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droplet) is ~0.5 which is similar to the experiments. (b) The friction force distribution for 
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the graphene protected, corrosion resistant hydrophobic copper surface. The graphene is 

wetting transparent and thus does not disturb the intrinsic hydrophobicity of the 
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electron microscopy images of the edge region of the WS2 film. (d) Atomic force 

microscopy line scan showing the height of the WS2 monolayer film as ~ 1 nm. .......... 56 
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graphene-lithium composite cathodes. (f) Image of 20 mAh pouch cell built using 

graphene based electrodes powering an LED. Electroplating offers a drastic reduction in 

production time, leading to faster processing for industrial scale electrodes, with high 

achievable mass loadings. Flexibility with lateral dimensions enables device scale 
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ABSTRACT 

This work deals primarily with the wettability of 2-dimensional nanomaterials 

including graphene and transition metal dichalcogenides, such as WS2 and MoS2. The 

understanding developed through various experiments is subsequently applied to enable 

novel technologies using these materials.  

Graphene is first investigated for its notable wetting transparency effect. Water 

droplets have been found to actually “see-through” extremely thin monolayers of carbon 

atoms draped over a planar surface, with the wetting behavior being influenced by the 

underlying substrate. This interaction is dependent on the surface chemistry of the 

support layer, in addition to its morphology. Subsequently, the effect of graphene 

coatings on roughened architectures is studied. Rough and porous substrates often entrap 

air-pockets that make them water repellent or hydrophobic. Sheer graphene monolayers 

that are draped over rough nanostructures are found to be useful in terms of lowering 

surface friction, thus leading to enhanced droplet mobility. However, non-conformal 

coatings are found to limit the water contact angle by blocking pores and roughness 

features that provide water repellency in the first place. This is not the case with a 

conformal graphene coating though, which improves chemical stability while maintain-

ing its wetting transparent nature at a local level. Thus, highly hydrophobic surfaces may 

be created and passivated with the use of atomically thin graphene sheets, enabling a 

host of applications such as water condensation, electrowetting and nanofluidics. 

The work then goes on to discuss how 3-dimensional graphene macrostructures may 

be synthesized and used as superhydrophobic foams that exhibit water contact angles 

greater than ~150°. These foams were found to maintain the superhydrophobic state 

even under harsh conditions such as droplet impact, and water droplets were found to 

rebound off the surface. This is attributed to the robust and elastic nature of graphene 

foams assembled in a 3-dimensional architecture.  

Having characterized the behavior of graphene, monolayer transition metal dichal-

cogenides are investigated next. These 2D layered materials are very intriguing, given 

their direct band-gap and interesting optical and electronic attributes. Studying their 

wetting behavior led to the understanding that simple continuum models that predict 

wetting opacity for these monolayers are not entirely accurate. The transparency effect is 
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observed with WS2 and MoS2 monolayers exhibiting partial wetting transparency. 

Observed water contact angle values for monolayers were ~82°, with bulk samples 

following the theoretically predicted values more closely at around ~90°. Furthermore, it 

is found that the substitution of chalcogen atoms (S) with their more hydrophilic coun-

terparts such as oxygen, could allow for the development of micro-patterned arrays with 

specific hydrophilic/hydrophobic regions. 

The last chapter focuses on using wetting science to predict the behavior of these 

nanosheets and apply these concepts towards the development of real world applications. 

First, graphene sheets are functionalized to enhance dispersibility in semi-synthetic and 

plant derived cutting oils, and improve their performance in micro-machining environ-

ments. Using graphene sheets as an additive mitigates high cutting forces and 

temperatures.  

Finally, the role of graphene electrodes in next-generation energy storage devices is 

discussed. Although, there is intense research activity with respect to the performance of 

graphene-based electrodes, the scalability of nanomaterials is a major roadblock to 

commercial applications. A novel electrodeposition technique is developed, that utilizes 

the behavior and surface charge of functionalized graphenes in aqueous environments to 

enable rapid, scalable production of graphene macrostructures. Electrode materials were 

synthesized using this process and initially tested as anodes in lithium-ion batteries. 

Furthermore, graphene-lithium composite electrodes are also synthesized using these 

materials, enabling the realization of a unique All-Carbon chemistry for lithium-ion 

cells. These electrodes have extremely high power densities of ~30 kW/kg, allowing 

rapid charge and discharge, while providing high energy densities of ~650 Wh/kg. 

Maintaining these attributes, achieved through the nanoscale dimensionality of graphene, 

is a challenge when scaling the thickness and areal mass loading to industrially desirable 

levels of ~ 5 mg /cm2. Electrodeposition of graphene-based materials is demonstrated as 

an industrially viable process that allows for quick build-up in thickness, facilitating 

higher mass loadings, while the retaining the critical performance parameters. 
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1. Introduction 

This work attempts to understand the intrinsic wetting behavior of 2-dimensional 

nanomaterials such as graphene and transition metal dichalcogenides, and eventually 

apply those concepts towards the development of practical applications. Since the 

discovery of graphene in 2004 by Andre Geim and Konstantin Novoselov, various forms 

of monolayer and multilayer graphene have been described in literature1-4. The na-

noscale dimensions bring a wide array of distinct advantages such as high specific 

surface area, chemical stability, mechanical strength, high thermal and electrical conduc-

tivity, optical transparency and a tunable bandgap5-8. 2-dimensional nanomaterials have 

since expanded in scope to include transition metal dichalcogenides that have unique 

electronic and optical attributes that stem from a direct band-gap, which is absent in 

graphene9-10. 

1.1 Objectives of this Study 

Understanding wetting phenomena and the molecular interactions of liquids with 

these 2-dimensional nanomaterials is critical information for engineers developing 

various technologies. The wettability of a nanomaterial significantly impacts its applica-

bility in any field. The synthesis of composites, creating lubricant additives, casting 

films or coatings and even deposition processes such as printing or spraying require the 

creation of stable dispersions to enable production at meaningful scales11-14. Nano-

materials must be manipulated and assembled into macro-scale structures without 

compromising on their nanoscale advantages. The agglomeration of nanosheets within a 

dispersion leads to the manifestation of bulk characteristics, which degrades the final 

performance in any potential application. Developing processing techniques that are 

compatible with the basic wetting nature of these 2D layers is therefore crucial if we 

wish to leverage the tremendous potential nanoscale materials offer. 

In addition to developing wettable nanosheets for easier handling and synthesis, mo-

lecular interactions with liquids are also very important from a direct application 

perspective. Superhydrophobic surfaces that exhibit the “lotus leaf” effect by strongly 

repelling water droplets are very attractive for the development and realization of self-

cleaning surfaces, water harvesting technologies, protective coatings, and also nanofluid-
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ics and electrowetting applications15-18. Electrodes for energy storage applications need 

to be tailored for good electrolyte wettability since that improves electron transfer 

kinetics and reduces interfacial charge transfer resistance19-20. 

This work attempts to advance the fundamental understanding related to the interac-

tion of liquids at atomic scales with 2 dimensional nanomaterials. The applicability of 

these concepts to the development of various applications is also explored. First, the 

effect of substrate morphology on supported graphene’s wettability is thoroughly 

understood. In addition to flat planar surfaces, the behavior is also characterized with 

respect to roughened underlying substrates. Non-conformal graphene coatings were 

found to exhibit wetting opacity; whereas an in-situ conformal coating of graphene 

allows the monolayer to maintain wetting transparency, even for strongly hydrophobic 

surfaces. This proves useful in devices for condensation and water harvesting applica-

tions. Following the discussion on supported graphene, unsupported 3 dimensional 

macrostructures of porous graphene are synthesized and tested as elastic, super-

hydrophobic foams.  

Beyond graphene, Chapter 4 goes on to discuss another class of 2D layered nano-

materials that include transition metal dichalcogenides (TMD’s) such as WS2 and MoS2. 

Monolayers were shown to exhibit a certain degree of wetting transparency, in contrast 

with the predictions of simple continuum models. The effects of aging and hydrocarbon 

contamination were also investigated. It is shown that clean (i.e. non-aged) monolayers 

of TMD’s are much more hydrophilic than previously thought. It is also shown, that by 

replacing sulfur atoms with oxygen atoms in the TMD lattice, patterned hydro-

philic/hydrophobic regions may be created, facilitating the formation of micro-drop 

arrays during condensation and water evaporation experiments. 

Chapter 5 focuses on the development of two diverse applications using knowledge 

about their wetting behavior. First, few-layered graphene is used as an additive to enable 

sustainable, plant-derived metal cutting oils. Stable dispersions are created using func-

tionalized graphene sheets that avoid agglomeration in canola oil. In the second 

subchapter, electrode materials for energy storage devices are synthesized. Freestanding, 

3-dimensional, porous graphene networks are produced using an electrodeposition 

approach. Upon photothermal reduction, the graphene networks produced are found to 
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exhibit enhanced electrolyte wettability and faster lithium ion diffusion. Nanomaterial 

processing techniques are developed by taking advantage of the 2-dimensional atomic 

crystals wetting behavior in aqueous environments. This led to the invention of a novel 

manufacturing technique that supports nanomaterial assembly into macrostructures, 

paving the path towards commercialization.  
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2. The Wetting of Supported Graphene 

2.1 Graphene on Flat Surfaces 

In 2012, our group published a report on the “wetting transparency” of graphene1. 

Since it is extremely difficult to measure the wetting contact angle for a single layer of 

graphene in isolation, this work focused on how graphene behaves when placed on flat 

surfaces with different wetting characteristics. It was demonstrated that a single layer of 

graphene is transparent to water droplets and does not disrupt the intrinsic wetting 

behavior of the underlying substrate in certain situations. Such transparency for any 

material had never been reported before and was a unique observation in the field of 

wetting. When the water-substrate interaction is dominated by Van Der Waals forces 

such as in the case of silicon, gold and copper, a graphene monolayer allows for cross 

talk between the water and substrate. Van Der Waals forces usually vanish quickly over 

long distances; however the extreme thinness of a graphene monolayer (~0.34 nm) 

allows water molecules to interact with the underlying surface. In the case of short-range 

chemical bonding, such as water-glass interfaces, graphene disrupts the wetting behavior 

significantly since it prevents this chemical interaction. 

Water contact angles (WCA) were used to quantify the wettability of these surfaces. 

The contact angle of a droplet is defined as the angle between the solid-liquid interface 

line and a tangential line moving along the liquid-vapor interface, beginning at the edge 

of the droplet. When the wetting of a surface is favorable water droplets will spread out 

on the surface and contact angle will be low. Surfaces with WCA below 90° are consid-

ered hydrophilic while those with WCA above 90° are termed hydrophobic. A higher 

contact angle is observed when wetting is unfavorable, causing the fluid to minimize its 

contact with the solid surface. 1 

  

                                                 
Portions of this chapter previously appeared as: Singh, E. et al. Graphene Drape Minimizes the Pinning 

and Hysteresis of Water Drops on Nanotextured Rough Surfaces. ACS Nano 7, 3512-3521 (2013). 
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The transparency effect was experimentally demonstrated by coating a graphene 

monolayer on silicon (Si) and ~300 nm thick gold (Au) film on Si. As shown in Figure 

1(a), the baseline contact angles are ~32.6° and 77.4°. A graphene monolayer results in 

just 1-2% increase in the contact angle implying that interaction of water molecules with 

the substrate is still taking place. The effect of coating thickness is clearly seen in Figure 

1(b) by covering copper with single and multilayer graphene. Bare copper has a contact 

(b) (a) 

(c) 

Figure 1 – Wetting transparency of graphene. (a) Water contact angle measurements for Si and Au 

substrates with and without monolayer graphene deposition. The intermediate graphene layer does 

not have a significant impact on the baseline wettability of the under underlying substrate. (b) 

Water contact angle measurements on Cu substrates with varying number of graphene layers. 

There is < 0.7% change in contact angle of the Cu substrate due to the presence of monolayer 

graphene. Beyond 4 graphene layers there is a sharp decrease in the wettability with the water 

contact angle finally saturating at the bulk graphite value for greater than 6 graphene layers. (c) 

Water contact angle measurements on glass with varying number of graphene layers. The wetting 

transparency effect of monolayer graphene that was seen for copper, gold and silicon is not ob-

served on the glass substrate.  

Reprinted by permission from Macmillan Publishers Ltd: Nature Materials “Rafiee, J. et al. Wetting 

transparency of graphene Nat. Mater. 11, 217-222 (2012)”, Copyright © 2012. 

http://www.nature.com/nmat/index.html
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angle of ~85.9° and it rises by ~0.7% to 86.2° when coated with single layer graphene. 

