has a smaller effect than a 20 min reduction in time. It might be possible that an even 

lower speed than 500 rpm with a longer time exposed might be beneficial, unfortunately the centrifuge 

used in this project had 500 rpm as its lowest setting so that hypothesis could not be tested. Although 

these samples were all with a low amount of graphene and the results cannot be exactly generalized, it is 

highly unlikely that the general pattern would change by adding more graphene. The likeliest possible 

change from increasing graphene content is that the losses would be lower for all speeds, due to an 

increased graphene content resulting in the sample having a somewhat lower viscosity.  

 

Figure 13 - Percentage drop in absorbance after centrifugation at different speeds and times 
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4.5 Sonication conditions 

4.5.1 UV-vis  

The results clearly show a major increase in absorbance at increased sonication times, for both high and 

low degrees of centrifugation, see Figure 14. In comparison to the previous parameters, the combination 

of longer sonication and less centrifugation increases the absorbance by over 350 %. This substantial gain 

is with all likelihood caused by the further de-aggregation of graphene aggregates in the powder, which 

were centrifuged out in the samples with lower sonication times. The gain with longer sonication seems 

to be nearly the same value between the sonication times for both samples, which indicates that the 

graphene flakes that need a longer sonication time to be exfoliated are small enough that they are not 

centrifuged out at higher centrifugation speeds. Thusly it is likely that the smaller graphene flakes are 

aggregated to a higher degree in the powder form of the graphene. 

Somewhat unexpected is the decrease in absorbance when cooling is used, both pulsing and the usage of 

an ice-bath reduces the efficiency. This could possibly be caused by the lower temperature reducing the 

samples viscosity and thusly slowing down the propagation of the ultrasonic waves through the sample. 

Regardless, the sample would be at high risk of boiling if no cooling was used with the longer sonication 

times, especially when sonicating for 20 minutes. It could certainly be possible that the ice-bath might be 

enough cooling to negate the heating effect even when pulsing is not used, however this was not tested 

as the only gain would be that the time the sonication took would be shorter and that was not 

considered an important aspect at this stage. 

  

Figure 14 - Absorbance of graphene dispersions at 660 nm for samples with a varying sonication time, pulsing sonication, 
sonication in an ice-bath, and two different centrifugation speeds and times (2000rpm for 30 minutes and 500 rpm for 10 

minutes) 
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4.5.2 LDS 

The three samples made with a lower centrifugation speed and time were used to measure the flakes 

sizes in LDS. The data in Figure 15 shows two peaks for all measurements, which is entirely expected as 

this method essentially measures the “equivalent sphere” of the graphene flakes, the size of which could 

vary depending on the orientation of the graphene flakes when they are measured. The data clearly 

shows a shift to lower sizes with longer sonication times, but it is not so large a difference as to 

necessarily make longer sonication times an invalid method of increasing the yield. It can further be 

observed that as the sonication time is increased, not only does the main peak shift to lower sizes, but it 

is also lower in proportion of the volume and the minor peak is increased. This can be interpreted as the 

graphene flakes becoming more irregularly shaped as their size is being reduced, which would make 

sense considering that the flakes most likely don’t break apart completely evenly. Alternatively it could 

be the case that the larger graphene flakes do not necessarily break apart to any large extent, but that 

smaller flakes are only exfoliated at longer sonication times. This hypothesis is further strengthened by 

the UV-vis results, 4.5.1, which indicates precisely that the smaller flakes are the ones that are exfoliated 

at the longer sonication times. The increased proportion of smaller flakes would shift the size 

distribution towards the lower sizes simply by increasing the amount of flakes with a small size. The most 

likely scenario is that the larger flakes do indeed break apart slightly with longer sonication times and 

simultaneously the smaller flakes are the ones which are predominantly exfoliated at the longer 

sonication times.  

