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Abstract 

Comparative wettability studies of graphene are conducted for two different 

nanofluids with opposite surface potentials of +53 mV (45 nm alumina nanoparticles) 

and −45 mV (28 nm silica nanoparticles), respectively. Aged graphene surface, 

which has adsorbed abundant hydrocarbon contaminants, shows weak 

hydrophobicity of about 90 wetting angles for both nanofluids for the tested volume 

concentration range from 0 to 10%. For pristine graphene surfaces, however, the 

contact angle of alumina nanofluids continually increases from 50 to 70 for the 

same volume concentration increase, but the contact angle of silica nanofluids shows 

first increase of up to about 1% concentration and then remains nearly unchanged 
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with further increasing concentration. Since the nanoparticle-graphene interaction at 

the solid-liquid (SL) interface is expected to be the most crucial in determining the 

nanofluid wetting angles, the corresponding surface energy 𝛾𝑆𝐿 is examined from 

elaboration of 𝐹𝐷𝐿𝑉𝑂 , the Derjaguin-Landau-Verwey-Overbeek force. The 

magnitudes of both the repulsive 𝐹𝐷𝐿𝑉𝑂  on the alumina nanoparticles and the 

attractive 𝐹𝐷𝐿𝑉𝑂 on the silica nanoparticles show rapid decreases up to 1% volume 

concentration and exhibit slower decreases thereafter. The reduced repulsive 𝐹𝐷𝐿𝑉𝑂 

of the alumina nanoparticle drives the increasing aggregation of nanoparticles on the 

SL interface with increasing concentration, thus increasing the solid-liquid interfacial 

energy 𝛾𝑆𝐿. On the contrary, the reduced attractive 𝐹𝐷𝐿𝑉𝑂 on the silica nanoparticle 

retards their aggregation on the SL interface with increasing concentration and slows 

the increase of 𝛾𝑆𝐿, eventually settling on the saturated level of 𝛾𝑆𝐿 from a certain 

concentration onwards. These distinctive behaviors of 𝛾𝑆𝐿 are consistent with the 

measured contact angles that gradually increase with increasing concentration for 

the positive surface potential (alumina), but initially increase and then settle for the 

negative surface potential (silica). This phenomenon strongly supports the critical 

dependence of nanofluid wetting of pristine graphene on 𝐹𝐷𝐿𝑉𝑂 in the vicinity of 

the SL interface. 
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Chapter 1 

Introduction 

1.1. Background 

Graphene, which is composed of 2D hexagonal lattices of carbon atoms, has 

highly attractive properties for industrial applications such as extreme mechanical 

strength, high thermal and electrical conductivity. [1,2] It also has unique wettability 

properties due to its atomic-scale thickness of 0.335 nm. In the case of placing a 

water droplet on a graphene surface coated on a base substrate, about 30% of van 

der Waals interaction between the water molecules and underlying substrate can be 

(arguably) transmitted through the monolayer graphene.[3,4] The wettability of 

graphene layer depends on the number of its layers, converging to the wettability of 

graphite as the number of layers becomes above 6 layers. Pristine graphitic surfaces 

are indeed hydrophilic (water contact angle of about 50°), which is somewhat 

contrary to the generally perceived hydrophobicity of graphene surfaces (water 

contact angle of about 85°).[4-10] Conventional measurement results are actually 

under the influence of airborne hydrocarbon contaminants, which drastically change 

the surface energy of graphitic layers. Therefore, when the pristine graphene is 

exposed to ambient air for an hour or longer, it adsorbs airborne hydrocarbon 
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contaminants, which induces it to become hydrophobic.  

It is generally known that nanoparticles change the surface energies in both the 

solid-liquid (SL) and liquid-gas (LG) contact lines of a droplet, whereas the solid-

gas (SG) interface energy remains unaltered since no nanoparticles are present at the 

interface.[11-13] The wetting of a nanofluid on a solid substrate depends on the 

properties of nanoparticle materials as well as other specifications such as 

nanoparticle volume concentrations and nanoparticle sizes.[11,13,14] Among 

various properties of nanoparticles, the surface potential is quite possibly the most 

decisive factor in nanofluid wetting, which further determines the degree of colloidal 

sedimentation. In particular, nanoparticles with a high surface potential form a stable 

colloidal suspension with minimal sedimentation due to their strong inter-particular 

repulsion, which is called a stable nanofluid.[6,15,16] Also, charged nanoparticles 

having significant surface potential in the liquid medium can be affected by the 

electrostatic force with the underlying substrate, affecting the surface energy of the 

SL interface. 

Although there are a plenty of studies regarding properties of graphene such as 

optical, thermal, and electrical properties, relatively less attention is drawn to the 

wettability of graphene. In addition, to date, almost all published studies on graphene 

wettability have mainly focused on wetting by pure water that is free of any 

suspended particles. However, understanding of the wettability of graphene by 

nanofluids will facilitate the knowledge base for potential applications of nanofluids 

on graphene surfaces. For example, nanofluids can be strategically deposited on 
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graphene surfaces in industrial applications such as electrode inkjet printing,[17,18] 

nanocrystalline surface coating,[19,20] and organization of biological nano-

materials.[21,22] Also we expect that graphene with unique properties can be the 

novel candidate for the substrate as evaporative self-assembled materials by 

analyzing the wetting of nanofluids on graphene surfaces. 

 

1.2. Objective of the study 

The priority of our research interest is in probing the wetting of stable nanofluids 

on a single layer of pristine CVD graphene laid on a copper substrate. Among various 

properties of suspended nanoparticles, we see the variations of nanofluids contact 

angles induced by the difference in nanoparticle surface potential. To see the effect 

of nanoparticle surface potential on nanofluids wetting on graphene, experimental 

study of measuring the wetting angles was conducted for two different nanofluids 

with opposite surface potentials; namely, one containing 45 nm aluminum oxide 

(Al2O3) nanoparticles with a positive potential of + 53 mV,[6] and the other 

containing 28 nm silica nanoparticles with a negative potential of −45 mV.[23] Also 

we measure the contact angles of those nanofluids with various volume 

concentration. In order to physically elaborate on the experimental findings, mutual 

correlations of all three surface energies (𝛾𝑆𝐿, 𝛾𝐿𝐺, and 𝛾𝑆𝐺) were examined based 

on Young’s equilibrium relationship and were also supplemented by pseudo-

nanofluid modeling with a fictitious assumption of one-sided nanoparticle 
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congregation. Furthermore, the Derjaguin-Landau-Verwey-Overbeek (DLVO) 

forces (𝐹𝐷𝐿𝑉𝑂) were probed, particularly for the solid-liquid (SL) interface, in an 

attempt to describe the interactions between the nanoparticles and the graphene 

surface and to ultimately delineate the wetting angle variations for both the opposite 

DLVO interaction caused by the nanoparticle surface potential and the different 

concentrations of nanoparticles. 

  



 

 5 

Chapter 2 

Experimental 

2.1. Substrate preparation 

Before the CVD synthesis, the 25m thick copper foil (Alfa Aesar, purity: 

99.999%, No. 13382) was pre-cleaned which is used as a catalytic substrate layer for 

graphene synthesis. The pre-cleaning procedure removes the inherent impurities in 

the copper foil which can becomes the nucleation sites for graphene synthesis, 

increasing the nucleation density.[24] The centimeter-scale copper foil is briefly 

dipped into Ni etchant for 60s. Longer treatment induces severe damage on copper 

foil, decreasing the quality of synthesized graphene. Then the copper foil is rinsed 

by dipping it into DI water for 3 times, each for 2minutes followed by washing with 

acetone and IPA. Finally the mild blowing with nitrogen flow will dry the copper 

foil. 