With 2-3 layers the value rises gradually to ~86.6°. With 4 layers and more there is a 

dramatic increase to ~88.3° and by 6 layers the contact angle approaches ~90.6°, the 

bulk value for graphite. These results indicate that a monolayer of graphene is transpar-

ent to the substrate’s effect on water molecules. 

Interestingly, the transparency effect does not extend to situations where the wetting 

is dominated by short-range chemical interactions such as hydrogen bonding. When 

glass (SiO2) was coated with graphene the contact angle changed pretty significantly as 

is seen in Figure 1(c). Bare glass with no graphene was cleaned by piranha etching and 

the water contact angle was observed to be ~20.2. A monolayer of graphene results in a 

sharp increase to ~48.1 with multiple layers bringing it up to ~94.  Theoretical calcula-

tions and molecular dynamics simulations confirmed these experimental observations. 

Soon after this study, Strano and Blankschtein looked at this behavior in greater detail 

and reported other situations where the wetting transparency breaks down2. Notably, this 

occurred on superhydrophilic surfaces, where interaction was dominated by chemical 

bonding, as well as on superhydrophobic surfaces.  In the superhydrophobic case they 

demonstrate that the graphene itself limits the maximum possible contact angle when 

covering a superhydrophobic surface, since water molecules are attracted more to carbon 

atoms than the underlying substrate. It is akin to decoupling graphene from its substrate 

and capturing the 2D sheets intrinsic wetting behavior by forcing the water molecules to 

interact only with carbon atoms. This prompted the question of how wetting behavior 

would be impacted if graphene sheets were draped on a nanotextured rough surface.  
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2.2 Non-Conformal Coating of Graphene on Rough Surfaces 

2.2.1 Introduction 

Previous studies of the interaction of water with graphene-coated surfaces have been 

limited to flat (smooth) surfaces.  Here we created a rough surface by nano-patterning 

and then draped the surface with a single-layer graphene sheet3. We found that the ultra-

sheer graphene drape prevents the penetration of water into the textured surface thereby 

drastically reducing the contact angle hysteresis (which is a measure of frictional energy 

dissipation) and preventing the liquid contact line from getting pinned to the substrate. 

This has important technological implications since the main obstacle to the motion of 

liquid drops on rough surfaces is contact angle hysteresis and contact line pinning.  

Graphene drapes could therefore enable enhanced droplet mobility, which is re-

quired in a wide range of applications in micro and nano-fluidics. Compared to polymer 

coatings that could fill the cavities between the nano/micro pores or significantly alter 

the roughness profile of the substrate, graphene provides the thinnest (i.e. most sheer) 

and most conformal drape that is imaginable. In spite of its extreme thinness, the gra-

phene drape is mechanically robust, chemically stable and offers high flexibility and 

resilience which can enable it to reliably drape arbitrarily complex surface topologies. 

Graphene drapes may therefore provide a hitherto unavailable ability to tailor the 

dynamic wettability of surfaces for a variety of applications. 

The motion of water drops on solid surfaces is required in many applications includ-

ing lab-on-chip devices, bio-medical applications, high throughput assays, surfaces for 

drop-wise condensation, water harvesting, low-friction coatings, self-cleaning and anti-

fouling surfaces4-6. The key to successfully moving water drops on surfaces is to reduce 

the adhesion of water with the surface. This can be achieved by tailoring the chemistry 

of the surface or its roughness7-8. Many studies have utilized micro or nanoscale surface 

roughness features to entrap air pockets underneath the water droplet9-10. Under static 

conditions such surface roughness features are effective in supporting the water drop in a 

suspended (Cassie) state11, which results in weak surface adhesion. However under 

dynamic conditions (e.g. droplet motion or impact), water drops can possess sufficient 

kinetic energy to penetrate into these roughness features and force out the entrapped air; 

this is called the Wenzel State12. Such Cassie-to-Wenzel state transition pins the drop to 
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the surface and generates large differences between the advancing and receding water 

contact angles (contact angle hysteresis), which is a measure of the friction at the drop-

let-substrate interface. Here we show using both experiments and modeling that droplet 

pinning and contact angle hysteresis on rough surfaces can be dramatically reduced by 

draping an ultra-thin and flexible monolayer graphene sheet over the surface. This has 

important implications for the design of ultra-thin and minimally invasive coating 

materials that enhance droplet mobility on textured (rough) surfaces. 

2.2.2 Graphene Draped Nanostructures 

The nano-textured (rough) surface in our study is comprised of an aligned array of 

Copper (Cu) nanorods (Figure 2 – Characterization of Cu nanorods surface with and 

without the graphene drape. (a) Scanning electron micrograph (SEM) of the aligned 

array of Cu nanorods deposited on a flat Si wafer by oblique angle sputter deposition. (b) 

Corresponding image of the same Cu nanorods surface after it has been draped with a 

single-layer graphene sheet. (c) Top view SEM image of the Cu nanorods surface. The 

darkened region represents the portion of the array that is draped while the lighter region 

is the undraped portion. (d) Typical Raman spectra of the graphene drape showing the 

Raman G (~1584 cm-1) and 2D (~2685 cm-1) band peaks that are characteristic of 

monolayer graphene. Note the strongly suppressed defect related D peak (~1350 cm-1) 

that indicates high quality graphene.) that are deposited on a flat silicon wafer using 

oblique angle sputter deposition (Materials and Methods) 13-14. The average height of the 

Cu nanorods is ~200 nm, with a maximum diameter of ~50 nm (at the fanned out section 

at the top) and a minimum diameter of ~20 nm (at the base). The average wall-to-wall 

spacing between the Cu nanorods is ~30 nm (Figure 2c). The water contact angle for the 

Cu nanorods surface can be predicted by using the well-established Cassie and Baxter 

equation31. , where o is the contact angle on a flat Cu surface, 

c is the apparent contact angle and f is the porosity, expressed as the projected area of 

the solid-liquid contacts divided by the total projected area of the droplet.  

Based on image analysis from SEM observations (Figure 2c), the porosity, f = 0.54. 

The water contact angle measured on a flat Cu film (o) deposited under the same 

conditions as the Cu nanorods was ~86. Note that a pristine (perfectly clean) Cu surface 

1)1(coscos  oc f 
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should show zero water contact angle15 but in practice formation of passivation layers16 

(typically CuO and Cu2O) result in larger contact angles. By substituting o = 86 for 

Cu, we get a predicted water contact angle, c of 115.24 for the Cu nanorods array, 

which shows good agreement with the experimental static water contact angle value 

which was ~114 ± 2 degrees. This confirms that when water droplets are gently released 

on the surface of the Cu nanorods array, they lie in the suspended Cassie state due to the 

entrapped air pockets formed within the porous Cu nanorod network. 

Next, we draped the Cu nanorods surface with a monolayer graphene sheet as indi-

cated in Figure 2b. We synthesized monolayer graphene by chemical vapor deposition 

(CVD) on Cu foils using methane as the feedstock16 (Materials and Methods). After 

growth, a thin poly-methyl-methacrylate (PMMA) film was coated on the graphene/Cu 

substrate. The Cu substrate was etched in dilute ammonium persulfate (0.25 M), and the 

graphene/PMMA film was transferred onto the Cu nanorods array.  

(b) (a) 

(c) (d) 

Figure 2 – Characterization of Cu nanorods surface with and without the graphene drape. (a) 

Scanning electron micrograph (SEM) of the aligned array of Cu nanorods deposited on a flat Si 

wafer by oblique angle sputter deposition. (b) Corresponding image of the same Cu nanorods 

surface after it has been draped with a single-layer graphene sheet. (c) Top view SEM image of the 

Cu nanorods surface. The darkened region represents the portion of the array that is draped while 

the lighter region is the undraped portion. (d) Typical Raman spectra of the graphene drape 

showing the Raman G (~1584 cm-1) and 2D (~2685 cm-1) band peaks that are characteristic of 

monolayer graphene. Note the strongly suppressed defect related D peak (~1350 cm-1) that indicates 

high quality graphene. 
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The scanning electron microscopy (SEM) image in Figure 2b shows a typical image 

of the Cu nanorods surface draped with a monolayer graphene sheet. The graphene drape 

uniformly covers the entire surface and there is no indication of any cracks or tears in the 

drape. The extreme thinness and flexibility of the drape also enables it to conform to the 

surface topology of the Cu nanorod tips. A typical top view SEM image of the graphene 

draped Cu nanorods surface is shown in Figure 2c. The contrast between the portion of 

the surface that is draped by the monolayer graphene and the part that lies exposed is 

evident. To confirm that the graphene that we are using is monolayer, we used Raman 

spectroscopy to measure the characteristic Raman G, and 2D bands (Figure 2d). The 

ratio of the integrated intensity of the Raman G and 2D peaks (~0.4), the position of the 

2D peak at ~2685 cm-1 and the full width at half maximum (~32 cm-1) of the 2D peak 

are all consistent with the literature for single-layer graphene grown by chemical vapor 

deposition on Cu foils.    

2.2.3 Water Contact Angle Measurements 

Advancing and receding water contact angle measurements were performed using a 

500-F4 Rame-Hart goniometer for images and the low-bond axisymmetric drop shape 

analysis technique was used to determine the contact angles (Materials and Methods). In 

the experiments a ~1 l volume water drop was brought in contact with the surface and 

subsequently the volume of the drop was increased and then decreased to advance and 

retract the liquid front. This was repeated several times to check the reproducibility of 

the results. Figure 3a shows the advancing and receding conditions created by dispensing 

and retracting water at a rate of ~0.40 μl/s for the Cu nanorods surface with and without 

a monolayer graphene drape. It is evident that the graphene drape has a ‘dramatic’ 

influence on the receding liquid front. Without the drape the liquid front gets strongly 

pinned to the solid surface, which lowers the receding water contact angle to nearly zero 

degrees. By contrast with the drape, the water drop is no longer pinned and is able to 

retract freely on the surface (Figure 3a).  
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(c) 

(b) 

(a) 

Figure 3 – Contact angle hysteresis measurements. (a) Images of advancing and receding water 

drops on the Cu nanorods surface with and without the graphene drape. (b) Advancing and 

receding water contact angles of the drop plotted vs. the number of graphene layers in the drape. (c) 

Measured contact angle hysteresis plotted vs. the number of graphene layers in the drape. 
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Additional measurements were performed by varying the number of graphene layers 

on the surface. For this multiple transfers were carried out to deposit bi-layer and then 

tri-layer graphene drapes on the Cu nanorods surface. The effect of the number of 

graphene layers in the drape on the advancing/receding contact angles is shown in Figure 

3b. The advancing contact angle of the baseline Cu nanorods surface (without the drape) 

is ~120°, while its receding contact angle is nearly zero degrees. With the monolayer 

graphene drape, the advancing water contact angle drops to ~102°. This shows that on 

such strongly hydrophobic surfaces, even a single graphene layer fails to exhibit the 

wetting transparency effect that has been reported on flat surfaces at lower contact 

angles [1].  This deviation from wetting transparency has been explained by Strano, 

Blankschtein and co-workers2 who showed that the water contact angle on an isolated 

mono-layer graphene sheet is ~96°. Consequently, the maximum contact angle that can 

be achieved on any graphene draped surface (including the Cu nanorods surface) will be 

limited to ~96. Since the advancing contact angle is typically several degrees greater 

than the static value, the ~102 advancing contact angle measured on the graphene-

draped Cu nanorods surface is therefore consistent with the ~96 static contact angle 

predicted in Reference 15. However the key observation from Figure 3b is that graphene 

draping results in a large increase in the receding water contact angle from nearly 0 

degrees to ~60. With increasing number of graphene layers in the drape (i.e. for bi-layer 

and tri-layer coatings) the advancing contact angle remains fairly constant at ~100, 

while the receding contact angle continues to increase to ~70º for bi-layer graphene and 

~80 for the tri-layer graphene drape. In figure 3c, we have plotted the contact angle 

hysteresis (which is the difference between the advancing and receding contact angles) 

vs. the number of graphene layers in the drape. The contact angle hysteresis falls sharply 

from ~120 for the baseline Cu nanorods surface to ~45 for the monolayer graphene 

drape and then continues to decrease with increasing number of graphene layers in the 

drape. For the tri-layer graphene drape, the contact angle hysteresis reduces to ~25º.  