 

Figure 15 - Size distribution of graphene dispersions with varied sonication time 
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4.5.3 SEM 

The three samples made with a lower centrifugation speed and time were analyzed in SEM. Multiple 

images were saved at different magnifications (50 – 10 000), with one image of each sample at 2000 

times magnification is presented here and a selection at different magnifications are shown in the 

Appendix. There does not appear to be any large differences between the samples when comparing 

Figure 16, Figure 17, and Figure 18, nor can any clear borders between flakes be discerned. The patterns 

in the images are what can mostly be described as wrinkles and folds, which is exactly what is expected 

from a graphene film as when it dries a portion of the larger flakes could be pushed to the surface by the 

evaporating water (since graphene flakes are impermeable to gas) and then subsequently shrink 

together when most of the water has evaporated. The irregularities in the surface can be attributed to 

the inherent randomness present in a drying process like this one and the variations in the sizes of the 

graphene flakes. These images thusly point towards all three dispersions forming good films and the 

differences in flake size between them being essentially negligible. 

 

Figure 16 - SEM image of dried graphene dispersion, sonicated with pulsing for 7 miutes in an ice-bath 
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Figure 17 - SEM image of dried graphene dispersion, sonicated with pulsing for 15 miutes in an ice-bath 

 

Figure 18 - SEM image of dried graphene dispersion, sonicated with pulsing for 20 miutes in an ice-bath 
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4.6 Filtering and size selection of St1 

4.6.1 UV-vis 

When the St1 was size selected to the small size, with the 3 kDa membrane, it was found that a very 

small amount of the stabilizer could pass through. Observing Figure 19 shows that the 3kDa filtrate had a 

much lower absorbance than unfiltered St1 at 0,5 % concentration, that is even with the St1-solution 

starting at a 1 % concentration. The absorbance for the solutions that were concentrated in a rotary 

evaporator is also shown in Figure 19. All dispersions that were produced with this filtered St1 

performed essentially the same regardless of increases in concentration. Low amounts of graphene 

seemed to be stabilized at first but completely re-aggregated within a few days, and a high amount of 

graphene could not be stabilized at all. Although the most concentrated filtered solution is still not quite 

as high in absorbance as the unfiltered solution at 0,5 %, it is close enough that it should still work since 

an unfiltered solution at that equivalent concentration would stabilized graphene to a near identical 

degree as the 0,5 % solution. These results show that 3kDa filtered St1 will not stabilize graphene to any 

significant degree. A possible reason for this outcome is that the greatly reduced size of the available 

molecules of stabilizer leads to the smaller molecules not having enough stabilizing effect for the large 

graphene flakes. It could be that the molecules adsorb to the graphene flakes in similar number even 

with the smaller size, if the groups on the molecules which interact with graphene are not fewer but the 

groups which provide interaction with water are markedly fewer then the result could be partially 

functionalized flakes which aggregate over a short amount of time. It is also possible that the smaller 

molecules of St1 have a lower portion of groups that interact with graphene, thus leading to a similar 

result as the opposite. It is most likely that there is some sort of combination of the two. 

  

Figure 19 - UV-vis spectra of St1 solution. Unfiltered at 0,5 % concentration, 3kDa filtered, 3kDa filtered doubled 
concentration, and 3kDa filtered tripled concentration 
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The filtering through a 100kDa membrane resulted in a marked drop in absorbance, approximately half 

of the absorbance in comparison to 0,5 % unfiltered St1, see Figure 20. This was considerably larger 

difference than expected, but the filtrate successfully dispersed graphene in the subsequent tests (both 

high and low amounts). Albeit to a lesser degree than unfiltered st1 at 0,5 % concentration. The second 

filtration with a starting concentration of 1,0 % resulted in the predicted outcome, an absorbance double 

that which was found when starting at 0,5 % and very close to the unfiltered St1 at 0,5 %, also seen in 

Figure 20. The second filtrate was only tested with a high amount of graphene, which had a higher 

absorbance than the dispersion made with the first filtrate, see Figure 21. This result is expected as it 

shows that the 100kDa filtered St1 behaves in the same way as unfiltered. A very slight increase can also 

be observed in comparison to a dispersion made with unfiltered St1, however this increase is so small 

that it can not be considered proof that the filtered St1 disperses graphene to a higher degree than 

unfiltered.  