Two substrates are prepared for contact angle measurement experiment; pristine 

monolayer graphene on copper foil and cleaned copper foil without graphene layer. 

Pristine monolayer graphene surface samples were synthesized using a low-pressure 

chemical vapor deposition (CVD, see Figure 2.1a) method that ensures minimum 

impurities.[25-27] The copper foil, the catalytic substrate layer with extremely low 

carbon solubility, gives the monolayer graphene with surface-adsorption mechanism 
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of carbon precursor. The CVD chamber pressure was maintained at an order of 10−2 

to 10−3 Torr during the entire CVD process. In order to remove both the inherent 

oxide layer and hydrocarbons adsorbed on the copper surface, the copper foil was 

thermally annealed at 1000°C for 40 minutes under continuous hydrogen gas flow 

(Figure 2.1b). This annealing process also recrystallize the copper substrate and 

enhances its grain size, increasing the uniformity and grain size of graphene layer. 

Then the methane gas, which served as a carbon precursor, was successively pumped 

into the CVD chamber for about 10 minutes to initiate carbon nucleation on the 

copper surface (see the inset SEM image of Figure 2.2a). Then, the methane gas flow 

rate increases twice for 5 minutes to enhance the growth rate of graphene layer and 

ensure the fully covered graphene. That is, each of the nucleated carbons grows into 

a sizable grain, eventually becoming a fully grown graphene layer of several 

centimeters in dimension. After graphene synthesis was completed, the furnace was 

cooled down fast while hydrogen gas flow continued. The cleaned copper foil is 

prepared by following the same profiles of temperature and gas flow rate except for 

the supply of carbon precursor, methane. This consideration minimizes the possible 

uncertainties caused by the different preparation methods. 

We characterize the synthesized graphene to confirm the monolayer 

characteristics and coverage on copper catalyst. Raman spectroscopy examined the 

quality and uniformity of the graphene layer (Figure 2.2b). It is known that Raman 

spectrum of graphene layer shows the specific peaks, namely D peak (~1350 cm-1), 

G peak (~1580 cm-1), and 2D peak (~2700 cm-1). G peak mainly comes from the sp2 
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carbon-carbon bonding, and D peak originates from disorders in hexagonal structure 

of graphene.[28,29] The 2D peak is also related to the double resonance of D peak. 

The monolayer graphene shows the specified intensity ratio of approximately 3:1 of 

2D peak to G peak and this ratio decreases as the number of graphene layers 

increases. The 2D peak intensity to G peak ratio and negligible D peak intensity 

indicates that uniform monolayer graphene with negligible defects is successfully 

synthesized. Scanning Electron Microscopy (SEM) is used to investigate the surface 

coverage of graphene on copper foil. A fully grown large-area graphene is observed 

as shown in Figure 2.2a, whereas the inset image in Figure 2.2a shows the partially 

grown graphene islands not merging themselves as a large-size graphene layer. 

According to the Cassie’s law, the contact angle on heterogeneous surface is 

determined from the area-fraction weighted average of contact angles on each 

surfaces.[30] Therefore, our confirmation ensures the minimized effect of exposed 

copper foil on the experimentally measured contact angle.  

Relatively higher surface potentials of up to +650 mV for pristine graphene 

surfaces were measured using electrostatic force microscopy.[31] In case of 

graphene layer exposed to air, which we call as aged graphene, low surface potential 

of +300 mV was probed. The adsorbed contaminants decline the surface potential 

of graphene layer and it increases again when placed in vacuum atmosphere. (see 

chapter 6) 
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2.2. Nanofluid preparation 

Two different nanofluids with opposite surface potentials were selected for 

examination of their wetting characteristics, namely one with 45 nm aluminum oxide 

(Al2O3) nanoparticles (Nanophase Technologies Corporation) and the other with 28 

nm silica (SiO2) nanoparticles (E&B Nanotech Co., NPS SOL-20). For each of the 

two nanofluids, multiple samples were prepared for four different nanoparticle 

volume concentrations of 0.1%, 1.25%, 3.5%, and 10%. The nanofluid samples were 

then ultrasonically dispersed in DI water without using any electrolyte or surfactant. 

The nanofluid samples were then ultrasonically dispersed in DI water without adding 

any electrolyte or surfactant, which has been proven to be a generally better 

dispersion method than other mechanical methods such as ball milling.[32] To 

provide minimum physicochemical alteration of nanoparticles as well as proper 

dispersion, we compared our sonication method with previously reported studies 

regarding optimized ultrasonication.[33] In the case of alumina nanoparticles, it is 

reported that 5 hours of sonication under 125W at 20 kHz ensured efficient 

dispersion.[34] For silica nanoparticles, several hours of sonication under 100 ~ 300 

W power resulted in stable dispersion with minimum sedimentation.[35] These 

operation conditions are very similar to our sonication parameters (5 hour duration 

using a JAC Model 1505 under 200W at 40 kHz), and thus we believe that both our 

alumina and silica nanofluids were fairly well dispersed with negligible 

physicochemical alteration.  

The pH levels of both nanofluids were experimentally determined from two 
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independent measurements using both Trans Instrument Model Senz pH Pro and 

Denver Instrument Basic pH Tester, which assured less than 5% discrepancies 

between the two measurements, i.e., pH = 4.32 ~ 5.05 for alumina and pH = 9.54 ~ 

10.2 for silica nanofluids (see Table 1). Our measurement values agreed quite well 

with published data for the two similar nanofluids: pH = 7 ~ 10.2 was measured for 

0.001% to 0.5% volume concentration range for silica nanoparticles ranging from 

10 to 40 nm in diameter,[36,37] and pH = 4.3 ~ 5.1 for alumina nanofluids with 

similar volume concentrations (0.1%, 1.25% and 10%) and particles sizes (average 

45 nm) to the present sample.[6] 

The surface potentials depend on the pH of nanofluids and the pH values are 

affected by the nanofluid volume concentration.[16] The measured pH values are in 

the range of 4~5 for alumina nanofluid, 9.5~10.5 for silica nanofluid. We estimated 

as a constant +53 mV[6] and −45 mV[23] for each alumina and silica nanoparticles 

for the tested volume concentration range (see Chapter 6). When the magnitude of 

the nanoparticle surface potential exceeds 30 mV, the corresponding nanofluid 

remains mostly stable, since the relatively high inter-repulsive forces between the 

particles permit minimum colloidal sedimentations. Also we expect the significant 

electrostatic interaction of nanoparticles with graphene layer. 

 

2.3. Contact angle measurement 

Wetting angles of nanofluids were measured for (1) a cleaned copper surface 

immediately after its thermal annealing, (2) pristine graphene on a copper surface 
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immediately after the CVD synthesis, and (3) aged graphene on a copper surface that 

was exposed to air for 24 hours after the CVD process (Figure 2.3). It is known that 

airborne hydrocarbon contaminants adsorbed onto the pristine graphene surface can 

drastically change the surface energy as well as the wetting angles. Therefore, both 

the cleaned copper and the pristine graphene provided nanofluid wetting surfaces 

that were free from airborne impurities, whereas the aged graphene provided 

surfaces contaminated with hydrocarbons and other impurities. For those substrates 

with no airborne contaminants and oxidation, contact angles were measured at most 

within 60s after taking prepared substrates out of the CVD furnace to minimize 

contamination. For the measurements, all of the test substrates are placed on the 

electrically insulated glass substrate to prohibit the additional electrostatic effect 

from the goniometer system. A 1.5l droplet of nanofluid was gently placed on the 

test surface, and goniometric images were taken to determine the wetting angle using 