The very high contact angle hysteresis observed for the baseline Cu nanorods sur-

face is caused by a Cassie-to-Wenzel state transition, which occurs when the volume of 

the liquid drop is being increased (i.e. during the advancing phase). This can be under-

stood by considering the critical pressure (Pc) required to transition the water drop from 
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the Cassie to the Wenzel state:  Here is the surface tension of 

water, L is the perimeter of the nano-pore formed between the Cu nanorods, A is the 

cross sectional area of the nano-pore and θo is the water contact angle of the pore walls 

(~86° for Cu). Since θo < 90º (i.e. cos(θo) > 0), the critical pressure is negative which 

implies that the Cassie state is inherently unstable, and therefore even a slight disturb-

ance to the liquid drop (during the advancing phase) will cause the water to penetrate 

into the pores formed between the Cu nanorods. The net result of this is that all the 

entrapped air pockets formed in the nano-textured surface are expelled and the liquid 

drop now resides in the sticky Wenzel state. The droplet contact line is therefore strongly 

pinned to the surface and when the drop is retracted the receding contact angle remains 

close to zero to ensure that the contact length between the water drop and the substrate 

remains essentially unchanged.  

Draping the Cu nanorods surface with a minimally invasive (ultra-sheer) but im-

permeable17 graphene sheet appears to prevent water penetration into the nano-pores in 

the Cu nanorods surface. Consequently the liquid drop remains suspended on the top of 

the graphene draped Cu nanorods surface which prevents the contact line from getting 

pinned to the substrate roughness features (this increases the receding contact angle by 

~60 compared to the undraped surface). With increasing number of graphene layers in 

the drape, the receding water contact angle continues to increase and the contact angle 

hysteresis decreases further as shown in Figure 3b-c. We find using AFM that there was 

no large change in the rms roughness values as a function of the number of graphene 

layers in the drape. In addition to roughness, contact angle hysteresis also depends on 

defects on the surface, which can pin the water contact line. When we transfer the first 

layer of graphene, damage (e.g. nm size holes or cracks) could be more easily induced 

since it comes in direct contact with the sharp Cu nanorod tips. Subsequent layers of 

graphene will be less defective post-transfer due to the cushioning effect of the underly-

ing sheets. 

A

L
P o

c




)cos(



 

     16 

2.2.4 Droplet Impact Experiments 

Droplet impact tests were also performed to evaluate the ability of the graphene 

drape to prevent Cassie-to-Wenzel state transition under impact conditions. Droplets as 

large as 1-2 ml were dropped on the samples from a fixed height using a microsyringe to 

impact the surface at velocities ranging from 50 to 70 cm/sec. A high-speed camera 

(PhantomV4) operated at 800 frames per second with ~80 μs exposure time was used in 

this study. Time lapse images for the relevant advancing and receding stages of the 

droplets are shown in Figure 4at an impact velocity of ~60 cm/sec. For the baseline (i.e. 

undraped) Cu nanorods surface (Figure 4a), the droplet first deforms and flattens into a 

pancake shape (this is the advancing phase). However during the retraction phase the 

droplet gets strongly pinned to the substrate. This is evident in Figure 5a where we plot 

the real-time contact length of the droplet normalized by the equilibrium contact length 

of the same drop. The equilibrium contact length is measured after the drop is no longer 

in motion and has fully settled on the solid surface. Figure 5a indicates that without the 

drape the droplet expands to a maximum size (normalized contact length = 1.0) which 

occurs at ~1.25 ms (which is the end of the advancing phase), but then at subsequent 

times the non-dimensional contact length remains fixed at ~1.0 and does not reduce 

which confirms that the droplet is now pinned. By contrast on the Cu nanorods surface 

with the monolayer graphene drape (Figure 4b) the droplet spreads into a pancake shape 

but then retracts fully (see time= 12.5 ms in Fig. 4b) and does not get pinned to the 

substrate. In fact the contact line continues to advance and retract for several cycles as 

indicated by the sinusoidal fluctuations in the non-dimensional contact length of the drop 

(Fig. 5a); these oscillations persist for over 25 ms as opposed to ~1.25 ms for the base-

line (undraped) Cu nanorods surface. 
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(b) 

Figure 4 – Droplet impact experiments. (a) Snapshots of a water droplet impacting the baseline Cu 

nanorods surface at a velocity of ~60 cm/sec. The droplet spreads into a pancake shape as its kinetic 

energy is converted into elastic strain energy in the drop, however during the receding phase, the 

water contact line gets strongly pinned to the substrate, which results in large contact angle 

hysteresis. (b) Corresponding real-time snapshots of a similar sized water droplet striking the 

surface of the graphene draped Cu nanorods surface at a velocity of ~60 cm/sec. In this case the 

droplet contact line does not get pinned to the surface and extends/contacts periodically as the 

droplet repeatedly advances and then recedes on the graphene draped surface. 

(b) 

(a) 
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The droplet impact phenomenon was studied in further detail by plotting the dynam-

ic contact angle against time as shown in Figure 5b. For the baseline Cu nanorods 

surface the dynamic contact angle decreases rapidly from ~120 during the short-lived 

advancing phase to 0 degrees during the retraction of the drop. Subsequently the dynam-

ic contact angle fluctuates as the pinned drop pulsates on the surface and settles to a 

value of ~40. When the surface is draped with graphene, the initial dynamic contact 

angle is again ~120, but this time the water contact angle never drops below ~60 even 

during the retraction phase and continues to oscillate for a prolonged time period as the 

droplet vibrates freely (no pinning) on the graphene draped surface. We fitted the results 

for the dynamic contact angle shown in Figure 5b to an exponentially decaying sinusoi-

dal function expressed as: , where is the damping ratio which quantifies 

the energy dissipation, is the oscillation frequency, t is time and A is the initial ampli-

tude of the contact angle fluctuation. The measured damping ratio (of the bare Cu 

nanorods surface was ~0.164 which reduces to ~0.034 when a monolayer graphene 

drape is placed over the surface. This indicates that the energy dissipation is ~382% 

greater when the water droplet is impacted on the baseline Cu nanorods surface as 

compared to the corresponding graphene draped surface. Note that the decay in the 

oscillation amplitude of the dynamic contact angle (as in Figure 5b) reflects the energy 

dissipated at the interface as well as in the bulk liquid droplet. To focus more narrowly 

on the liquid-solid interface, we investigated the damping ratio measured with respect to 

the oscillations in the non-dimensional contact length. From the time traces in Fig. 5a, 

we conclude that the Cu nanorods surface is over-damped ≥  since no oscillations 

were observed), while the graphene draped surface gave a damping ratio ( of ~0.072. 

Therefore for the liquid-solid interface, the graphene draped surface exhibits over an 

order of magnitude less frictional energy dissipation as compared to the baseline Cu 

nanorods surface.  
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(a) 

(b) 

Figure 5 – Non-dimensional drop contact length and dynamic contact angle during droplet impact. 

(a) Non-dimensional contact length (defined as the real-time contact length at the drop/substrate 

interface normalized by the final equilibrium contact length) plotted vs. time after impact. (b) 

Dynamic water contact angle (obtained by averaging the instantaneous, real-time contact angles on 

the left and right contact lines of the droplet) plotted vs. the time after impact.   

(a) 

(b) 
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2.2.5 Molecular Dynamics Simulations 

 In order to better understand and interpret the experimental observations, we 

conducted molecular dynamics (MD) simulations to compute both the advancing and 

receding contact angles for a water droplet on a model nanotextured substrate with and 

without graphene draping. As a full MD simulation with the actual Cu nanorod dimen-

sions (~200 nm in height and ~50 nm in diameter) is beyond the current computational 

capability, we chose a rough Cu surface (with steps that are 1.5 nm long, 0.6 nm high, 

repeating with a periodicity of 3.0 nm) as the model nanotextured substrate. We setup 

the system in the following way. The size of the simulation box is 307.68 × 22.20 × 200 

Å3. This simulation box is designed to be thin-slab-like in the y-direction in order to 

avoid size-dependent contact angle due to line tension. Three-layered thick square-wave-

shaped features are constructed on top of the 9-layered Cu (111) slab. The graphene 

draping is placed at 2.8 Å away on top of the Cu substrate. The substrate (Cu and 

graphene) is kept rigid throughout the simulation. It has been shown that the water 

contact angle is almost identical on either rigid or flexible substrates28. 4000 water 

molecules were initially packed orderly on top of the substrate and then relaxed under 

constant temperature to form the droplet. We used the SPC/E model29 with slight 

modification for water-water interactions, which consists of Coulombic interactions 

between partial charges on O (-0.8476e) and H (+0.4238e) atoms, and an O-O Lennard-

Jones (LJ) interaction with εO-O = 0.6502 kJ/mol, σO-O = 3.166 Å and a cutoff of 10 Å. 

Harmonic bond and angle constraints are used to keep the O-H distance close to 1 Å and 

the H-O-H angle close to 109.47. LJ potentials are used for both C-O and Cu-O interac-

tions. The LJ parameters are determined as εC-O = 0.3975 kJ/mol, σC-O = 3.19 Å, εCu-

O = 0.7113 kJ/mol and σC-O = 3.19 Å to match the experimental contact angles for 

water/graphite and water/Cu.  

The system was equilibrated at 298 K for 2.4 ns to reach equilibrium under NVT 

ensemble with an integration step of 1 fs. The substrate is dragged towards the positive x 

direction with a constant velocity of 10 m/s. At the same time, the x-position of center of 

mass (COM) of the water droplet is held fixed. Moreover, the velocity of COM along the 

x direction is held at zero.  
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(b) 

Figure 6 – Molecular dynamics (MD) simulations. (a) A snapshot of a moving water droplet (the 

substrate is moving to the right) on a rough nano-textured Cu surface without a graphene drape 

(upper graph) and with a monolayer graphene drape (lower graph) during our molecular dynamics 

simulations. The porosity of the surface (projected area of the solid-liquid contacts divided by the 

total projected area of the droplet) is ~0.5 which is similar to the experiments. (b) The friction force 

distribution for water droplet on bare patterned copper (upper graph) and graphene-coated 

patterned copper (lower graph). 

(b) 

(a) 
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This simulation setup leads to a moving water droplet sliding on a substrate such 

that both the advancing and receding angles can be measured in the same molecular 

simulation. After the droplet reaches the steady shape, we acquire data using the next 2.4 

ns while the temperature is maintained at 298 K. We generated the equimolar contour of 

the droplet based on its time-averaged shape. The advancing and receding angles are 

then obtained by fitting the partial contours 10~20 Å away from the substrate. 

As shown in Figure 6a, the shape of the moving water droplet (the substrate is mov-

ing to the right) on the roughened Cu surface is significantly altered by the monolayer 

graphene drape. The simulations indicate that the moving water droplet fully wets the 

undraped (rough) Cu surface reaching the Wenzel state, which is consistent with exper-

imental observations. However, once it is draped by single-layer graphene, there is no 

indication of water penetrating into the surface. For the undraped (rough) Cu surface, the 

advancing angle (84) is very different from the receding angle (39). However, for Cu 

with graphene-draping, the advancing and receding angles are both close to ~103. Note 

that the MD simulations assume a perfectly flat (smooth) and defect-free graphene 

surface which leads to almost zero hysteresis. In the experiments, the hysteresis is larger 

because the graphene sheet is wrinkled (due to the transfer) and rough since it conforms 

to the topology of the sharp Cu nanorod tips. Wetting hysteresis can be correlated to the 

frictional force between the water droplet and the substrate. As shown in Figure 6b, the 

friction force (from the simulations) for water on the bare (i.e. roughened) Cu surface is 

~5 Kcal/mol/Å, while the friction force on the same surface after it has been draped by 

graphene is almost negligible. This observation agrees very well with our drop impact 

experiments (see Fig. 5) which indicated that the energy dissipation in the nano-textured 

rough surface (high friction) is up to an order of magnitude higher as compared to the 

corresponding graphene-draped surface (low friction). 

2.2.6 Materials and Methods  

Copper Nanorod Deposition: Copper nanorods were deposited using DC magne-

tron sputtering with an oblique angle flux incidence of ~85° with respect to the surface 

normal. The copper target was obtained from Plasmaterials, Inc. with a purity of 

99.999%. In order to deposit vertically aligned copper nanorods, the substrate was 
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mounted on a stepper motor and rotated at a speed of 30 rpm. Vertically aligned nano-

rods however show a significant fanning out of the structures which drastically reduces 

the porosity of the film. To reduce fanning out, the substrate rotation direction was 

changed periodically from clockwise to counter-clockwise and vice versa. Depositions 

were carried out at room temperature. A pre-sputtering stage in which the substrate was 

shielded from the flux by a manually controlled shutter was employed to remove possi-

ble contaminants from the copper target prior to the final deposition step. The deposition 

parameters used were: chamber base pressure of ~8×10-7 Torr, power of 200 W, an 

ultra-pure Ar working pressure of ~2.5 mTorr and Ar flow rate of 2.01 sccm. 