Although it might be possible that an even further increase in concentration could increase the graphene 

content of the dispersion, it is considered unlikely since the behavior of the 100kDa filtered St1 seems to 

largely mirror the behavior of unfiltered St1, the possible increase would most likely be very minor, and 

it could potentially reduce the graphene content. For these reasons and the lack of time it was not 

prioritized to investigate further. 

  

Figure 20 - UV-vis spectra of St1 solution. Unfiltered at 0,5 % concentration, 100kDa filtered that started at 0,5 % 
concentration, and , 100kDa filtered that started at 0,5 % concentration 
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Figure 21 - UV-vis spectra of graphene dispersions made with 100kDa filtered St1, at different graphene and St1 content. The 
lower St1 content dispersions were made with the first 100kDa filtered batch which started at 0,5 % of St1, and the double 

St1 content dispersion was made with the second 100kDa filtered batch which started at 1 % St1. 
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4.7 Combinations of the best performing variations 

4.7.1 UV-vis  

These results clearly show a drastic improvement with a lower centrifugation speed, and a slight 

improvement with filtered St1 in comparison to the best co-surfactant combination, see Figure 22. The 

improvement from centrifugation is expected since a clear dependence upon both centrifugation speed 

and time is shown in 4.4.1. The difference between only St1 and CSf4 with St1 is small enough to suggest 

that there might be a co-surfactant combination of that could surpass only St1, but the results from 

varying the proportions of St1 and CSf4 were inconclusive in such a way that finding that possible 

combination might take a long time, especially considering that the best performing variation previously 

showed an absorbance higher than with only St1 when using a short sonication time. Therefore it was 

decided to not investigate that further in this project. The dispersion made with low centrifugation speed 

and time, high sonication time, and filtered St1 has the highest absorbance achieved at this point.  

 

Figure 22 - UV-vis spectra of graphene dispersions made with the best performing St1 and CSf4 combination, only St1, and 
only St1 with a centrifugation speed of 500 rpm for 10 min. All samples were subjected to the same sonication conditions. 

The measurements of the absorbance over time revealed an interesting result. A large portion of the 

flakes would sediment quickly (within a day), but could be re-dispersed completely by simply shaking the 

sample vial for 10-30 seconds (the dilution of the sample appeared completely clear). This is shown by 

the absorbance increasing after shaking, see Figure 23. It is exceedingly probable that the flakes which 

are re-dispersed by shaking are fully functionalized from the beginning but are so large that they still 

sediment relatively quickly from the gravitational force. This result is important because the sedimented 

flakes could be otherwise be perceived as lost, and it is now shown that they are still very much 

functionalized. It also seems like the absorbance increases slightly over time, rather than decrease, 

which could be caused by more stabilizer bonding with the graphene. However, this increase is quite 

small and the main conclusion which can be drawn from this data is that the dispersion is highly stable 

over time, with the phenomena of increased concentration needing further investigation. The 

absorbance before shaking varies inconsistently, and thus no conclusions can be drawn from that 

variation.  
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Figure 23 - Absorbance over time for the graphene dispersion made with 100kDa filtered St1 centrifuged at 500 rpm for 10 
minutes. 