the ImageJ digital image processor incorporated with MATLAB. Before conducting 

experiments, 5 minutes sonication of nanofluid is conducted to reduce the possible 

particle agglomeration. Measurements of wetting angles were conducted with up to 

six different projection angles of a given sample to ensure repeatability with 

statistical averaging.  
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Figure 2.1. Graphene synthesis with Chemical Vapor Deposition (CVD): (a) CVD 

setup for graphene synthesis. (b) The chamber temperature variations and the gas 

flow types for the CVD process. 
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Figure 2.2. Characterization of CVD-synthesized graphene: (a) SEM images of the 

partially grown graphene (inset) and completely grown graphene on a copper foil, 

and (b) Raman spectra of the CVD graphene transferred onto a silicon dioxide 

substrate and on a copper foil (inset), verifying high-quality monolayer pristine 

graphene.  
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Figure 2.3. Goniometer wetting angle measurement system for CVD-synthesized 

graphene on a copper foil. For the pristine surfaces of copper or graphene, the contact 

angle measurements were performed immediately after their thermal 

annealing/synthesis to minimize the hydrocarbon contaminants. The aged 

graphene/copper substrate was prepared by exposing them to ambient air for one day.  
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Chapter 3 

Wetting Angles on the Substrates 

3.1. Wetting angles of DI water 

Before measuring the nanofluids contact angle, we firstly conduct experiment for 

measuring wetting angles of DI water on the substrates. By comparing the measured 

results with previous studies regarding DI water wetting angles, we ensure the 

consistency of prepared graphene samples with other reported. Preliminary 

experiments using DI water provided wetting angles of 24, 51, and 86 for the 

cleaned copper surface, the pristine graphene on a copper substrate, and the aged 

graphene on a copper substrate, respectively (Figure 3.1 and Figure 3.2). The average 

wetting angle of 24 for the cleaned copper lies near the upper limit of the published 

range of 0° ~ 20°,[38] and this deviation is believed to be attributed to (1) oxidation 

of copper surface when exposed to air for the short period of less than one minute 

before measurement,[39] and (2) adsorption of airborne impurities such as 

hydrocarbon by the copper surface.[10,40-42] Furthermore, the cited DI water 

contact angle of 20° was measured for a copper surface in an ultrahigh vacuum of 

less than 2×10-10 Torr, while our average measured value of average 24 was for a 

copper that was annealed in 10-3 Torr. This implies that the present sample surface 

was not totally unaffected from oxidation even before its exposure to air and that the 
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measured wetting angles were not entirely free from the slight hydrophobicity by 

oxidation.  

For the DI water on the pristine graphene surface, an average wetting angle of 44° 

(ranging from 37° to 56°) was reported for 10s exposure to air5, and an average 

wetting angle of 50.8°, with a standard deviation of 1.8, was reported for the 30s 

exposure.6 The slightly higher angles of average 51.2° of the present study may be 

attributed to the slightly longer exposure time of 60s; however, note that these angles 

are all within the measurement uncertainty ranges of goniometric detection of angles. 

The wetting angle of 86° for the aged graphene surface also lies within the previously 

reported range for DI water.[5,7,10] Those results indicate that our samples have 

similar characteristics affecting the wettability of graphene samples, such as surface 

roughness, homogeneity. Also It is evidenced that a single layer of CVD graphene 

alone can substantially change the wetting angles (from 24° to 51°), and the aging of 

the graphene surface plays an important role in determining the wetting angle. This 

also implies that thin graphene layers significantly alter the wetting characteristics 

of the substrate material beneath.[4,7,10,43] 

 

3.2. Wetting angles of nanofluids 

The surface tension of water is known to be almost independent of pH for the wide 

range of pH = 1 to 13.[44] This experimental evidence also shows consistency with 

their theoretical elaboration using Gibbs adsorption isotherm for hydronium and 

hydroxide ions. The tested ranges of pH variations in our study were relatively 



 

 16 

narrow pH = 4.32 ~ 5.05 for alumina nanofluid and pH = 10.2 ~ 9.54 for silica 

nanofluid; thus, the surface tension should remain unchanged for these narrow pH 

variation ranges and the corresponding wetting angles of the water solution in the 

absence of nanoparticles will remain constant. 

In addition, it is known that the dependency of water contact angles on pH can 

also be determined by the substrate polarity. For example, contact angles of DI water 

on a nonpolar surface, such as paraffin, are independent of pH of DI water.[45] On 

the other hand, on a polar substrate such as silica glass, only weak dependency of 

water contact angles is observed; the contact angle for silica glass changes less than 

one degree for pH variation of 0.5.[46] Because the CVD graphene is known to have 

very mild intrinsic polarities,[9] the dependence of wetting angles of DI water on pH 

should be negligibly small. 

We repeat the measurements experiment with the two kinds of nanofluids with 

opposite surface potential. For the pristine graphene surface, the wetting angle shows 

a notable nanoparticle concentration dependency, which is also altered by the surface 

potential level of nanoparticles. In case of alumina nanofluid, the contact angles 

show a continual increase with the nanoparticle concentrations up to 10% volume 

concentration. However, the wetting angles of silica nanofluid increases with volume 

concentration up to near 1.25% and then remains nearly unchanged with further 

concentration increase. Also the decreasing value but similar tendency of wetting 

angles variations are observed on the cleaned copper foil. This results also imply the 

sufficient hydrophobic effect of upper graphene layer even for nanofluids wetting. 
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However, when the nanofluid droplet is placed on the aged graphene surface, 

wetting angles remain near or slightly larger than 90° regardless of the nanoparticle 

types and volume concentrations (Figure 3.1). Also, they are consistently higher than 

the wetting angles for the pristine graphene surface attributing to that the aged 

graphene surface has been excessively contaminated with airborne hydrocarbons and 

other impurities during the 24 hours of exposure.  

 

3.3. Summary 

Wetting angles are measured on the prepared substrates with various conditions. 

From the measurements results of DI water, we ensure that our prepared substrates 

are consistent with previously reported samples. When the contact angles of 

nanofluids with opposite surface potentials are measured with increasing volume 

concentration, notable dependency of wetting angles on volume concentration is 

observed for those two nanofluids. For the pristine graphene with surface potential 

of +650 mV, the contact angles of alumina nanofluid (+53 mV) show a continual 

increase with the nanoparticle concentrations, whereas that of silica nanofluid (−45 

mV) increases with volume concentrations of up to 1.25% and then remains nearly 

unchanged with further concentration increase.  
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Figure 3.1. Goniometric images of 1.5 l nanofluid droplets both on pristine 

graphene surface and on aged graphene surface for different nanoparticle volume 

concentrations. 
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Figure 3.2. Measured contact angles for alumina (Al2O3; squares) and silica (SiO2; 

triangles) nanofluid droplets for particle volume concentrations of 0% (DI water), 

0.1%, 1.25%, 3.5%, and 10% on the annealed copper surface as well as on pristine 

graphene surface. 
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Chapter 4 

Interfacial Energies in Nanofluid Wetting 

4.1. Introduction 

When a nanofluid droplet wets the pristine graphene surface (S) in the ambient air 

(G), the congregated nanoparticles near each of the interfaces will affect the 

corresponding interfacial energy (𝛾), and thus alter the equilibrium wetting angle 𝜃 

for nanofluid (L). Therefore, we can elaborate the distribution and behaviors of 

suspended nanoparticles in the three-phase system by calculating the each of 

interfacial energies of nanofluids. Below equations show the procedures for 

calculating the interfacial energies. 