  

Graphene Synthesis: Single layer graphene was grown using chemical vapor depo-

sition on ~ 25 μm thick copper foils21; the growth procedure used was an optimized 

version developed for our specific furnace. An alumina boat was loaded with a 2 cm x 2 

cm copper foil which was placed in a 3 zone split tube furnace and pumped down to 2 

mTorr and then purged with argon twice. Hydrogen was set to a flow rate of 8 sccm 

which corresponds to a pressure of 120 mTorr.  The furnace was then ramped to 1020 °C 

in 30 minutes and the copper foils were then annealed at this temperature for 30 minutes. 

The graphene growth was initiated by turning on the methane (flow rate = 120 sccm) and 

this drove the pressure up to 1.2 Torr. After 20 minutes of graphene growth the furnace 

heaters were turned off and the lid was opened to cool the tube rapidly without turning 

off the flow of gases. After the tube cooled to ~ 400 °C the flowing hydrogen and 

methane was replaced by argon to purge the system till the sample temperature was 

reduced to the ambient. 

 

Graphene Transfer onto the Cu Nanorods: PMMA (dissolved in chlorobenzene @ 

50 mg/mL) was spin coated onto one side of the copper foil with graphene. The other 

side was etched with oxygen plasma to remove the graphene. The copper 

foil/graphene/PMMA stack was gently placed with the exposed copper side floating onto 

a solution of 0.25M ammonium persulfate (APS) to etch the copper. After 12 hours the 

graphene/PMMA stack was transferred to a fresh bath of 0.5M ammonium persulfate 

(APS) to ensure that the copper was completely etched. This graphene/PMMA stack was 
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transferred to DI water and washed gently by transferring it repeatedly into pure DI 

water baths. The graphene/PMMA stack was finally transferred onto the Cu nanorod 

surface gently to ensure no tearing of the graphene/PMMA stack and was dried in air; 

this allows the water to slowly evaporate without rupturing the graphene/PMMA stack. 

Next the Cu nanorod with graphene/PMMA was heated in an oven gradually to ~100 °C 

for 15 minutes to allow the PMMA to partially flow; this in turn enables the graphene 

sheet to attach itself to the Cu nanorods surface. This step proved to be critical as rapid 

heating damaged the graphene/PMMA stack while heating above 100 °C fused the Cu 

nanorods and completely modified the original surface. The Cu nanorod sample with 

graphene/PMMA was then gently dipped into acetone at 50 °C for 15 minutes to strip 

away the PMMA layer followed by dipping in ethanol to rinse any residue. The final 

step was air drying of the Cu nanorods surface draped with graphene. 

 

Raman Spectroscopy: The Raman spectrum for the sample was measured using a 

Renishaw Raman Scope 2000 which was equipped with 514 nm green laser and a 50x 

microscope objective lens. CVD grown graphene, from the same batch used for the 

‘graphene drape’, was transferred onto a silicon wafer with a 285 nm thick SiO2 layer to 

allow easy location and measurement of the Raman signal.  

 

Contact Angle Measurements: Static contact angle measurements as well as ad-

vancing and receding contact angle measurements were performed on a 500-F4 Ramé 

Hart goniometer. Images captured on the goniometer were analyzed using Low-Bond 

Axisymmetric Drop Shape Analysis (LB-ADSA) plugin on ImageJ software. For the 

droplet impact study, images were captured using a high-speed PhantomV4 camera at 

800 frames per second with an exposure time of 80 μs. Extremely low contact angles 

during the pancake phase had to be measured manually since the LB-ADSA plugin did 

not work at those values. An average value of the left and right side contact angles was 

taken in those cases. 

  



 

     25 

2.3 Conformal Coating of Graphene on Rough Surfaces 

2.3.1 Introduction 

The previous subchapters helped develop an understanding with respect to the wet-

tability of graphene on flat and rough surfaces. Flat surfaces were found to be wetting 

transparent under certain conditions. To investigate the effect of roughness, graphene 

films were draped over copper nanorods. This resulted in reduced surface friction that is 

experienced by water droplets moving over the substrate. Since such coatings are non-

conformal, the air gaps between the porous nanorods are sealed off by a flat graphene 

sheet resting on top of the copper nanorods. Thus the porosity of such a nanorod surface 

does not adversely affect the movement of water, since a Cassie to Wenzel state transi-

tion is prevented by the presence of an ultra-sheer graphene layer. The transparency of 

graphene in such a case was limited however. The maximum water contact angle in such 

a case is ultimately dictated by the graphene sheet (~100°), considering the water 

molecules will be attracted to the basal plane of carbon, even if the underlying substrate 

is significantly more hydrophobic. These experiments helped gain an understanding with 

respect to how graphene coatings affect the wetting properties for a surface with na-

noscale roughness features. It must be noted, that these coatings did not conformally 

follow the nanofeatures of the surface. 

 A study at the Graphene Research Center in KAIST18, in collaboration with our 

group, further developed this concept to produce a corrosion resistant water harvesting 

surface. The key innovation in this study was the “in-situ” growth of graphene which 

allows for a very conformal coating of the microscale and nanoscale roughness features. 

Copper oxide was electroplated in order to create a hierarchical roughness pattern. 

Copper provides the ideal substrate since it can be used as a catalyst for the CVD growth 

of graphene using methane and hydrogen, as discussed later in Materials and Methods. 

The electroplated copper oxide was reduced at a high temperature to form a roughened 

copper surface, that was found to be hydrophobic (WCA ~128°) The work focused on 

using graphene’s unique transparency effect in combination with this roughened under-

lying copper substrate to create a better surface for water harvesting. A conformal 

graphene coating helps protect the copper surface from corrosion during use and could 

potentially improve the performance and lifetime of water harvesting systems built using 
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this technology. The highly conformal nature of CVD grown graphene on the hierarchi-

cally rough microstructures and nanostructures allows the final surface to still exhibit 

several entrapped air pockets at these hierarchical scales. The sheer graphene coating 

protects the underlying copper substrate from corrosion and oxidation during usage. The 

improved chemical stability in addition to the extreme water repellency is a major 

advantage for any device with such wet operating conditions. 

2.3.2 Conformal Graphene Coatings via “In-Situ” Deposition 

A hydrophobic copper surface may be created by roughening it up and generating 

entrapped air pockets. Figure 7 shows a schematic that details steps involved in the 

fabrication process.  

 

Copper oxide is electroplated in order to create desired surface roughness features. 

An aqueous solution of ~0.06 M sulfuric acid (H2SO4) and ~0.08 M copper sulfate 

(CuSO4) is used at ambient temperature for this electroplating process. Copper oxide 

particles are deposited on the surface and end up generating a pattern with hierarchical 

Figure 7 – Monolayer graphene coating on hydrophobic electroplated copper substrate. (a) Flat 

Copper substrate. (b) Copper oxide grown on surface to create hierarchical roughness features. (c) 

Rough copper surface obtained after thermal annealing. (d) In-situ Chemical Vapor Deposition 

(CVD) used to grow monolayer graphene that provides a conformal coating for the hierarchical 

roughness features. (e) Water harvesting using the graphene protected, corrosion resistant hydro-

phobic copper surface. The graphene is wetting transparent and thus does not disturb the intrinsic 

hydrophobicity of the roughened underlying copper substrate 

Reprinted by permission: “Kim, G. T., Gim, S. J., Cho, S. M., Koratkar, N., & Oh, I. K. Wetting‐
Transparent Graphene Films for Hydrophobic Water‐Harvesting Surfaces. Adv. Mater. 26, 5166-

5172 (2014)”, Copyright © 2014 WILEYVCH Verlag GmbH & Co. KGaA, Weinheim18 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201401149/abstract
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roughness features. Following this, a thermal annealing step at ~850℃ is carried out. 

This step ensures that copper oxide particles are reduced to copper and that all the 

impurities are removed. Once the reduction is complete, graphene films are synthesized 

on this roughened copper surface using in-situ chemical vapor deposition. Methane and 

hydrogen are used as the hydrocarbon source for graphene growth at ~1000℃, while 

hierarchically rough copper structures act as the catalyzing surface19. Once the surface is 

covered with a layer of graphene, it is used in experiments to demonstrate the improve-

ment in performance and corrosion resistance for a water harvesting application. 

Figure 8 a, b, c and d are images taken using a scanning electron microscope (SEM) 

in order to understand the morphology and structure of the copper surfaces involved in 

this study. The authors designated baseline copper as Cu, electroplated copper as h-Cu, 

electroplated and thermally annealed copper as h-rCu, and electroplated and thermally 

annealed copper with graphene as h-Gr/rCu. This nomenclature is used to identify the 

different copper surfaces. As seen if Figure 8b, the morphology for the electroplated 

copper oxide surface (h-Cu) is very different from the baseline copper foil (Figure 8a). 

The surface exhibits a lot more roughness features that are hierarchical in nature. After 

the electroplating process, thermal annealing (Figure 8c) and CVD growth of graphene 

(Figure 8d) also introduce changes to the surface morphology. These processes are 

carried out at 850℃ and 1000℃ respectively. At such high temperatures the copper 

particles tend to melt and vaporize. Consequently, the quantity of copper was reduced 

significantly after these heating steps. In spite of the loss of mass, as well as some 

agglomeration of the copper particles with each other due to melting, both the h-rCu and 

h-Gr/rCu surfaces (Figure 8c and 8d) are dramatically rougher than the baseline copper 

foil (Figure 8a). Raman spectroscopy characterization helped confirm the presence of 

graphene on these surfaces following the CVD growth process. As a control, graphene 

was also grown on the baseline copper foil. The Raman spectra (shown in Figure 8e) for 

these graphene layers after transfer on to Si/SiO2 substrate shows very clear G and 2D 

peaks. Additionally, the defect related D-peak was found to be absent, indicating that the 

graphene was good quality, continuous, and had very few broken or dangling carbon 

bonds that might expose the underlying substrate.  
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2.3.3 Experimental Results and Discussion 

The contact angle for water was measured using the sessile droplet method, where a 

small droplet is placed gently on the surface in front of a light source, and a camera takes 

an image of the silhouette from the other side. The baseline copper surface (Cu) exhibits 

a contact angle of ~86° as show in Figure 8a. Once the copper has been electroplated to 

create some roughness (h-Cu), the contact angle is found to be <19° (Figure 8b). This is 

expected since the electroplating process essentially deposits copper oxide particles that 

are super-hydrophilic in nature. According to the Wenzel model12 for rough surfaces 

(wherein water penetrates the pores and structural features), a substrate that comprises of 

particles with a high affinity for water will also display super-hydrophilic behavior. To 

get back to a hydrophobic state, this surface is thermally annealed (h-rCu) and checked 

for wettability as shown in the inset for Figure 8c. This reduces the electrodeposited 

copper oxide by removing oxygen and makes the substrate highly hydrophobic (~128°) 

as the water droplet rests on top of the surfaces topographies.in accordance with the 

Cassie-Baxter model of wetting The hydrophobic pockets of air stay within the pores of 

the rough topology since water is unable to effectively wet the hydrophobic copper walls 

in this architecture. Following thermal annealing, a Chemical Vapor Deposition (CVD) 

process similar to the one described earlier (2.2.6 Materials and Methods) is used to 

grow graphene directly on the reduced copper surface. Previously, in 2.2, it was shown 

that draping roughened copper nanorods with a monolayer of graphene would result in a 

lower contact angle, a value closer to what is expected for single layer graphene. This 

wetting opacity is observed when graphene covers up the pores and seals off the air 

pockets from exposure to water droplets. In sharp contrast, graphene on top of a rough 

surface in this present study seems to not affect the underlying hydrophobicity of elec-

troplated copper. In fact even though the graphene is much more hydrophilic (WCA 

~100° as compared to 128° for electroplated copper) it still maintains wetting transpar-

ency. 
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Figure 8 – The wetting transparency and water repellency achieved by conformal coating of 

graphene on a roughened copper surface Scanning Electron Microscopy (SEM) images for (a) 

Baseline copper surface (Cu). (b) Electroplated copper oxide surface (h-Cu). (c) Electroplated and 

thermally annealed copper surface (h-rCu). (d) Electroplated and thermally annealed copper 

surface after graphene growth using CVD (h-Gr/rCu). (e) Raman Spectra of graphene transferred 

to SiO2. (f) Water contact angle measurements on substrates (a)-(d).18 
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This intriguing aspect may be explained by the different deposition strategies fol-

lowed in these two cases. In the prior case, graphene is first grown on copper foil and 

then transferred using wet chemistry methods that employ a polymer (PMMA) layer as a 

support. PMMA is later removed using hot acetone, and the graphene sheet just sits on 

top of the copper nanorods. The water droplet therefore sees a relatively flat surface 

composed of carbon atoms, leading to wetting opacity.  