 

4.8 Scaling up and removal of excess stabilizer 

4.8.1 UV-vis  

The data shows that both of the purified samples have a very similar absorbance and the unpurified 

sample have a somewhat higher absorbance, see Figure 24. A small shift can be seen between the 

purified samples closer to the peak absorbance, with the 50 % purified sample having a slightly lower 

absorbance at longer wavelengths and a slightly higher absorbance at peak. With all likelihood this shift 

is caused by the higher amount of St1 present in the solution. It might seem like a small difference in 

absorbance with such a shift in St1 concentration, but graphene seems to have a considerably higher 

absorbance than St1 for the same concentration. This can be illustrated by comparing the peak values in 

Figure 20 with those in Figure 24, together with the knowledge that the samples with only St1 were 

diluted 100 µl in 10ml water and the samples with graphene dispersion were diluted 20 µl in 10 ml 

water. The peak absorbance value of only St1 at 0,5 % is 0,47 and the absorbance of the 95 % purified 

graphene dispersion, with a theoretical maximum concentration of 0,35 % of graphene (the amount of 

powder added), is 0,69. In other words: when comparing a graphene dispersion with a theoretical 

maximum concentration of 0,35 % of graphene diluted to approximately a 500th of original concentration 

and a St1 solution of 0,5 % concentration diluted to approximately a 100th of original concentration, the 

graphene dispersion still has a considerably higher absorbance peak despite the St1 solution having an 

almost five times higher concentration. This is also corroborated by all of the St1 solutions being 

translucent and all of the graphene dispersions being completely black, even when only a small amount 

of graphene powder is added. 
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The drop in absorbance for the purified samples in comparison to the unpurified sample was expected as 

a portion of the dispersed graphene seemed to adhere to the filter membrane during the purification 

process. This was likely caused by the magnetic stirrer in the ultrafiltration cell spinning a small distance 

from the membrane, the pressure in the ultrafiltration cell, and as described previously in 4.7.1 there is a 

portion of the graphene that sediments relatively quickly. It could be possible to minimize this by letting 

the sample sediment over a few days and only pouring in the supernatant into the cell, as the graphene 

that adhered to membrane was probably mostly the graphene that would sediment quickly. Varying the 

pressure in the cell had no noticeable effect on this behavior. Unfortunately there was not enough time 

to examine this phenomenon further within this project. 

 

Figure 24 - UV-vis spectra of the scaled up graphene dispersions at different degrees of purification 

The reduction of St1 content in the 95 % purified sample can be seen clearly in Figure 25 and Figure 26. 

The 50 % purified sample only has one filtrate which is shown to be near identical to the first filtrate of 

the 95 % purified sample, which is entirely expected as those filtrates are from the same degree of 

purification. Using the change in absorbance from the original concentration (approximately double that 

of the first filtrate) to the fifth filtrate, the drop in St1 concentration for the most purified sample is 

approximately 96,7 %, slightly more than expected. This is likely a result of the dilutions during the 

purification process being performed with the dispersion in the ultrafiltration cell and thus being not 

very accurate. These degrees of purification do not seem to affect the stability over time at all, see Figure 

27, so it is conceivable that an even higher degree of purification is possible. Although whether that 

would result in any improvement for the possible end-product can not be determined without extensive 

testing of that specific application which was not within the scope of this project. 
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A very small amount of un-dispersed flakes were observed to be present after purification, which at 

closer examination were also present in the unpurified sample. These are likely left over after the 

centrifugation and thus the sample would probably need faster centrifugation or a longer time subjected 

to it. The 10 minutes of extra sonication did reduce the un-dispersed flakes, unsurprisingly, but probably 

also reduced the flake size slightly as that behavior was shown previously in 4.5.2. These flakes were so 

few that dilutions of the dispersions still appeared clear without any visible flakes, and therefore it was 

considered to be a negligible amount. Further experimenting would be required to improve the scaled 

up version of this protocol. 