The equilibrium state of the three interfacial energies is given by Young’s equation: 

 

𝛾𝑆𝐺 − 𝛾𝑆𝐿 = 𝛾𝐿𝐺𝑐𝑜𝑠𝜃   (4.1) 

 

Here, 𝛾𝑆𝐺 , 𝛾𝑆𝐿, and 𝛾𝐿𝐺 means the interfacial energy of solid-gas, solid-liquid and 

liquid-gas interface. Note that each of interfacial energies can be affected by the 

congregated nanoparticles at those interfaces. Also, a thermodynamically derived 

equation of state provides an additional correlation for the three interfacial energy 

levels as:[47] 
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𝛾𝑆𝐿 = 𝛾𝐿𝐺 + 𝛾𝑆𝐺 − 2√𝛾𝐿𝐺𝛾𝑆𝐺𝑒−𝛽(𝛾𝐿𝐺−𝛾𝑆𝐺)2
  (4.2) 

 

where 𝛽 is a fitting parameter to be determined. Combining eqs 4.1 and 4.2 to 

eliminate 𝛾𝑆𝐿 provides the so-called Neumann’s equilibrium model exclusively for 

𝛾𝐿𝐺 and 𝛾𝑆𝐺:[8,9,48] 

 

ln [𝛾𝐿𝐺 (
1+𝑐𝑜𝑠𝜃

2
)

2
] = −2𝛽(𝛾𝑆𝐺 − 𝛾𝐿𝐺)2 + ln(𝛾𝑆𝐺)           (4.3) 

 

For the DI water, Kozbial et al derived the 𝛾𝑆𝐺  as the 63.8 mJ/m2
 by measuring the 

contact angles of various liquid and using above Neumann’s equilibrium model.[9] 

In our experiment with nanofluids having suspended nanoparticles, 𝛾𝑆𝐺  remains 

constant as 63.8 mJ/m2 nanofluids because the graphene-air (SG) interface is 

unaltered by the nanoparticles that are confined in the liquid phase. Thus, using the 

measured contact angle 𝜃 for nanofluid, 𝛾𝐿𝐺 is determined from eq 4.3, and then 

𝛾𝑆𝐿 is also determined from eq 4.1.  

 

4.2. Interfacial energy calculation 

  As shown in Figure 4.1, for both alumina and silica nanofluids, 𝛾𝐿𝐺  shows a 

similar weak dependence on nanoparticle volume concentrations. This implies that 

at small concentrations, nanoparticles quickly migrate to the LG interface and form 

the outmost nanoparticle layer, which contributes to the initial increase of 𝛾𝐿𝐺 from 
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the LG interface energy of water (𝛾𝐿𝐺𝑜  = 72.4 mJ/m2 at 25C).[49,50] As the 

nanoparticle concentration increases, additionally migrating nanoparticles may form 

a thicker assembly of congregated nanoparticles at the LG interface; however, these 

inner layers of nanoparticles can only minimally affect the interfacial energy changes. 

Thus, 𝛾𝐿𝐺  quickly reaches a saturated level at very small concentrations of 

nanoparticles and then remains largely unchanged with further increase of 

nanoparticle concentration.[11,51] 

In contrast, 𝛾𝑆𝐿  shows quite a different dependency on nanoparticle 

concentration between the two nanofluids. From the point of view from electrostatic 

interaction, silica nanoparticles with a negative surface potential (−45 mV) are 

strongly attracted by the pristine graphene ( + 650 mV) to form an abundant 

aggregation at the SL interface at relatively low nanoparticle concentrations. Again, 

additional nanoparticles migrate to the SL interface with increasing nanoparticle 

concentration to form thicker nanoparticle layers, which provides little or no further 

changes in 𝛾𝑆𝐿.[52,53] This explains the early saturation of 𝛾𝑆𝐿 at relatively low 

nanoparticle concentrations for the case of silica nanofluid. However, alumina 

nanoparticles with a positive surface potential (+53 mV), are under repulsive action 

by the graphene surface, which hinder the aggregation of nanoparticles on the SL 

interface, and will therefore require a relatively higher nanoparticle concentration to 

reach their sufficient aggregation at the SL interface. This is consistent with the 

continuing increase of 𝛾𝑆𝐿  for the case of the alumina nanofluid and delays the 

occurrence of a “saturated” aggregation of alumina nanoparticles to occur.    
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4.3. Summary 

In summary, 𝛾𝐿𝐺  quickly reaches the saturation level at very low nanoparticle 

concentrations for both alumina and silica nanofluids. This is because nanoparticles 

are migrated at the LG interface and form the congregated layer, but only the outmost 

layer have a dominant effect on the increase of interfacial energy. Thus, the 

contribution of 𝛾𝐿𝐺 is less significant in determining the wetting angle dependence 

on nanoparticle concentrations. In contrast, at the SL interface under electrostatic 

force between nanoparticles and graphene laer, 𝛾𝑆𝐿 shows the notable difference 

between two nanofluids. For alumina nanofluids, 𝛾𝑆𝐿  notably increases with 

increasing concentration, whereas 𝛾𝑆𝐿  for silica nanofluids reaches its saturated 

level at a very low concentration. This implies that in determining the wetting angles 

of nanofluids with opposite surface potentials, the nanoparticle aggregation near the 

SL interface plays a more decisive role than rapidly congregated and saturated 

nanoparticle layers in the LG interface.  
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Figure 4.1. Interfacial energy at the LG (𝜸𝑳𝑮 ; the solid symbols) and the SL 

interfaces ( 𝜸𝑺𝑳 ; the blank symbols) for both alumina and silica nanofluids as 

functions of particle volume concentration. 𝜸𝑳𝑮 for both nanofluids do not show a 

consistent increase because of the quick saturation of nanoparticle congregation 

layers at the LG interface. The decreasing repulsive force of alumina nanoparticles 

with increasing concentration allows a gradual increase of their aggregation at the 

SL surface as well as continuing increase of their 𝜸𝑺𝑳. However, the decreasing 

attractive force of silica nanoparticles with increasing concentration expedites 

reaching their saturated aggregation at the SL interface and their 𝜸𝑺𝑳  remains 

largely unchanged thereafter. 
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Chapter 5  

Pseudo-modeling of Nanofluid Wetting 

5.1. Introduction 

In the previous section, we elaborate the behaviors of nanoparticles at each of 

interfaces from the calculated interfacial energies. The results indicate that 

nanoparticles congregation is saturated fast at LG interfaces, while nanoparticles at 

the SL interfaces shows the notable dependent behaviors. Therefore there is a 

possibility of significant dependency of nanofluids wetting on the behaviors of 

nanoparticles at the SL interface. From the point of view, the question arises; which 

interface is more abundant with nanoparticles? The answer to the question will help 

us to see the nanoparticles distribution at each interfaces and finally support the 

dependency of nanofluids wetting on the nanoparticles at the SL interface, which is 

also affected by the interaction between the nanoparticles and the graphene substrate.  

In order to further elaborate the nanoparticle dispersion and congregation, pseudo-

modeling was considered for two imaginary nanoparticle congregations. By 

assuming that all of the nanoparticles are congregated only at the LG or SL interface 

and comparing with the real model, we can qualitatively elaborate which interface is 

more abundant with the nanoparticles. The idea is that when the calculated interfacial 

energy of assumed model is similar with the interfacial energy from the real model, 
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then the assumption fairly describes the real situation. 