In contrast to transferred graphene, in-situ CVD growth involves flowing gases (hy-

drogen and methane) over the catalyzing roughened copper substrate at low pressure. 

The gas molecules are able to reach inside all the micro-scale or nano-scale pores as a 

result, and the dissociation of methane molecules on copper is very well spread. Owing 

to the low solid solubility of carbon in copper, the mechanism of growth process is 

dictated by surface adsorption20-21. Carbon atoms on the surface bond with each other 

and a highly conformal graphene monolayer begins to form. This process is also self-

limiting with respect to the number of layers and usually stops after a single layer of 

graphene is covering the entire surface. Considering the dependency of the process on 

surface adsorption, it is natural to expect that graphene in this case will adhere closely to 

topological features present on the substrate. CVD growth of graphene thus effectively 

covers the entire area of exposed copper, while closely following the undulating nature 

of electroplated copper particles. Due to this, wetting transparency of graphene on 

copper is maintained at the local level. Furthermore, air pockets formed by the roughness 

features remain unaffected by the sheer thin monolayer of carbon. This is what allows 

the substrate to maintain its hydrophobicity (~125°) as shown in Figure 8d. This result 

demonstrates that it is in fact possible to maintain the water repellent characteristics of a 

textured, porous surface even after they have been coated with a conformal layer of 

graphene. Such graphene coatings uniquely exhibit wetting transparency for extremely 

hydrophobic surfaces, with water contact angles greater than 120°. 

Graphene drapes of this kind are expected to prevent oxidation and corrosion of the 

underlying copper surface under aggressive environments. In order to assess the effec-

tiveness of graphene protective coatings, copper samples with and without graphene 

were heated in a furnace at 200℃ for 4 hours. Figure 9 shows the data obtained from X-

Ray Photoelectron Spectroscopy (XPS) of the various copper surfaces prior to and 
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following the oxidation step. It is clearly seen that bare copper (Cu) and electroplat-

ed/thermally annealed bare copper (h-rCu) undergo a dramatic change in color. The 

surfaces that do have graphene (Gr/Cu and h-Gr/Cu) however, show only a minor 

change in their color. Gr/Cu (Figure 9b) and h-Gr/rCu (Figure 9d) samples have an XPS 

spectra with two very sharp and clear Cu peaks. The peaks correspond to Cu2p3/2 and 

Cu2p1/2
22. It should be noted that bare copper surfaces such as Cu (Figure 9a) and h-rCu 

(Figure 9c) show additional strong peaks after oxidation. Notably, these peaks corre-

spond to several oxidation states of Cu including CuO, Cu2O and Cu(OH)2. This 

experiment shows how graphene coatings can be a great barrier to prevent the oxidation 

of copper surfaces. 

Following the oxidation in thermal furnace, experiments were conducted in electro-

lytic environments to analyze the anti-corrosive attributes of graphene barriers. A 0.1 M 

NaCl aqueous solution was prepared. Six different samples of h-rCu and h-Gr/rCu were 

immersed in this liquid for 5 hours at ambient room temperature. The water contact 

angle was measured at every one hour interval. Sodium chloride is the most common 

chemical found in sea water and was therefore used in this study as well. Photographs of 

water droplets resting on h-rCu and h-Gr/rCu are shown in Figure 10 a and b, extending 

over the five hour period of exposure to NaCl solution. Figure 10c shows the static water 

contact angle (averaged over six samples) measured over this time period. It is seen that 

within one hour of exposure, the h-rCu sample shows a rapid drop in contact angle all 

the way to ~86°. In fact within five hours the WCA decreased to ~35°, lower than the 

contact angle for even bare copper. On the other hand, h-Gr/rCu samples did not become 

more wettable with exposure time. The contact angle value stayed relatively stable 

around ~125° and the underlying copper did not get affected over the 5 hour time period. 

These results shows the efficacy of graphene based barriers for anti-corrosive coatings. 
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Figure 9 – Improved resistance to oxidation for graphene coated hierarchical copper surface. X-Ray 

Photoelectron Spectroscopy analysis for Cu2P3/2 and Cu2p1/2 spectrum of (a) Flat copper. (b) 

Graphene coated flat copper. (c) Electroplated and thermally annealed Cu without graphene. (d) 

Electroplated and thermally annealed Cu with graphene. Upper spectra and inset photographs are 

taken before the annealing at 200°C for 4 hours in air, while the data and images below are taken 

afterwards.18  
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Figure 10 – Graphene monolayer helps improve chemical stability and ensures sustained 

hydrophobicity in corrosive environments. Photographs of a water droplet were taken on 

(a) h-rCu and (b) h-Gr/rCu after immersion in a ~0.1 M NaCl aqueous solution over a 

period of 1-5 hours. (c) Static water contact angle variation from 0 to 5 hours of electrolyte 

immersion.18 
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The unique hydrophobicity coupled with long term chemical stability proves useful 

in a multitude of applications including water harvesting through dehumidification. An 

experiment was conducted to test the utility of h-Gr/rCu surfaces for water harvesting by 

performing dehumidification using all the samples created (Cu, Gr/Cu, h-rCu, and h-

Gr/rCu). The condensation experimental set-up designed for this study can be seen in 

Figure 11a. The temperature was reduced below ambient temperature by using a thermo-

electric cooling module. Simultaneously, relative humidity of the chamber was 

maintained constant using a humidifier and temperature controller. Reproducibility of 

the results was confirmed by testing four samples each for Cu; Gr/Cu; h-rCu and h-

Gr/rCu. The sample size was kept consistent at 1 cm × 3 cm. Experimental conditions 

within the environmental chamber were measured using a thermo-hygrometer mounted 

inside. Temperature was maintained at ~30.0℃ ± 1 while relative humidity was kept in 

the ~80-85% range. Substrates were cooled down to a temperature of ~7.0℃ ± 1, meas-

ured using a thermocouple in contact with the thermoelectric cooling device. The cooled 

substrates caused droplets to condense and roll off under the effect of gravity into 

containers kept below them. The total mass of condensed water and the mass collected in 

these containers was further used to calculate the dewetting ratio. Figure 11b details this 

information over a period of one hour. The graphene coated h-Gr/rCu surface clearly 

outperforms baseline Cu, Gr/Cu, and even hydrophobic h-rCu surfaces. To gain an 

understanding of this behavior, a high speed camera is used for imaging droplet conden-

sation as it takes place on the various surfaces being investigated Figure 11c, d, e, and f). 

Cu and Gr/Cu are not very hydrophobic, as expected, and display a water contact angle 

~86°. This makes it impossible for the surface to stay within drop-wise condensation 

regime, as the nucleating droplets quickly coalesce, transitioning the system to a film-

wise condensation mode as evidence in Figure 11c and d. A fairly low dewetting ratio of 

~0.3 (Figure 11b) indicates that most of the condensed water remains on these surfaces 

as a liquid film, since droplets do not roll or slide off. 
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On the other hand, both h-rCu and h-Gr/rCu surfaces are much more hydrophobic 

and exhibit water contact angles above 125°. This leads to dropwise condensation 

behavior for these interfaces. In such dehumidification experiments, the rate of vapor-to-

liquid phase change is governed by the rate of heat transfer. More water may be harvest-

ed if heat is transferred rapidly from water vapor to the surface. In this regard, a 

dropwise condensation regime is much better since there is always exposed surface area 

that allows for fast and efficient heat transfer to take place. Liquid films resulting from 

filmwise condensation have been shown to have higher interfacial thermal resistance23-

24. This explains how the dropwise condensation surfaces, h-rCu and h-Gr/rCu, condense 

larger quantities of water when compared with filmwise condensation surfaces such as 

Cu and Gr/Cu. It is also worth noting that among the two dropwise condensation surfac-

es, h-Gr/rCu performs significantly better than h-rCu with respect to their water 

harvesting capabilities. This is due to the better chemical stability of graphene coated 

copper. Graphene’s anti-corrosive properties ensure stable wetting behavior over time, 

Figure 11 – Dehumidification for water harvesting (a) Droplet condensation experimental set-up. 

(b) Total condensate mass and dewetting ratio for the Cu, Gr/Cu, h-rCu and h-Gr/rCu surfaces. (c), 

(d) Filmwise condensation on bare copper (Cu) and copper with graphene coating (Gr/Cu). (e), (f) 

Drop wise condensation mode observed on electroplated/thermally annealed copper without (h-

rCu) and with (h-Gr/rCu) graphene coating.18 
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as shown in Figure 9 and Figure 10. Conversely, the oxidation of bare roughened copper 

particles (h-rCu) results in increased interfacial thermal resistance, which adversely 

affects the heat transfer rate and eventually results in lower total condensate mass. The 

h-Gr/rCu surface has a wetting transparent graphene coating that acts as a thermally 

conductive passivation layer, suppressing oxidation of copper without affecting the 

inherent hydrophobicity of the substrate underneath.  

2.4 Summary 

The wetting transparency of graphene is shown to break down when sheets are non-

conformally put down upon the tops of roughened nanostructures. The highest contact 

angle is limited in such cases by the graphene-water interaction. However, in certain 

cases the transparency effect is found to work even on strongly hydrophobic rough 

substrates. This requires in-situ growth of graphene through CVD methods. Although the 

CVD approach is limited to metallic surfaces such as copper and nickel, which limit the 

maximum achievable water contact angles, engineered nanostructures and microstruc-

tures could result in entrapped air pockets, leading to hydrophobic substrates. A 

conformal graphene coating does not disturb the inherent hydrophobicity of such rough-

ened architectures, and is shown to maintain its wetting transparent nature. They key to 

this is “in-situ” deposition of the graphene layer using chemical vapor deposition meth-

ods, so as to ensure a coating that is well adhered and closely follows the contours of 

surface roughness features. Such graphene coatings show enhanced anti-corrosion 

properties and help maintain the wetting stability of underlying surfaces. The chemical 

stability and improved droplet mobility resulting from a passivating monolayer of carbon 

is extremely useful for a variety of applications, such as water harvesting that was 

demonstrated in this study. 
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3. Freestanding Superhydrophobic Graphene Foams  

3.1 Introduction 

The wettability of a surface can be quantified by measuring the contact angle of a 

water droplet placed on the surface of the solid. The contact angle is the angle formed by 

the solid–liquid interface and the liquid–vapor interface, measured from the side of the 

liquid1. A surface is termed as hydrophobic when its contact angle is higher than 90°, 

otherwise it is hydrophilic. The larger the contact angle the more hydrophobic the 

surface. Generally, if the contact angle on a solid surface is greater than 150°, the surface 

is called super-hydrophobic1-6. Such super-hydrophobic surfaces are extremely water-

repellant and have many applications ranging from self-cleaning and anti-fouling 

surfaces to low-drag coatings as well as surfaces for water harvesting and efficient 

dropwise condensation7-10. 2 

In nature many surfaces such as the Lotus leaf are endowed with super-

hydrophobicity that arises from its unique surface roughness features. Water droplets on 

the Lotus leaf tend to remain suspended on the top of these roughness features due to 

entrapped air pockets; this is called the Cassie state11. Such suspended Cassie drops 

display low adhesion to the substrate and can easily roll off the surface and thereby 

remove contaminants from the surface (self-cleaning). Taking inspiration from nature 

several studies have exploited surface roughness and surface chemistry (low energy 

coatings) to engineer superhydrophobic surfaces12-17. A variety of microscale (e.g. 

silicon micro-posts) as well as nanoscale (e.g. carbon nanotube) roughness features have 

been studied. However so far there has been very limited work on the use of graphene 

based structures to control surface wettability. Graphene is a single-atom-thick perfectly 

two-dimensional sheet of sp2 hybridized carbon atoms18-19. The majority of the prior 

work on wetting of graphene films20-21 has involved deposition of graphene from a 

colloidal solution onto substrates via spray or spin coating. The limitation of such 

methods is that there is poor control over the porosity and structure of the deposited 

graphene film. Non-uniformity in the porosity or roughness distribution of the surface 

                                                 
This chapter previously appeared as: Singh, E. et al. Superhydrophobic graphene foams. Small, 9, 75-80 

(2013). 
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can result in loss of hydrophobicity in practical situations, like droplet impact22. Droplet 

impact is important in lab-on-chip devices, ink jet printing, spray cooling of hot surfaces, 

solder drop dispensing in microelectronics as well as liquid atomization and cooling 

applications. On impact, pinning of the droplet can occur due to a transition from the 

Cassie state, where the droplet rests over the trapped air pockets, to the Wenzel state, 

where the droplet penetrates into the interstices of the surface and displaces the air23. 