 

Figure 25 - UV-vis absorbance at 280nm for the UF-filtrates from the purification of the 95 % purified 100ml graphene 
dispersion 
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Figure 27 - Absorbance over time for the scaled up graphene dispersions 

 

4.8.2 LDS 

As can be observed in Figure 28, the size distributions of the scaled up dispersions seem to mostly 

overlap. The smaller peaks is where the largest variation is seen, which could suggest that the shapes of 

the flakes vary somewhat between the samples, or it could simply be that all samples have a relatively 

irregular shape which results in a variation of the data. The shift seen at above 10 µm where the 50 % 

and 95 % purified samples are higher than the unpurified sample could point towards the two purified 

samples having a slightly higher proportion of larger flakes, or it could be caused by interference from 

some form of dust particles or bubbles, alternatively to both it could be an artifact of the St1 content 

affecting the analysis. It is hard to draw any firm conclusions from this data regarding variations between 

the samples, nevertheless it seems that they are all quite similar. Comparing this data to the analyses of 

the samples with varied sonication time, see Figure 15, it seems like these samples have slightly smaller 

size on average, as the peaks at higher sizes are slightly lower (although the peak positions are close) and 

the peaks at lower sizes are slightly higher. This would make some sense as these scaled up samples 

were subjected to longer sonication than all of the smaller samples, although the smaller samples used a 

different tip, the effect seems to be comparable for a similar time exposed to sonication.  
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Figure 28 - Size distribution of the scaled up graphene dispersions with varying degrees of purification 

 

4.8.3 SEM 

As described in 4.5.3, multiple images were saved at different magnifications, with one image of each 

sample at 2000 times magnification presented here and a selection of the others shown in the Appendix. 

These samples were dried in an oven at 150°C for three hours and then analyzed. Comparing these 

images, Figure 29, Figure 30, and Figure 31, they are mostly very similar, as would be expected from the 

LDS analysis in 4.8.2. All of them seem to form fairly even films with no discernable flake edges, in the 

same way as the samples shown in 4.5.3. There does however seem to be a slight increase in the amount 

of wrinkles and folds as the samples are more purified, which is most likely caused by the reduction of 

stabilizer content, as the presence of the stabilizer would bind the flakes together to a higher degree. 

This effect is however negligible as when the dispersion would be used in the end-product it would 

probably be combined with some type of polymer, which would fulfill the role of binding the flakes 

together. 
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Figure 29 - SEM image of oven-dried un-purified graphene dispersion 

 

Figure 30 - SEM image of oven-dried 50 % purified graphene dispersion 
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Figure 31 - SEM image of oven-dried 95 % purified graphene dispersion 

 

4.8.4 Zeta potential measurement 

The results of the zeta potential measurements clearly show a high mean zeta potential for all three 

samples, see Table 1. The variations between the samples seem to suggest that removing a portion of 

unbound stabilizer causes a slightly lower zeta potential, but that further purification can have the 

opposite effect. Alternatively these variations could be caused by other unquantifiable factors, such as 

the irregularity of the shape of the flakes, which is more likely since the differences are so small. The 

slightly wide and uneven shape of the zeta-potential distribution, see Figure 32, Figure 33, and Figure 34, 

is most likely caused by the previously mentioned irregularities of the graphene flakes and is entirely 

expected. Regardless of these small dissimilarities, the vast majority of the flakes have a high zeta-

potential value, only a very small portion is below -30 mV, which is corroborated by the UV-vis analysis 

proving their stability over time, see 4.7.1 and 4.8.1. 
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Figure 32 - Zeta potential data for the 95 % purified graphene dispersion 

 

 

Figure 33 - Zeta potential data for the 50 % purified graphene dispersion 
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Figure 34 - Zeta potential data for the unpurified graphene dispersion 

 

 
95 % purified 50 % purified Unpurified 

Mean zeta potential [mV] -52,7 -53,4 -51,2 

Standard deviation [mV] 10,9 10,7 11 
 

Table 1 - Mean zeta potential values and standard deviation for the three scaled up graphene dispersions 
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4.8.5 TGA 

The TGA results in Figure 35 are divided into approximate sections corresponding to different thermal 

decomposition reactions. Section A is where water evaporation would occur, only a very small change 

can be seen since the samples were dried before the analysis. Section B is where the remaining stabilizer 

breaks down, likely resulting in some amount of varying thermally stable oxides. Section C is where the 

graphene beaks down. With Section D showing the remaining thermally stable materials, most likely the 

various oxides formed with the breakdown of the stabilizer.  