 

5.2. Model Analysis 

While nanoparticles in a real nanofluid are congregated both at the LG and SL 

interfaces, as well as suspended inside the droplet (Figure 5.1b), a Pseudo-LG model 

assumes that all nanoparticles are congregated at the LG interface (Figure 5.1c) and 

a Pseudo-SL model assumes that all nanoparticles are aggregated at the SL interface 

(Figure 5.1d). Hence, Young’s relations are given by: 

 

𝛾𝑆𝐺𝑜 − 𝛾𝑆𝐿𝑜 = 𝛾𝐿𝐺𝑜𝑐𝑜𝑠𝜃𝑜      (For DI water; Figure 5.1a)          (5-1a) 

𝛾𝑆𝐺𝑜 − 𝛾𝑆𝐿 = 𝛾𝐿𝐺𝑐𝑜𝑠𝜃         (For real nanofluids; Figure 5.1b)     (5-1b)     

𝛾𝑆𝐺𝑜 − 𝛾𝑆𝐿𝑜 = 𝛾𝐿𝐺𝑝𝑐𝑜𝑠𝜃 (For pseudo-LG model; Figure 5.1c)   (5-1c) 

  𝛾𝑆𝐺𝑜 − 𝛾𝑆𝐿𝑝 = 𝛾𝐿𝐺𝑜𝑐𝑜𝑠𝜃 (For pseudo-SL model; Figure 5.1d)   (5-1d) 

 

where the subscript ‘o’ refers to DI water and ‘p’ refers to pseudo-models. For DI 

water, the three surface energies and the wetting angle are well known to be 𝛾𝐿𝐺𝑜 = 

72.4 mJ/m2, 𝛾𝑆𝐺𝑜  = 63.8 mJ/m2, 𝛾𝑆𝐿𝑜  = 18.6 mJ/m2, and 𝜃𝑜  ~ 51 (at 25C), 

respectively. Note that 𝛾𝑆𝐺 = 𝛾𝑆𝐺𝑜 for all four cases, and also that each pseudo-

model carries only one unknown with the measured wetting angle data 𝜃 given, 

then, combining above 4 equations determines the surface energies of the pseudo-

models, 𝛾𝐿𝐺𝑝 and 𝛾𝑆𝐿𝑝.  
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𝛾𝐿𝐺𝑝 is equivalent to a maximum surface energy at the LG interface, which is 

possible only if all of the nanoparticles are congregated at the LG interface (none 

elsewhere), and 𝛾𝑆𝐿𝑝 is equivalent to a maximum attainable surface energy at the 

SL interface only if all of the nanoparticles are aggregated at the SL interface. The 

surface energies of real nanofluids should be less than those of the pseudo-model, 

i.e., the 𝛾𝐿𝐺 < 𝛾𝐿𝐺𝑝 and 𝛾𝑆𝐿  < 𝛾𝑆𝐿𝑝, because dispersive nanoparticles do not allow 

their one-sided congregation. Using the experimentally determined 𝛾𝐿𝐺 and 

𝛾𝑆𝐿  from the previous section, the predicted ratios of 𝛾𝐿𝐺/𝛾𝐿𝐺𝑝 for both nanofluids 

are substantially lower than 1 (Figure 5.2), which indicates that the pseudo-LG 

model’s assumption of dominated congregation of nanaoparticles near the LG 

interface is too unrealistic and that in reality a significant portion of nanoparticles 

migrate to the SL interface. On the other hand, the 𝛾𝑆𝐿 / 𝛾𝑆𝐿𝑝  ratios for both 

nanofluids turned out to be larger than 0.95 for all of the tested volume 

concentrations. This implies that the pseudo-SL model’s conjecture of the dominated 

aggregation of nanoparticles near the SL interface closely describes the real behavior 

of nanoparticle congregations inside a droplet. This supports our findings from the 

consideration of Young’s equilibrium in that nanofluid wetting on graphene is more 

crucially determined by the surface energy changes at the SL interface than by those 

at the LG interface. The pseudo-model analysis also supports the idea that 

significantly more nanoparticles congregate at the SL interface and predominantly 

contribute to the change of 𝛾𝑆𝐿 rather than that of 𝛾𝐿𝐺.  
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5.3. Summary 

From the pseudo-model elaboration, we support our ideas; (1) significantly more 

nanoparticles are aggregated at the SL interface and (2) therefore nanoparticles are 

predominantly contribute to the change of 𝛾𝑆𝐿 rather than that of 𝛾𝐿𝐺. Those two 

ideas suggest that nanofluid wetting on graphene is crucially determined by the 

change of interfacial energy at the SL interface induced by the aggregated 

nanoparticles. To our knowledge, this is the first but simple model to qualitatively 

describe the distribution of nanoparticles in the three-phase nanofluids droplet 

system. This then aims to examine the importance of the DLVO force between the 

nanoparticles and the graphene surface, i.e., at the SL interface, because 𝐹𝐷𝐿𝑉𝑂 is 

prevalent at the SL interface and quickly decays as the particles move away. 
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Figure 5.1. Schematic illustration of wetting on pristine graphene surfaces: (a) DI 

water, (b) realistic nanofluids, (c) pseudo-LG model assuming all nanoparticles 

congregated at the LG interface (𝛾𝑆𝐿𝑝 ≡ 𝛾𝑆𝐿𝑜), and (d) pseudo-SL model assuming 

all nanoparticles aggregated at the SL interface (𝛾𝐿𝐺𝑝 ≡ 𝛾𝐿𝐺𝑜). 
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Figure 5.2. The surface energy ratio of the experimentally determined 𝜸 to the 

predicted 𝜸𝒑 based on the use of the pseudo modeling for both alumina (squares) 

and silica (triangles) nanofluids. For the LG interface, the ratios of 𝜸𝑳𝑮/𝜸𝑳𝑮𝒑 for 

both fluids (solid symbols) are substantially less than unity, showing that the pseudo 

model is far from reality. For the SL interface, however, the fact that the ratios of 

𝜸𝑺𝑳/𝜸𝑺𝑳𝒑 for both nanofluids (blank symbols) are close to unity demonstrates that 

the majority of nanoparticles actually aggregates at the SL interface and nanofluid 

wetting is more crucially determined by 𝜸𝑺𝑳 changes rather than 𝜸𝑳𝑮. 
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Chapter 6  

DLVO Force Dependency of Nanofluid Wetting 

6.1. Introduction 

In essence, the DLVO theory describes the force between an aqueous dispersion 

of fine particles and a charged surface interacting through a liquid medium. Hence, 

the DLVO force combines the effect of van der Waals attraction and the electrostatic 

attraction/repulsion, depending upon the nanoparticle surface potential, as 

follows:[6,16,20] 

 

          𝐹𝐷𝐿𝑉𝑂(𝑑𝑝, 𝛾𝑠, 𝛾𝑝, 𝑛, 𝑧, 𝑇, 𝜅−1) = 𝐹𝑒𝑙𝑒𝑐 + 𝐹𝑣𝑑𝑤        (6.1) 

 

where a negative 𝐹𝐷𝐿𝑉𝑂  represents a net repulsive force and a positive 𝐹𝐷𝐿𝑉𝑂 

represents an attractive force between the nanoparticles and the substrate. Most of 

the studies focus on the evaporative self-assembly of nanofluid droplet, which can 

be described from the DLVO theory. Bhardwaj et al [16] elaborates the role of DLVO 

interactions on the self-assembly of colloidal particles from evaporating droplets. 

They showed that the nature of 𝐹𝐷𝐿𝑉𝑂 , whether it is attractive or repulsive have 

significant effect on the deposition shape of nanoparticles on the substrate. Park et 

al [6] also elaborate that evaporative self-assembly of nanoparticles on the graphene 
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surface can be affected by the nature of 𝐹𝐷𝐿𝑉𝑂, which further have influences on the 

pinning of droplet by the deposited nanoparticles near three-phase interfaces.  

Various parameters have an effect on the 𝐹𝐷𝐿𝑉𝑂. Among those parameters, we 

focus on the surface potential of nanoparticles and the underlying substrate, which 

determines the electrostatic interaction between the nanoparticles and the substrate. 