Such a Cassie-to-Wenzel state transition implies that water drops are no longer able to 

rebound or slide off the surface and remain pinned to the substrate.  

A novel macroscopic graphene structure comprised of an integrated foam-like net-

work of graphene sheets with well-controlled microscale porosity and roughness is 

demonstrated24. The walls of the foam are comprised of few-layered graphene sheets 

coated with Teflon. The foam is produced using template directed chemical vapor 

deposition which enables a highly consistent and ordered pore structure. We show that 

such graphene foam architectures display stable super-hydrophobic behavior under both 

static and well as dynamic (impact) conditions. The advancing water contact angle of the 

graphene foam surface exceeds 163 while the receding contact angle is about 143. 

Droplet impact experiments also reveal that water droplets can very effectively rebound 

off the graphene foam without pinning to the surface or damaging the foam structure. 

The graphene foam is also highly flexible and mechanically strong and could conven-

iently be attached to a variety of solid surfaces to control their wettability and impart 

super-hydrophobicity to the surface.     

3.2 Graphene Foam Macrostructure 

The graphene foam (Figure 12) was synthesized via a template directed chemical 

vapor deposition (CVD) process described in the Experimental Section. Briefly, carbon 

atoms are deposited on a sacrificial Ni foam template using CH4 decomposition at 

~1000 C under ambient pressure. The nickel scaffold is then removed using chemical 

etching. What remains is a continuous 3D network of graphene formed as a free-

standing macroscopic structure with extremely thin interconnected sheets of graphene 

(Figure 12a, c). Since the graphene film forms over the entire Ni foam scaffold, the 

individual graphene sheets are interconnected or fused into each other. While there are 
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grain boundaries in the foam, there are no physical breaks or interfaces in the macro-

scopic 3D graphene network. This makes the graphene foam mechanically strong and 

easy to handle and manipulate. The graphene foam is also very porous, flexible and 

light-weight. The graphene foam used in the present study was fabricated using a CH4 

concentration of 0.7 vol% which shows an extremely low density of ~5 mg/cm3, corre-

sponding to a very high porosity of ~99.7%25. The thickness of the graphene foam 

samples was ~0.5 mm.  

Raman analysis of the foam (Figure 12b) indicates that the walls of the foam are 

comprised of monolayer to few-layer graphene sheets. The Raman spectra also show a 

strongly-suppressed defect-related D band, which confirms the overall high quality26 of 

the graphene in the foam. To provide more hydrophobicity the graphene foam was 

coated with a ~200 nm thick layer of a fluoropolymer (Teflon AF) as described in the 

Experimental Section. Scanning electron microscopy (SEM) analysis of the Teflon 

coated foam (Figure 12d) shows that even after Teflon coating, the graphene foam 

retains its structure and porosity which was inherited from the original Ni foam template 

used in the CVD growth process. The average pore size for the baseline and Teflon 

coated graphene foam is ~200 m.   

3.3 Theoretical Contact Angle Prediction 

 Considering the foam as a rough surface with large pores it is unlikely to have a 

pure Cassie or Wenzel state. A mixed wetting state where the droplet penetrates to some 

extent into the pores leaving air pockets below it is more probable. The contact angle 

equation for such a state is given by Marmur27.  

    cos 𝜃 = 𝑓(𝑅𝑓 cos 𝜃0 + 1) − 1   (1) 

Here θ is the static water contact angle, f is the fraction of solid-liquid interface per 

unit area, Rf is the roughness factor which is the ratio of true solid surface area to its flat 

projected area and θ0 is the water contact angle for a flat surface of the same material 

(Teflon as ~104° and carbon as ~86°). Using f  = 0.32 and Rf  = 2.5 (based on SEM 

image analysis - Figure 12), the static water contact angle was found to be 129.45° for 

regular foam and 150.01° for the Teflon coated graphene foam. The Teflon coated foam 

is therefore expected to exhibit superhydrophobic behavior. Another important question 
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is whether this superhydrophobicity can be maintained under realistic operating condi-

tions involving droplet impact. 

  

(c) (d) 

(a) (b) 
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Figure 12 – (a) Photograph of a macroscopic 3D graphene foam network. The foam is flexible and 

can be easily handled and manipulated. (b) Raman spectra taken from several locations on the 

graphene foam clearly showing the Raman G band and 2D band peaks. Based on the ratio of the 

integrated intensity of the G and 2D bands, we conclude that the walls of the foam are comprised of 

mono- to few-layered graphene sheets. Note the absence of a defect related D band in the Raman 

spectrum which indicates the high quality of graphene sheets prepared using our chemical vapor 

deposition process. (c) Scanning electron microscopy (SEM) image of the micro-porous graphene 

foam showing average pore size of ~200 m. (d) Teflon coated graphene foam showing similar pore 

structure and dimensions to the original graphene foam. The Teflon coating thickness is estimated 

to be ~200 nm by Teflon coating on to a flat surface which was subsequently cleaved for cross-

sectional SEM 
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3.4 Water Contact Angle Measurements   

(a)           (b) 

 

(c)           (d) 

  

Advancing Liquid Front on 

Teflon Coated Graphene Foam 
Receding Liquid Front on 

Teflon Coated Graphene Foam 

Figure 13 – (a) Advancing liquid front for the Teflon coated graphene sample indicating an advanc-

ing water contact angle of ~163.01 degrees. (b) Receding liquid front on the same sample indicating 

a receding water contact angle of ~143.78 degrees. (c) Corresponding advancing contact angle on the 

baseline graphene foam (without Teflon coating) measured to be ~134.86 degrees. (d) Correspond-

ing receding contact angle on the baseline graphene foam measured to be ~110.72 degrees. 

Advancing Liquid Front on 

Baseline Graphene Foam 

Receding Liquid Front on 

Baseline Graphene Foam 
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Advancing and receding contact angle measurements were performed using a 500-

F4 Rame-Hart goniometer for images and low-bond axisymmetric drop shape analysis 

technique was used to determine the water contact angles. For this a ~ 1 l volume drop 

was initially brought in contact with the sample surface and subsequently the volume of 

the drop was increased and then decreased to advance and retract the liquid front. This 

was repeated several times to check the reproducibility of the results. Figure 13 shows 

the advancing and receding conditions created by dispensing and retracting water at a 

rate of ~0.40 μl/s. The Teflon coated foam gives water contact angle values of ~163.01° 

and ~143.78° respectively for advancing (Figure 13a) and receding (Figure 13b) fronts. 

This is in agreement with the predicted static water contact angle (~150 from equation 

1) which should lie between the advancing and receding angle values. In comparison to a 

regular foam (without Teflon coating), which gives advancing (Figure 13c) and receding 

(Figure 13d) water contact angles of ~134.86° and ~110.72°, the Teflon coated foam is 

much more hydrophobic. However both the baseline and Teflon coated graphene foams 

show significant contact angle hysteresis; this we presume is an artifact of the microscale 

roughness and the large porosity of the foam surface.  

Typically high surface roughness and porosity can cause pinning of the liquid front 

particularly during the receding of the droplet which consequently increases the differ-

ence between the advancing and the receding water contact angles (i.e. the contact angle 

hysteresis). The Teflon coated graphene foam exhibited a lower contact angle hysteresis 

of ~19 as compared to ~ 25 for the baseline foam. Moreover both the advancing and 

receding contact angles of the Teflon coated graphene foam are nearly 30 higher than 

the baseline foam and lie in the superhydrophobic range. Therefore the Teflon coated 

graphene foam with its microscale porosity (entrapped air pockets) and low surface 

energy offers outstanding water repellency effect. 

  



 

     45 

3.5 Droplet Impact Experiments 

 Droplet impact tests were performed to gauge the ability of the foam to repel im-

pacting water droplets. Droplets as large as 1-1.5 ml were dropped on the regular and 

Teflon coated graphene foams from a fixed height using a microsyringe to impact the 

foam at a velocity ranging from 65 cm/sec to 76 cm/sec. The corresponding Weber 

number ( , where is the density of water, V is the impact velocity, R is the 

droplet’s radius and is the surface tension of water) lies in the 8.3 to 12.7 range. The 

objective of these tests is to determine whether the kinetic energy of the impacting drop 

would cause the droplet to penetrate into the pores and transition to a sticky or pinned 

Wenzel state. A high-speed camera (PhantomV2) operated at ~500 frames per second 

with 30 μs exposure time was used in this study. Time lapse images for the relevant 

advancing and receding stages of the droplets is shown in Figure 14 at an impact veloci-

ty of ~76 cm/sec. For the Teflon coated foam (Figure 14a), the droplet first deforms and 

flattens into a pancake shape, then retracts and finally rebounds off the surface. The 

droplet remains completely intact during the collision and does not splinter into smaller 

drops. The restitution coefficient of the droplets (i.e. ratio of droplet impacting velocity 

to ejecting velocity) ranges from ~0.3 (for 65 cm/sec impact velocity) to ~0.37 (for 76 

cm/sec impact velocity). By contrast on the baseline graphene foam (Figure 14b) the 

droplet spreads but does not rebound off the surface. It appears to get strongly pinned to 

the foam surface and pulsates for a prolonged time period until the drop’s vibrational 

energy is dissipated through viscosity.    



 RV 2
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(a) 

 

(b) 

  

Figure 14 – (a) Snapshots of a water droplet impacting the surface of the Teflon coated graphene 

foam. The impact velocity just prior to the droplet striking the surface was ~76 cm/sec. The se-

quence of snapshots shows the deformation time history of the droplet upon impact. The droplet 

spreads, then retracts and successfully rebounds off the surface. The coefficient of restitution (i.e. 

ratio of droplet impacting velocity to ejecting velocity) is ~0.37 for the Teflon coated foam. (b) 

Corresponding snapshots of a water droplet impacting on the surface of the baseline graphene foam 

(without Teflon coating). The impact velocity in this case was ~75 cm/s. For this case the droplet 

does not rebound off the surface. The droplet gets pinned to the substrate and pulsates on the 

surface as its kinetic energy is converted into internal modes of vibration and is eventually dissipat-

ed through viscosity. 
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Figure 15 – (a) Time history of the droplet’s dynamic contact angle for the droplet impacting on the 

baseline graphene foam and the Teflon coated graphene foam samples. The impact velocity for both 

the samples is ~75 cm/s. (b) Normalized contact line length vs. time for droplets impinging on the 

baseline graphene foam and the Teflon coated foam with a velocity of ~75 cm/s. 

  

Baseline graphene foam 

Teflon coated graphene foam 

Teflon coated graphene foam 

Baseline graphene foam 

(b) 
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The droplet impact phenomenon was studied in further detail by plotting the dynamic 

contact angle against time as shown in Figure 15a. The result indicates that the dynamic 

water contact angle for the Teflon coated foam stays fairly constant during the advanc-

ing and receding phases after which the droplet successfully rebounds off the surface. 

However for the regular foam, the water contact angle is relatively high during the 

advancing phase but then drops rapidly when the droplet tries to recede. This reduction 

in the contact angle indicates that the droplet has penetrated into the pores within the 

graphene foam structure. Such penetration lowers the water contact angle due to greater 

contact of the droplet with the foam material. If the time axis is extended (not shown 

here), periodic oscillations in the water contact angle can be seen, which correspond to 

the vibrations of the droplet as it pulsates on the surface and dissipates its excess energy. 

Another parameter of interest is the non-dimensional contact length (NDCL) which is 

the contact length divided by the original drop diameter.  

Figure 15b shows the NDCL variation with time for both the regular and Teflon 

coated foams. For the first ~4 ms, the droplet deforms from a spherical to a pancake 

shape as seen in the images in Figure 14, with the normalized contact length increasing 

with time during this phase. There is no significant difference in the normalized contact 

length response of the baseline and Teflon coated foams during the advancing phase. 