It can clearly be seen that the 95 % purified sample has the lowest weight reduction in section B, with 

the 50 % purified sample having a higher reduction, and the unpurified sample having the highest 

reduction. An entirely expected result, as section B is where the stabilizer breaks down and the most 

purified sample has the lowest proportion of stabilizer. This relationship is reversed in section C, which is 

expected for the same reason that the results in section B are. Essentially, these samples contain only 

graphene and stabilizer at the start, which would mean that the 95 % purified sample has a higher 

proportion of graphene, the 50 % purified sample having a lower proportion, and the unpurified having 

the lowest proportion of graphene. 

Using the drop in section C and the dry weight to calculate the graphene content in the samples gives the 

values seen in Table 2. The proportionality of the values is consistent with the UV-vis analysis in 4.8.1, 

with the unpurified sample having the highest concentration, followed by the purified at samples at 

approximately the same concentration (the 95 % purified sample being slightly higher). However these 

values can not be accurate because they are all higher than the theoretical maximum value of 0,35 %. 

This could be caused by the stabilizer decomposition overlapping slightly with the graphene 

decomposition, thus resulting in the curve dropping further than it would otherwise have done.  

The values for the St1 content in Table 2 is the approximate total St1 content in the sample, including the 

St1 molecules which are adsorbed on the graphene flakes to stabilize them, not to be confused with the 

excess free stabilizer molecules which are removed in the in the purification process. As with the values 

of the graphene content, these do not entirely conform to the theoretically expected values. This is 

especially clear with the unpurified sample, since it should still contain all of the St1 added at the 

beginning, that value should be approximately 0,5 %. But this does fit with the slightly too high graphene 

content, since such a shift should produce too low St1 content. Unfortunately this means that TGA does 

not produce precise values for graphene and St1concentration in a sample, since their decomposition 

seems to overlap and thusly producing inflated values or graphene content and deflated values for St1 

content. 
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Another interesting observation that can be made from Figure 35 is the shift in the curves in section C, 

where the unpurified sample seems to be shifted towards higher temperatures in comparison to the two 

purified samples, with a very slight shift for the 50 % purified sample in comparison to the 95 % purified 

sample. The reason for the large shift could be that the graphene that was lost in the purification was the 

larger of the graphene flakes and that the larger flakes take a slightly higher temperature to decompose, 

or it could be related to the higher LASS proportion in the sample somehow partially isolating the 

graphene until it is decomposed, or something else. The exact reason for this shift is quite complicated 

as it is not proportional to the LASS contents, the shift from the unpurified sample is considerably larger 

than the shift between the two purified samples. 

 

Figure 35 - TGA results for the oven-dried scaled up graphene dispersions, heating rate: 10 
o
C/min, air atmosphere 

 

Sample name Dry weight [%] 
Proportion 
graphene [%] 

Proportion 
St1 [%] 

Graphene 
content in 
dispersion [%] 

Total St1 
content in 
dispersion [%] 

95 % purified 0,485 76,3 23,7 0,370 0,115 

50 % purified 0,566 64,1 35,9 0,363 0,203 

Unpurified 0,819 55,8 44,2 0,457 0,362 
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5 Conclusions 
The previous problem with the low yield was shown in this study to be caused by too little sonication and 

too much centrifugation, it was clearly shown that the previously thought lost un-dispersed graphene 

flakes indeed could be dispersed and in fact any graphene flakes centrifuged out could simply be added 

to the next batch in an industrial setting. Sonicating for 20 minutes with pulsing in an ice-bath instead of 

7 min without any cooling was shown to double the concentration of graphene when a high degree of 

centrifugation (2000 rpm for 30 min) is used, and when the longer sonication is combined with the lower 

degree of centrifugation (500 rpm for 10 min) it further increased the concentration by more than 

doubling it again. This means that the total increase with more sonication and less centrifugation is over 

350 %.  