Surface potential of the material depends on the environment where the material lies 

as well as the nature of the material itself. For example, the surface potential of 

graphene layer increases when it is measured in the vacuum while decreases in the 

ambient atmosphere. This is because surface impurities adsorbed on the graphene 

layer decreases the surface potential. For the surface potential of nanoparticles in the 

DI water, it definitely depends on the pH which determines the number of 

counterions of nanoparticles.  

In our study, we choose the alumina and silica nanoparticles with the opposite 

surface potential. First we measure the pH of each nanofluids with the four volume 

concentration. The pH changes within the pH of 0.5 when the volume concentration 

increases from the 0.1% to 10%. The surface potential of alumina nanofluid with 0.1% 

volume concentration is 53.2 mV. But the isoelectric point (IEP), where the pH value 

drastically changes and sign becomes opposite, is far from those values for each 

nanofluid. For example, IEP of alumina is within the pH of 7~9 and this is why we 

estimate the surface potential of alumina nanofluid as the constant +53.2 mV. For the 

silica nanofluid, Kim et al [31] measured the surface potential of same silica 

nanofluids with various pH values. Silica nanofluids show the constant surface 
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potential with about − 45 mV within the pH range of 8~10[23]. (Figure 6.2) 

Therefore, it is reasonable to estimate the constant surface potential of silica 

nanofluid with the examined volume concentration. The properties of the nanofluids 

are summarized in Table 6.1.  

The surface potential of graphene layers are measured by Hao et al [31]. (Figure 

6.3) They show that it depends not only on the number of graphene layer but the 

environmental atmosphere. The surface potential increases as the number of 

graphene layers increases and surface adsorbates decreases the surface potential. 

From the research, we estimate the surface potential of graphene layer as +650 mV 

because we measure the contact angles of nanofluids on the pristine graphene layer 

without surface adsorbants.  

 

6.2. DLVO force calculation 

The electrostatic force between a particle and a substrate is given by 

 

          𝐹𝑒𝑙𝑒𝑐 = −
128𝜋𝑑𝑝𝛾𝑠𝛾𝑝𝑛𝑘𝐵𝑇𝜅−1

2
exp (−

𝑧

𝜅−1)           (6.2) 

 

where 𝑑𝑝 is the nanoparticle diameter, n is the counterion number density, 𝑘𝐵 is 

the Boltzmann constant, 𝑇 is the temperature, 𝜅−1 is the debye length estimated 

as 1 m, and 𝑧  is the distance between the particle and the substrate (the SL 

interface) which is approximated being in the same order of the inter-particular 
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distance. Also, 𝛾𝑠 = tanh(
𝑒𝜓𝑠

4𝑘𝐵𝑇
)  and   𝛾𝑝 = tanh(

𝑒𝜓𝑝

4𝑘𝐵𝑇
) , where 𝜓𝑠  and 𝜓𝑝  are 

surface potentials of the SL interface and the nanoparticles, respectively, and e is an 

elementary charge. The exponentially decaying term indicates that above equations 

holds for the nanoparticles within the debye length of the system, 1 m. 

The interparticle distance between nanoparticles are estimated from the number 

of particles in the unit volume. The calculated results indicate that when the 

nanoparticle volume concentration increases from 0.1 to 10%, the inter-particular 

distance decreases from 317.7 nm to 33.1 nm for alumina nanofluids and from 197.7 

nm to 20.6 nm for silica nanofluids. The number density of counterions can be 

calculated from the measured pH values.  

On the other hand, van der Waals interaction between a nanoparticle and a 

substrate is given by 

 

                    𝐹𝑣𝑑𝑤 =
1

12
𝐴𝑑𝑝

3 𝛼𝑟𝑡𝑑

𝑧2(𝑧+𝑑𝑝)2             (6.3) 

 

where, A is the Hamaker constant and 𝛼𝑟𝑡𝑑 is the retardation factor. The Hamaker 

constant of the case, alumina nanoparticle−water−graphene-coated copper can be 

determined from the following equation. 

 

𝐹𝑣𝑑𝑤 = 𝐹𝑣𝑑𝑤,𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 (𝑧=ℎ) − 𝐹𝑣𝑑𝑤,𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒 (𝑧=ℎ+𝑑) + 𝐹𝑣𝑑𝑤,𝑐𝑜𝑝𝑝𝑒𝑟 (𝑧=ℎ+𝑑)   (6.4) 
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For each system in above equation, the hamaker constant can be derived from the 

mixing rule and combining rule, 𝐴12 = (𝐴11𝐴22)1/2 , and 𝐴132 = 𝐴12 + 𝐴33 −

𝐴13 − 𝐴32 . The Hamaker constant is estimated to be 4.0×10-19J for the alumina 

nanofluid and 3.95×10-20J for the silica fluid. The retardation factor is linearly 

estimated to be in the range from 0.1 to 0.5 for the tested nanoparticle concentration 

range. By combining the 𝐹𝑣𝑑𝑤  and 𝐹𝑒𝑙𝑒𝑐 , we can derive the DLVO force. The 

uncertainty bars in Figure 6.4a are determined from the Kline and Mclintock single-

point uncertainty analysis. (see appendix) 

The nanoparticle-graphene surface separation distance z is approximated to have 

the same order as these inter-particular distances. Those values are estimated from 

the volume concentration and the diameter of nanoparticles. The van der Waals 

attraction force 𝐹𝑣𝑑𝑤 quickly increases with increasing nanoparticle concentration, 

since it is inversely proportional to z4. In contrast, the magnitude of 𝐹𝑒𝑙𝑒𝑐 shows a 

much more gradual decrease mainly due to the lowered counterion number density 

n with increasing nanoparticle concentration (Table 6.1). However, since the 

magnitude of 𝐹𝑒𝑙𝑒𝑐  is substantially larger than 𝐹𝑣𝑑𝑤 by at least three-orders-of-

magnitude, the resulting 𝐹𝐷𝐿𝑉𝑂 magnitude is dominated by that of 𝐹𝑒𝑙𝑒𝑐, ultimately 

showing a decrease with increasing nanoparticle concentration both for alumina and 

silica nanofluid. 
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6.3. DLVO force dependency of nanofluid wetting 

Now we elaborate the dependence of nanofluid wetting on DLVO force. The main 

point is that the behavior of nanoparticles are under the influence of DLVO force at 

the SL interface. Therefore, the DLVO force can have significant effect on the SL 

interfacial energy, which further determines the nanofluid contact angle. Also The 

effect of 𝛾𝑆𝐿  becomes dominant over that of 𝛾𝐿𝐺  once 𝛾𝐿𝐺  is saturated and no 

longer changes with increasing nanoparticle concentration, as previously shown.  

The DLVO interaction between alumina nanoparticles and the pristine graphene 

is repulsive (−), while it is attractive (+) for silica nanoparticles. The repulsive 

𝐹𝐷𝐿𝑉𝑂 will interrupt the aggregative layering of nanoparticles on the SL interface, 

whereas the attractive 𝐹𝐷𝐿𝑉𝑂 will makes it easier for nanoparticles to be densely 

packed on the SL interface. Therefore, 𝐹𝐷𝐿𝑉𝑂 significantly affects the aggregation 

behavior of nanoparticles on the SL interface and alters the surface energy 𝛾𝑆𝐿 , 

which successively contributes to the determination of the nanofluid contact angle. 