However after ~4 ms, the contact length for the droplet on the baseline graphene foam 

remains fairly constant and does not decrease significantly with time. In contrast, the 

contact length for the Teflon coated foam decreases monotonically to zero as the droplet 

contracts and then lifts-off the surface. This result demonstrates that the contact line for 

the baseline foam becomes pinned to the surface after the advancing (or the spreading) 

phase of the droplet is complete. Such a pinning phenomenon suggests that the momen-

tum of the droplet during the initial impact enables it to penetrate into the interstices in 

the foam and transition into the Wenzel state. The resulting increase in contact area 

between the foam and the droplet significantly increases the adhesion of the droplet to 

the substrate and prevents the contact line from retracting. The droplet is therefore 

unable to recover sufficient energy to rebound off the surface and as a consequence gets 

pinned to the surface and simply vibrates (at ~50 Hz frequency) on the foam surface till 

the energy of the droplet is dissipated. The measured frequency shows good correlation 
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with the droplet’s lowest Rayleigh frequency ( ) of ~57.91 Hz. On the other 

hand, the walls of the Teflon coated foam show much weaker adhesion to water which 

reduces energy dissipation during the spreading and retraction of the droplet and pre-

vents Cassie-to-Wenzel state transition for the droplet. In order to quantitatively 

understand this process we computed the critical pressure (Pc) required for transitioning 

the droplet from the Cassie to the Wenzel state [28]: 

             𝑃𝑐 =  −γ cos 𝜃 
𝐿

𝐴
    (2) 

Where is the surface tension of water (72 dynes/cm at 25°C), L is the perimeter of 

the micro-pore (~791.6 μm) and A is the cross sectional area of the micro-pore (~41088 

μm2) obtained from SEM images of the graphene foam (Figure 12) and θ is the water 

contact angle of the foam walls (~105° for Teflon). Equation 2 yields a critical pressure 

of ~340.2 Pa.     The impact dynamic pressure (Pd) of the droplet can be expressed as 

[29]: 

          (3) 

Where is the water density and V is the impact velocity, which in our case was 

~76 cm/sec. This gives the dynamic pressure as ~294.3 Pa which is significantly below 

the predicted critical pressure of ~340.2 Pa. This justifies why the Teflon coated gra-

phene foam does not fully transition into the sticky Wenzel state thereby enabling the 

water droplet to successfully rebound off the foam surface.  

 An experiment was also performed where the impact velocity was increased to 

~84 cm/sec and the droplet did not rebound off the Teflon coated graphene foam. This is 

expected since a velocity of 84 cm/sec corresponds to an impact pressure of ~355.8 Pa 

(from Equation 3) which now exceeds the predicted critical pressure. We have also 

performed water droplet impact experiments on the Ni foam templates described in 

Section 2. The Ni foam was coated with ~200 nm thick Teflon coating following the 

exact same protocols used for Teflon deposition on to the graphene foam. The results for 

droplet impact at an impact velocity of ~75 cm/sec were also analyzed. In this case the 

impacting water droplet does not get pinned to the Teflon coated Ni foam surface but it 

is still unable to rebound off the surface. This inability to rebound of the surface is 
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indicative of significant dissipation of energy during the spreading and retraction of the 

droplet. The flexibility of the Teflon coated graphene foam over the far more rigid 

Teflon coated Ni foam could play a role in its superior ability to rebound water droplets. 

The cushioning effect provided by the elastic deformation of the graphene sheets and the 

release of this stored energy back to the droplet could assist with the droplet rebound 

process. The high flexibility and the resilience of the graphene foam also makes it 

feasible to coat surfaces with complex shapes and geometries as opposed to the far more 

rigid Ni foam.    

3.6 Materials and Methods 

Graphene Foam Synthesis: To fabricate the graphene foam, a scaffold of porous 

nickel foam is used as a template for the deposition of graphene. Chemical vapor deposi-

tion (CVD) is used to deposit carbon atoms on the nickel foam using CH4 decomposition 

at ~1000C under ambient pressure. The nickel scaffold is then removed using chemical 

etching by a hot HCl (or FeCl3) solution. To maintain the integrity of the foam during 

the etching of the Ni and to prevent it from collapsing, a thin layer of poly (methyl 

methacrylate) (PMMA) is also deposited on the surface of the graphene formed on the 

nickel foam. In the final step the PMMA layer is dissolved by hot acetone resulting in a 

free-standing three-dimensional graphene network structure. Additional details regarding 

this process are provided in Ref. 25. 

 

Teflon Coating: Teflon AF 1601S (6% solid in solution) was procured from DuPont 

and diluted at a 1:24 ratio with the solvent Fluorinert FC-40 bought from 3M (12 ml 

Teflon AF with 288 ml FC-40). The graphene foam was coated with the resulting 

solution by drop casting and baked at ~165C for 24 hours. This is above the glass 

transition temperature for the Teflon AF (160 deg C) and gives a smoother, more adher-

ent polymer coating. The baking was done in a tube furnace (Thermolyne 79300, 

Thermo Fisher Scientific Inc., USA). 
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3.7 Summary  

 Teflon coated graphene building blocks were used to create a superhydrophobic 

structure with an ordered pore structure of ~200 micrometers in dimensions. The ad-

vancing water contact angle on the foam surface exceeded 163 degrees. In spite of the 

large size pores, water repellency is maintained under droplet impact conditions. Since 

the graphene foam inherits the pore structure of the Ni foam template used in the CVD 

growth process, this method can be used to uniformly tune the pore size and structure of 

the graphene foam by selecting the appropriate Ni foam template. In contrast to the 

Teflon coated graphene foam, Teflon coated Ni foams did not provide stable superhy-

drophobic behavior especially under droplet impact conditions which indicates that the 

flexibility of the graphene foams could play an important role. The graphene foam can 

store elastic strain energy as it is deformed by the impacting drop and then deliver it 

back to the drop which could assist with the rebound process. Such flexible and mechan-

ically robust graphene foams which display a stable superhydrophobic behavior could 

find a wide range of applications in self-cleaning, anti-fouling technologies and as low-

friction coatings for micro-fluidics and lab-on-chip applications. 
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4. Transition Metal Dichalcogenides 

4.1 Introduction 

TMDs have the stoichiometric formula, MX2, with a triagonal prismatic structure 

comprised of atomic layers of chalcogens (X = S, Se, Te) and group-VI transition metals 

(M = Mo, W)1-2. They are stable in bulk form but also as few-layered as well as mono-

layer sheets. It is well understood that one single monolayer of trigonal prismatic 

semiconducting TMDs (such as MoS2 and WS2) exhibit a direct band gap which it is not 

present in few-layered systems3. For this reason semiconductor TMDs exhibit remarka-

bly enhanced interaction with visible light due to this indirect-to-direct bandgap 

conversion at the monolayer limit, rendering these systems versatile platforms for 

studying light-matter interactions and for nanoscale optical device applications4-5. Given 

that such TMD electronic and optoelectronic devices will be exposed to the environment 

during operation, it is important to understand how water interacts with and wets such 

surfaces, which is the goal of our study. The wetting studies are performed for TMD 

films supported on Si/SiO2 substrates since this is the most common gate dielectric for 

TMD electronic and optoelectronic devices.  

The previous chapters focused on how water wets mono and few-layered gra-

phene surfaces. Since such experiments are challenging to perform on suspended (i.e. 

free-standing) graphene, the experiments are performed on supported graphene sheets. 

For graphene it was found that the underlying (supporting) substrate can exert an influ-

ence on the wetting of the monolayer graphene sheet and this effect is controlled by 

various factors such as the composition of the substrate, presence of charge traps in the 

substrate, cleanliness (or aging) of the graphene sheet and defects in the graphene. In 

general these effects result in a partial transmission of the van der Waals interactions 

between the underlying substrate and the water droplet resulting in a partial wetting 

transparency effect for monolayer graphene. For thicker graphene films (> 1 nm thick) 

such effects disappear and from a wetting standpoint, the graphene film is completely 

decoupled from the underlying substrate.  

 While we developed a reasonable understanding of how water wets supported 

mono and few layered graphene films on substrates, there was very limited understand-

ing on the wettability of two-dimensional (2D) transition metal dichalcogenides (TMDs). 
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One study has reported wetting measurements on multilayer molybdenum disulfide 

(MoS2) films on Si/SiO2 substrates but this study did not study MoS2 monolayers and 

also did not study ‘aging’ effects, which are known to be very significant from our prior 

experience with graphene6-7. To address this, the wetting properties of mono-layer, bi-

layer, tri-layer and multi-layer tungsten disulfide (WS2) films on Si/SiO2 substrates were 

systematically studied and the results compared to the predictions of simple continuum 

wetting models. We report a partial (albeit weak) wetting transparency effect for WS2 

monolayers which contradicts the predictions of simple continuum models which foretell 

complete wetting opacity even for a monolayer TMD sheet. The wetting contact angle of 

monolayer MoS2 on Si/SiO2 substrate was also measured and was shown to be close to 

that of monolayer WS2. We also studied ‘aging’ effects in monolayer WS2 films and 

show that when all airborne contaminants are desorbed from the sample surface, the 

monolayer film is in fact strongly hydrophilic and not hydrophobic. Over a period of ~1 

week, these airborne contaminants are re-established on the monolayer WS2 film surface 

and the water contact angle reverts back to ~83. Finally, we study the effect of substitu-

tion of chalcogens (S) with oxygen groups on monolayer TMD (WS2 and MoS2) 

surfaces. The aged TMD surface is nearly hydrophobic while the oxygen substituted 

region is strongly hydrophilic which allows for ‘hydrophilic-hydrophobic’ patterns to be 

engineered onto such surfaces. This enables liquid micro-drops arrays to preferentially 

nucleate and grow on the hydrophilic patches during water condensation experiments. 

Such a chalcogen substitution approach provides a facile means to control the spatial 

wettability distribution of TMD films for applications in micro and nanofluidics. 
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4.2 Synthesis and Characterization 

 

Figure 16 – (a) Schematic of the thermal reduction/sulfurization method used to deposit WS2 sheets. 

(b) (Top) schematic of monolayer WS2 film on Si/SiO2 substrate, (bottom) Optical microscopy image 

of large area, continuous WS2 film on SiO2/Si substrate, and this image is taken near the edge of the 

film showing the covered and exposed regions on the SiO2 substrate. (c) (Top) Atomic force micros-

copy and (Bottom) scanning electron microscopy images of the edge region of the WS2 film. (d) 

Atomic force microscopy line scan showing the height of the WS2 monolayer film as ~ 1 nm. 
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Thin films of WS2 were prepared by a thermal reduction/sulphurization scheme8. 

Briefly this process involves depositing a thin film of tungsten trioxide (WO3) on a 

Si/SiO2 substrate by thermal evaporation at a base pressure of ~5 x 10-7 torr. The films 

were then loaded into a quartz tube furnace and heated to ~800oC under argon flow to 

maintain an inert environment. A sulphur target was also placed upstream of the hot 

zone of the furnace as shown in Figure 16a. The target was independently heated using a 

heating belt to evaporate the sulphur. When the furnace temperature reached ~800 oC, 

the metal oxide film was reduced completely and thinned down to an atomically thin 

layer. At this stage the heating belt temperature was raised to about 150 oC, which 

releases sulphur into the furnace hot zone. After ~30 minutes of reaction, the heating 

elements were switched off and the furnace was allowed to cool naturally. A similar 

process was also utilized to grow monolayer MoS2 films from a MoO3 precursor. The as-

produced TMD films were wholly continuous, as demonstrated by optical microscopy 

(Figure 16b), atomic force microscopy and scanning electron microscopy (Figure 16c). 

AFM confirmed the average thickness (Figure 16c-d) of our as-synthesized monolayer 

WS2 films to be ~1 nm which is comparable to the theoretical thickness of 1.24 nm for 

single-layer WS2. In addition to monolayers, we also produced bi-layer, tri-layer and 

multi-layer (> 10 layers) WS2 films.  

This was achieved by varying the WO3 precursor film thickness. In general very 

thin oxide films (~ 1-2 nm thick) produce monolayer WS2 while bi-layer, tri-layer and 

multi-layer films could be created by simply increasing the thickness of the precursor 

oxide films.   

Raman spectroscopy was used to characterize the few-to-single-layer WS2 films 

using 532 nm excitation wavelength in a confocal microscopy configuration (Figure 17). 

Prior to the Raman study, atomic force microscopy line scans (as in Figure 16c-d) were 

used to independently confirm the number of WS2 layers in these films.  The positions 

and intensities (Figure 17) of the 2LA(M), E1
2g and A1g peaks (obtained by Lorentzian 

fitting) are consistent with those expected for WS2. While the intensities (Figure 17a) of 

the above modes did change from mono to bi to tri-layer films, the intensity ratio of 

these modes (e.g. E1
2g to A1g) did not show any definitive trend with respect to number 

of layers. On the other hand the frequency difference between the A1g and E1
2g and the 
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A1g and 2LA(M) modes showed a clear increase from mono-layer to bi-layer to tri-

layered films as shown in Figure 17b. This is because as the number of layers decreases 

the A1g mode is freer to vibrate in the out-of-plane direction and therefore has decreased 

frequency as opposed to the in plane modes9. In this way, Raman spectroscopy charac-

terization provides additional confirmation regarding the number of TMD layers in the 

film.   