The size of the graphene flakes is reduced slightly by longer sonication, but as seen in the SEM images 

this increase does not seem to affect their ability to form even films.  

None of the co-surfactant combinations proved to be consistently better than only St1 at stabilizing 

graphene, although the best Csf4 combination performed better than only St1 in some tests and worse 

in some tests. It can only be concluded that using a co-surfactant system increases the degree of 

complication immensely and would require extensive experimentation. 

Scaling up and purification by removal of excess stabilizer through ultrafiltration proved to be mostly 

successful, with only a small loss of graphene in the purification. But the removal of un-dispersed 

graphene flakes in the scaled up system needs some further optimization. The purification worked just as 

intended, which is shown by the UV-vis analysis of the filtrates and reinforced by the TGA results. All 

three dispersions with varying degrees of purification were highly stable over time, showed no reduction 

in absorbance over 5 weeks and a zeta potential below -50 mV. Negligible differences in flake size were 

shown and the SEM images reinforced this by showing even films with no discernable flake edges and 

only a small difference between degrees of purification. 
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6 Future work 
Due to the restricted nature of a M.Sc. degree project there were several aspects of graphene 

dispersions that could not be examined within this study. Here are some examples of aspects that could 

be worth further investigation. 

A few co-surfactants were examined in this study, which unfortunately didn’t give any reliably positive 

results. But it would be a good idea to examine the possibility of adding a small amount of some type of 

wetting agent, as the graphene powder does not wet the St1 solution very well on its own. The addition 

of a wetting agent could help with the adding of graphene powder (now it is limited by the size of the 

container, since graphene powder has an extremely low density). This could also increase the effectivity 

of the sonication as it is now a necessity to shake the vial and thus creating foam which traps a portion of 

the graphene for the first few minutes of sonication.  

It would be beneficial to further develop the purification method, as a portion of the graphene is lost 

with the ultrafiltration. If a method to recover the graphene which adheres to the filter membrane or a 

method to minimize it could be developed, then the yield could be improved further. It was also 

somewhat difficult to maximize yield of the graphene from the powder when centrifugation is used to 

remove un-exfoliated particle. Therefore it would be useful to further optimize the centrifugation 

conditions, see if sonication could be extended even further to minimize the un-dispersed flakes without 

substantially reducing the flake size, or if another method could be used to remove these still aggregated 

flakes. It might be possible to utilize some form of filtration system for this purpose as well, which would 

likely need to incorporate a mesh filter (of either a polymer or metal) instead of a traditional filter paper 

since graphene in all probability would stick to paper. If such a filtration method could be developed, it 

would greatly help with scaling up the process to industrial size. 

It would also be interesting to utilize a method other than probe-sonication to de-aggregate the 

graphene flakes, for example ball milling or microfluidization, as this might be able to disperse the flakes 

to an even higher degree without reducing the flake size.  

This study has only examined the stability of the graphene in a specific aqueous system, and it would be 

a good idea to also study the interactions in combination with a polymer or binder base. Optimizing this 

combined system could increase the concentration of graphene in the finished film by providing a better 

understanding of the interactions between graphene and the film binder, and thusly solve possible 

compatibility issues. 
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9 Appendix  

9.1 SEM images 

9.1.1 Dispersions made with varied sonication time 

9.1.1.1 7 minutes of sonication 
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9.1.1.2 15 minutes of sonication 
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9.1.1.3  20 minutes of sonication 
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9.1.2 Scaled up dispersions at different degrees of purification 

9.1.2.1 Unpurified 
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9.1.2.2 50 % purified 
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9.1.2.3 95 % purified 
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