The gradual decrease of the repulsive 𝐹𝐷𝐿𝑉𝑂 magnitude for alumina nanofluid with 

increasing concentration implies that the adverse effect on nanoparticle aggregation 

at the SL interface is also gradually diminished. In other words, nanoparticles can be 

aggregated more easily on the SL interface, and 𝛾𝑆𝐿 continuously increases for the 

case of alumina nanofluids with increasing alumina nanoparticle concentration. This 

is consistent with a continuing increase of 𝛾𝑆𝐿  with the increase of nanoparticle 

concentration and a similar increase of its contact angle. For the case of silica 
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nanofluid, the magnitude of attractive 𝐹𝐷𝐿𝑉𝑂  decreases as the nanofluid volume 

concentration increases. This reduced attractive force will lower the nanoparticle 

aggregation rate onto the SL interface. Thus, the increase rate of 𝛾𝑆𝐿 slows down 

and fairly quickly settles to a saturated 𝛾𝑆𝐿 value at a relatively low concentration 

of silica nanoparticles. Accordingly, the silica nanofluid contact angle does not 

change after about 1.25% volume concentration.  

Note that the gravitational settling force is negligibly small in comparison with 

the magnitudes of 𝐹𝐷𝐿𝑉𝑂 for both nanoparticles. The gravitational settling force can 

be derived from below equation 

 

                  𝐹𝐺𝑟𝑎𝑣𝑖𝑡𝑦 = (𝜌𝑝 − 𝜌𝑜)
𝜋𝑑𝑝

3

6
𝑔                (6.5) 

 

where the 𝜌𝑝 and 𝜌𝑜 means the density of nanoparticle and DI water, 𝑑𝑝 means 

the diameter of nanoparticle, and 𝑔 means the gravitational acceleration constant; 

𝐹𝐺𝑟𝑎𝑣𝑖𝑡𝑦 = 1.35 × 10−6 pN  for alumina and 1.58 × 10−7 pN  for silica 

nanoparticles. These values are at least 4 orders lower than those of derived DLVO 

force for both nanofluid. 

 

6.4. Summary 

  DLVO forces for both nanofluids are probed to elaborate the dependency of 

nanofluids wetting on the DLVO force. This dependency arises from the biased 
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distribution of nanoparticles at the SL interface where the nanoparticles are under the 

interaction with the graphene substrate. The calculated results indicate that both 

nanoparticles are under opposite DLVO interaction: alumina nanoparticles with 

negative surface potential are under repulsive DLVO force, while silica nanoparticles 

with positive surface potential are under attractive DLVO force. Also the magnitude 

of DLVO force diminishes for both nanofluids with the increase of volume 

concentration. For the alumina nanoparticles, repulsive DLVO force hinders the 

nanoparticles aggregation at the SL interface, which increases the 𝛾𝑆𝐿  and 

nanofluids contact angle. The gradual decrease of repulsive DLVO force indicates 

that more nanoparticles can be aggregated with the increase of volume concentration. 

Therefore 𝛾𝑆𝐿  of alumina nanofluids continuously increases as the volume 

concentration of nanofluids increases and successively the nanofluids contact angles 

show the similar increase. On the other hand, the reduced attractive DLVO force of 

silica nanoparticles lowers the nanoparticle aggregation rate onto the SL interface. 

Thus, the increasing rate of 𝛾𝑆𝐿 slows down and finally settles to a specific saturated 

value at a certain volume concentration. Also the similar trends of the change of 

silica nanofluid, saturation, is shown according to the change of 𝛾𝑆𝐿. 
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 Alumina nanofluid Silica nanofluid 

Nanoparticle type Al2O3 SiO2 

Nanoparticle 

diameter 
45 nm 28 nm 

Nanoparticle 

density 
3.89 g/cm3 2.40 g/cm3 

Surface potential +53 mV −45 mV 

Counterions H+ ions OH- ions 

Vol conc. (%) 0.1 1.25 3.5 10 0.1 1.25 3.5 10 

Measured pH 4.32 4.64 4.74 5.05 10.2 10.05 9.85 9.54 

Counterion 

number density 

per mm3 (x1012)  

28.71 13.74 10.92 5.35 95.1 67.32 42.48 20.8 

 

Table 6.1. Measured pH-levels and counterion number densities for both alumina 

(Al2O3) nanofluids and silica (SiO2) nanofluids as functions of volumetric 

nanoparticle concentrations. 
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Figure 6.1. Derjaguin-Landau-Lverwey-Overbeek (DLVO) theory for alumina 

nanoparticle: Surface (zeta) potential of nanoparticle at the slipping plane. Opposite 

situation holds for silica nanoparticle. 
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Figure 6.2. (From Kim et al, 2014, [23]) Properties of silica nanoparticles. Alumina 

nanofluid ‘a’ (ENS SOL-20) is chosen in our study. Note that zeta potential is 

constant within the measured pH values. 
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Figure 6.3. (From Hao et al, 2011, [31]) Surface potential of graphene layers 

measured in air and vacuum. (a) One layer, (b) Two layer, (c) Three layer, (d) Four 

layer. Note the dependency of surface potential on the number of graphene layers 

and the atmosphere. We estimate the surface potential of pristine graphene without 

surface adsorbants as +650 mV. 
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Figure 6.4. Derjaguin-Landau-Verwey-Overbeek (DLVO) forces (𝐹𝐷𝐿𝑉𝑂) between 

the pristine graphene and the two different nanoparticles for different volume 

concentrations; repulsive 𝐹𝐷𝐿𝑉𝑂  for alumina nanoparticles and attractive 𝐹𝐷𝐿𝑉𝑂 

for silica nanoparticles. 
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Figure 6.5. Schematic illustration of nanoparticle behavior at the LG and SL 

interfaces of a nanofluid droplet. Alumina and silica show opposite DLVO 

interactions with the pristine graphene surface due to the opposite sign of their 

surface potentials. 
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Chapter 7  

Summary and Conclusion 

 

The wetting of nanofluids on CVD-synthesized pristine graphene surfaces is 

comparatively investigated for two different nanoparticles with opposite surface 

potentials: 45 nm alumina (Al2O3) nanoparticles with +53 mV and 28 nm silica (SiO2) 

nanoparticles with -45 mV. The measured wetting angles of both nanofluids on the 

pristine graphene surface show notably different dependencies on the nanoparticle 

volume concentration. The wetting angles of the alumina nanofluids show a gradual 

increase with increasing concentration; however, those of the silica nanofluids show 

first an increase, then a nearly constant angle beyond 1.25% concentration. The 

quantitative analysis of three-phase interfacial energy correlations shows that for 

both nanofluids, their surface energies at the LG interface (𝛾𝐿𝐺) quickly reach their 

“saturated” values at a very low concentration of nanoparticles. In contrast, the 

surface energies at the SL interface (𝛾𝑆𝐿) show different dependencies for the two 

nanofluids: while 𝛾𝑆𝐿  of alumina nanofluids consistently increases with 

concentration, 𝛾𝑆𝐿  of silica nanofluids reaches the saturated level at a relatively 

lower concentration. Also, fictitious “pseudo” nanofluid modeling indicates that 

significantly more nanoparticles can congregate at the SL interface than at the LG 
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interface. These findings support the predominant effect of 𝛾𝑆𝐿  on nanofluid 

wetting, which also manifests the importance of 𝐹𝐷𝐿𝑉𝑂  at the SL interface. The 

calculated 𝐹𝐷𝐿𝑉𝑂 shows that alumina nanoparticles are under repulsive force from 

the pristine graphene, while silica nanoparticles are under attractive force to the 

graphene surface due to their opposing negative potential. Furthermore, the 

magnitudes of 𝐹𝐷𝐿𝑉𝑂  for both nanofluids decrease with increasing volume 

concentration. For the alumina nanoparticles, the magnitude of the repulsive 𝐹𝐷𝐿𝑉𝑂 

decreases with increasing concentration, which drives further aggregation of 

nanoparticles at the SL interface and the continual increase of 𝛾𝑆𝐿 with increasing 

nanoparticle concentration. For the silica nanoparticles, the attractive 𝐹𝐷𝐿𝑉𝑂 also 

decreases with increasing concentration; however, this slows down the nanoparticle 

aggregation at the SL interface and therefore slows down the rate of increase of 𝛾𝑆𝐿 

as well, which eventually reaches its saturated level. The contact angle behaviors of 

both nanofluids are fairly well elaborated, showing consistency with the variations 

of 𝛾𝑆𝐿 as well as 𝐹𝐷𝐿𝑉𝑂. These findings on the wettability of pristine graphene will 

facilitate the knowledge base for future applications of nanofluids on graphene 

surfaces considering opposite surface potentials of the suspended nanoparticles.  
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Appendix  

A. Uncertainty Analysis for DLVO Force 

The DLVO force can be calculated from below equation. 

 

𝐹𝐷𝐿𝑉𝑂(𝑑𝑝, 𝛾𝑠, 𝛾𝑝, 𝑛, 𝑧, 𝑇, 𝜅−1) = 𝐹𝑒𝑙𝑒𝑐 + 𝐹𝑣𝑑𝑤 

 

where 

 

𝐹𝑒𝑙𝑒𝑐 = −
128𝜋𝑑𝑝𝛾𝑠𝛾𝑝𝑛𝑘𝐵𝑇𝜅−1

2
exp (−

𝑧

𝜅−1
) 

And 

 

𝐹𝑣𝑑𝑤 =
1

12
𝐴𝑑𝑝

3
𝛼𝑟𝑡𝑑

𝑧2(𝑧 + 𝑑𝑝)2
 

 

The Klein-McKlintock uncertainty is given by; 

∆𝐹𝐷𝐿𝑉𝑂 = [(
𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝑑𝑝
∆𝑑𝑝)2 + (

𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝛾𝑠
∆𝛾𝑠)2 + (

𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝛾𝑝
∆𝛾𝑝)2 + (

𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝑛
∆𝑛)2

+ (
𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝑇
∆𝑇)2 + (

𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝑧
∆𝑧)2 + (

𝜕𝐹𝐷𝐿𝑉𝑂

𝜕𝜅−1
∆𝜅−1)2]

1/2
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By calculating the partial derivatives of each terms and insert the uncertainty of each 

parameters, uncertainty of the results can be derived. The error in diameter for both 

nanoparticles is given as ±5% from the manufacturer. For the surface potential of 

graphene, ∆𝛾𝑠  is estimated to ± 0.01 at 297K. The ∆𝛾𝑝  for the alumina 

nanoparticles is estimated to ±0.05, while ∆𝛾𝑝 for silica nanoparticles is estimated 

to ±0.03. The number density of counterions, ∆𝑛 for each volume concentration 

can be estimated from the error in pH, ±0.05. For the alumina nanofluids, ∆𝑛 is 

estimated to ±3.31×1021 m-3
, ±1.58×1021 m-3

, ±1.26×1021 m-3
, and ±6.17×1020 

m-3
 from the 0.1% to 10% volume concentration. For the silica nanofluids, ∆𝑛 is 

estimated to ±1.09×1022 m-3
, ±7.77×1021 m-3

, ±4.9×1021 m-3
, and ±2.4×1021 m-3

 

from the 0.1% to 10% volume concentration. At room temperature, the ∆𝑇  is 

estimated to ±0.5 K. For the interparticle distance, z, is also estimated to ±5% for 

each volume concentration. ∆z of alumina nanofluids is estimated to ±15.8 nm, 

±5.6 nm, ±3.3 nm, ±1.6 nm for the four concentrations, while ∆z  of silica 

nanofluids is estimated to ±9 .9 nm, ±3.5 nm, ±2  nm, ±1  nm. Finally the 

uncertainty of debye length, ∆𝜅−1, is estimated to ±0.5 m from the uncertainty in 

pH. 

 

 

 

 



 

 58 

화학 증기 증착법으로 합성된 

그래핀 위에서의 나노유체의 젖음 

 

서울대학교 대학원 

기계항공공학부  

멀티스케일 기계설계전공 

이 우 림 

 

초  록 

 

반대 전하를 가지는 두 종류의 나노유체와 그래핀 사이의 젖음을 

실험적으로 비교하기 위해 그래핀 위에서의 나노유체 접촉각을 

측정하였다. 실험에는 +53 mV의 양전하를 가지는 평균 지름 45 nm의 

알루미나 나노입자와 -45 mV의 음전하를 가지는 평균 지름 28 nm의 

실리카 나노입자를 이용하여 합성된 두 가지 나노유체를 이용하였다. 

표면이 탄화수소로 오염된 그래핀의 경우 실험에 활용한 나노입자의 

부피농도 범위(0% ~ 10%) 내에서는 나노입자의 종류에 관계없이 항상 
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90°에 가까운 접촉각을 가지며 약한 소수성을 보였다. 오염되지 않은 

순수 그래핀의 경우 나노입자의 종류에 따라 나노유체의 부피농도에 

따른 접촉각의 변화가 다르게 나타났다. 알루미나 나노유체의 경우 

부피농도가 증가함에 따라 접촉각이 50° 에서 70° 정도로 계속해서 

증가한 반면, 실리카 나노유체의 경우 부피농도에 따라 접촉각이 점점 

증가하다가 부피농도가 1%정도 일 때 더 이상 증가하지 않았다.  

접촉각 실험결과를 바탕으로 계면에너지를 계산한 결과 액체-기체 

계면에너지는 낮은 부피농도에서 포화상태에 이른 반면, 고체-액체 

계면에너지는 나노입자의 종류에 따라 다른 경향을 보였다. 이는 액체-

기체에서 나노입자의 응집이 빠르게 포화상태에 이르기 때문이다. 

가상의 나노유체 방울 모델을 통해 유체 내에서 나노입자들이 액체-

기체 계면보다는 고체-액체 계면에 더욱 많이 분포한다는 것을 보였다. 

이러한 결과들은 나노유체의 접촉각은 액체-기체 계면보다는 고체-

액체 계면에서의 나노입자의 응집으로 결정될 것임을 시사한다. 

고체-액체 계면에서의 나노입자의 행동을 확인하기 위해 

나노입자와 그래핀간의 DLVO 힘을 계산하였다. 음의 표먼전하를 

가지는 알루미나 나노입자는 그래핀과의 척력을 나타냈으며, 양의 

표면전하를 가지는 실리카 나노입자는 인력을 나타냈다. 또한 두 

나노입자 모두 부피농도가 증가함에 따라 DLVO 힘의 크기가 
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감소하였다.  

알루미나 나노유체의 경우 부피농도 증가에 따라 약해지는 척력이 

고체-액체 계면에서의 나노입자의 응집을 보다 원활하게 하며 

결과적으로 고체-액체 계면에너지가 증가하게 된다. 반면 실리카 

나노유체의 경우 부피농도 증가에 따라 약해지는 인력이 고체-액체 

계면에서의 나노입자의 응집 정도를 약하게 하며, 이로 인해 고체-액체 

계면에너지의 증가율이 감소하다가 특정 값의 포화상태에 이른다. 

각각의 나노유체의 접촉각은 위에서 묘사한 고체-액체 계면에너지와 

매우 유사하게 변한다. 따라서 나노유체의 접촉각의 부피 농도에 따른 

변화는 DLVO 힘에 의해 결정된다고 할 수 있다. 

 

주요어 : CVD 그래핀, 나노유체, 젖음성, DLVO 힘, 접촉각, 표면전하 

학번 : 2014-21572 
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