4.3 Water Contact Angle Measurements 

The advancing water contact angle of the various WS2 films was measured using 

the dynamic sessile drop method via a Ramé-Hart M500 digital goniometer equipped 

with a dispensing needle (VICI Precision Sampling, CA, USA). First, a 1 l water 

droplet was generated using the automatic dispenser of the goniometer, based on four 

time-controlled volume steps of 0.25 l close to the sample surface. The sessile droplet 

was formed by fixing the needle and moving the substrate parallel to the needle orienta-

tion, using a gentle feed rate of a few micrometers per minute10. Once the droplet was in 

contact with the surface, additional water was pumped using a feed rate of 0.25l every 

3 seconds. The tests were recorded as video files and individual frames extracted for all 

measurements. All the tests were carried out in an air environment at room temperature 

(~25 oC). The axisymmetric drop-shape analysis profile (ADSA-P) method was used to 

Figure 17 – (a) Raman spectroscopy characterization (at 532 nm excitation) of monolayer, bi-layer 

and tri-layer WS2 films on Si/SiO2 wafer. (b) Difference in the frequency of various Raman active 

modes vs. the number of layers (mono, bi and tri) in the WS2 film. 
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estimate the contact angle of the water droplet on the solid surface. We performed at 

least ten separate measurements on each sample for statistics. Figure 3a shows the static 

water contact angles for the mono-layer, bi-layer, tri-layer and multi-layer (bulk) WS2 

samples as well as the baseline Si/SiO2 substrate. The SiO2 substrate is strongly hydro-

philic with water contact angle of ~30o. This is expected and is due to formation of 

hydrogen bonding networks at the water-SiO2 interface which drastically increases the 

affinity of water to the solid surface. When a monolayer of WS2 is deposited on the 

Si/SiO2 substrate the water contact angle jumps to ~83o; we expect this is because 

hydrogen bonds between water and the SiO2 surface can no longer develop due to the 

presence of the WS2 film at the interface.  

Interestingly the bi-layer and tri-layer films were more hydrophobic as compared 

to the monolayer film and showed wetting angles of ~85o and ~90o respectively. There 

was no measurable difference between the tri-layer and bulk samples (> 10 layers) as 

indicated in Figure 18a. In addition to WS2, we also tested a monolayer MoS2 sheet on a 

Si/SiO2 wafer, and the measured static water contact angle was ~82o, which was very 

close to the WS2 result.  

The thickness of one WS2 layer is ~1.2 nm 11. Complete opacity is expected from 

the WS2 monolayer given this thickness- i.e. even a single sheet of WS2 placed on silica 

increases the water contact angle from the value of silica to the value of bulk WS2. There 

is no wetting transition in such a continuum model which contradicts the experiments. 

Such discrepancy between the continuum wetting model and experiments could be 

attributed to many factors such as defects (e.g. sulfur mono and divacancies) that are 

commonly observed in transition metal dichalcogenide films grown by vapor phase 

nucleation and growth methods. Another possibility is the presence of charge traps or 

charge puddles that are ubiquitous in Si/SiO2 substrates. The trapped charges may result 

in a relatively long range electrostatic interaction with water which could increase the 

affinity of water to the surface and hence reduce the wetting contact angle. After about 

three layers (3 to 3.5 nm thickness) of WS2 this effect is screened out and the effect of 

the substrate is no longer felt on the wetting of the TMD film. Such long range electro-

static coupling is not modeled in the simple continuum wetting model described earlier 



 

     60 

which only considers relatively short range van der Waals interactions. Additional in-

depth study is warranted to study these effects in detail. 

4.4  Aging of Samples 

Another key issue pertaining to water contact angle measurements is the recogni-

tion that all samples age over time. A recent study by Haitao Liu and his group 

demonstrates the effect of airborne contaminants on graphene and graphite surfaces7. It 

was shown that contrary to conventional wisdom, monolayer graphene and graphite 

surfaces in the absence of such contaminants are hydrophilic and not hydrophobic (with 

water contact angles as low as ~44° instead of the expected value of ~90°). The contact 

angle actually increases upon exposure to the ambient atmosphere. Using X-Ray photoe-

lectron spectroscopy and infrared spectroscopy the authors show how airborne 

hydrocarbons adsorb on to graphitic surfaces. To further illustrate this aging effect, 

thermal annealing and ultraviolet O3 treatments are used to remove the hydrocarbon 

contaminants, resulting in a concurrent decrease in the water contact angle. The samples 

are then allowed to develop a new passivating layer of hydrocarbons and the contact 

angle values increase as expected when plotted as a function of exposure time. 

The TMD samples tested so far were all characterized for their wetting properties 

several weeks after they were first synthesized. Aging involves adsorption of airborne 

contaminants (mainly hydrocarbons) on the surface of the TMD sheets. To investigate 

such aging issues and their impact on the wettability of TMD sheets, we heated a WS2 

monolayer on Si/SiO2 in an inert Ar atmosphere to ~550oC for ~1 hour and then allowed 

the sample to cool back to room temperature in the Ar environment. Heating to ~550 oC 

has been shown to successfully desorb the majority of airborne contaminants from 

graphene and graphitic surfaces. After cooling to room temperature, this clean (or fresh) 

sample was immediately transferred in a gas tight container filled with Ar to the contact 

angle measuring set up and its wetting response was recorded on expose to ambient air 

(Figure 18b). The result indicates that the wetting contact angle increased rapidly from 

~70o  to ~77 o in ~20 minutes. Subsequently the wetting angle continued to rise gradually 

over a period of ~1 week and finally stabilized at ~83 o which matches very well the 

result in figure 3a for an aged WS2 monolayer. 
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(a) 

(b) 

Figure 18 – (a) Static water contact angle measurements for WS2 films with varying number of 

layers on Si/SiO2 substrate. (b) Aging dynamics of a monolayer WS2 film showing the formation of a 

hydrocarbon layer that increases the water contact angle over time. 
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While the effect of airborne hydrocarbon contaminants cannot be avoided in 

practical situations it is important to recognize that similar to graphene, perfectly clean 

TMD monolayers are intrinsically ‘hydrophilic’ and not hydrophobic. After ~ 1 week, 

the aging process appears to reach equilibrium, with the water contact angle stabilizing 

and then remaining constant at further times. It should be noted that the TMD nanosheets 

used in practical applications are likely to represent such fully aged samples that exhibit 

close to hydrophobic behavior.        

4.5  Chalcogen Substitution for Hydrophobic/Hydrophilic Patterning 

Another noteworthy feature of TMDs is that even a single-layer of WS2 or MoS2 

is a composite of a relatively more hydrophilic metal and a relatively less hydrophilic 

chalcogen atom. The chalcogen atom (as for example Sulphur), could potentially be 

expelled from the structure by exposure to Ar plasma bombardment. The replacements 

for the chalcogens are possibly oxygen atoms from the ambient which will likely occupy 

the sulphur vacancy sites. Oxygen is known to be hydrophilic due to its propensity to 

form hydrogen bonds with water molecules. As a result, such oxygen doped TMD sheets 

are expected to be more hydrophilic compared to the original TMD sheet. Argon plasma 

bombardment was used to create hydrophilic regions in a hydrophobic (aged) WS2 layer 

by depleting it of sulfur (Figure 19a). Briefly, as-synthesized films were exposed to 

argon ion irradiation (25W, 200 mtorr) using a commercial plasma cleaner (Nanoclean 

Model 1070, Fischione Instruments) for various times. X-ray photoelectron spectroscopy 

(Figure 19b) revealed a decrease in the sulfur-to-tungsten ratio with increased plasma 

treatment time from approximately two to one. Meanwhile, the tungsten-to-silicon ratio 

remained constant (Figure 19b). This suggests the preferential removal of sulfur atoms 

from the WS2, due to our plasma treatment. The core-level tungsten 4f spectra exhibit 

significant asymmetric broadening towards higher binding energies with increased 

plasma treatment time, indicating increased average oxidation state of the tungsten 

atoms. This is likely due to adsorption of oxygen (which is more electronegative than 

sulfur) at sulfur vacancies upon exposure to air, thereby increasing the average oxidation 

state of the tungsten. Sulfur substitution at vacancy defect sites has been previously 

observed in high-resolution transmission electron microscopy experiments in exfoliated 
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MoS2 monolayers12. We took advantage of such chalcogen substitution phenomena to 

engineer hydrophilic-hydrophobic patterns on the same monolayer samples. For this, a 

silicon wafer patterned with an array of 10-micron size holes was used to selectively 

mask certain regions of the WS2 film during a 20 second argon plasma irradiation 

treatment cycle. Condensation tests were performed in ambient air at a temperature of 

~19oC and a relative humidity of ~70%, corresponding to a dew point temperature of 

~16oC. The testing apparatus was installed under high resolution microscope. The 

sample was horizontally put on a cold plate, which was controlled at ~4oC by a circulat-

ing chiller. After condensation experiment, the temperature of the cooling stage was 

increased to 30oC gradually. The evaporation result was recorded using the same resolu-

tion as the condensation experiment. The condensation result is shown in Figure 19c for 

the WS2 film. The top panel in Figure 19c shows the condensation result on a monolayer 

WS2 film without plasma treatment indicating liquid drops nucleating at random loca-

tions on the film surface. By contrast for the plasma treated WS2 film (lower panel of 

Figure 19c) we observe nucleation and growth of water drops on the strongly hydro-

philic regions with diameter of ~ 10 microns which correlates well to the size of the 

opening in the mask that was placed on the sample during the plasma treatment. Clearly 

these oxygen doped regions are strongly hydrophilic and attract water during the con-

densation experiment.   

The net result of this is that we can pattern liquid microdrop arrays on surfaces in 

a facile manner with possible applications in microfluidics. This idea could in principle 

be extended to nanodrops by using a pattern with nanopores rather than the 10 micron 

size pores used in this experiment. These results were also reproducible for monolayer 

MoS2 as shown in Figure 19d. The top panel shows random nucleation of drops on the 

hydrophobic (i.e. aged) MoS2 surface. By contrast after exposure to ~20 seconds of Ar 

plasma through the aforementioned mask with periodic array of ~10 micron size open-

ings, the distribution of water clusters is no longer random and follows a periodicity and 

size that matches near perfectly the pattern of the mask though which the plasma treat-

ment was carried out. After condensation for about 1 to 2 minutes, the samples were 

gradually heated to ~30o C and the water drops were evaporated off the sample surface 

without damaging the TMD film.   



 

     64 

  

Figure 19 – (a) Schematic of chalcogen substitution with oxygen using argon plasma treatment. (b) 

XPS analysis of Ar plasma treated WS2 showing removal of sulfur atoms with progressive plasma 

deposition time; the sulfur appear to be removed from the top surface of the film that is exposed to 

the plasma. (c) (Top) Condensation of water drops on untreated WS2, (Bottom) Condensation on 

plasma-patterned WS2 surface. (d) Top and bottom show corresponding condensation results for a 

monolayer MoS2 film. 
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4.6 Summary 

In summary this work has provided fundamental information on the wettability 

of mono and few-layered films of transition metal dichalcogenides supported on sili-

con/silicon-dioxide wafers. The results indicate a noticeable (but weak) effect of the 

substrate on the wetting of the TMD film which contradicts the predictions of wetting 

opacity from simple continuum wetting models. Clearly there is a need for improved and 

more realistic wetting models to capture the physics of TMD-substrate interaction. We 

also show that TMDs undergo a powerful aging effect as airborne contaminants are 

established on the film surface. This aging was shown to mask the intrinsic hydrophilici-

ty of monolayer TMD materials to a great extent. Finally we demonstrate the principle of 

chalcogen (sulfur) substitution with oxygen in TMDs to engineer well-controlled hydro-

phobic-hydrophilic patterns on the same monolayer TMD sheet. Such patterns can be 

used to engineer periodic arrays of microdrops on surfaces in a facile and effective 

manner. 
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5. Application Development using Wetting Science  

5.1 Graphene Additives for Metal Cutting Fluids  

5.1.1 Introduction 

Sustainable manufacturing practices are desirable not only from an environmental 

and ecological perspective, but also because of the economic benefit that a reduced 

hazardous waste stream offers. There is a clear need for the development of high-

performance, environmentally benign cutting oils for metal-working1-2. Manufacturing 

industries currently use petroleum-based cutting oils. In addition to their dependence on 

fossilized hydrocarbon sources and large resulting carbon footprint, the usage of hazard-

ous chemical additives such as sulfur and chlorine also create various problems3. Studies 

estimate that ~50% of these chemicals end up in the environment; making them a 

leading cause for health issues affecting more than a million workers every year4-5.  

Work described in the first subsection focuses on synthesizing graphene with differ-

ent functionalization groups in order to create stable dispersions in metal cutting oils. 

First, the effect of functional groups on dispersion of graphene platelets was studied for 

standard cutting fluids such as Castrol ClearedgeTM 6519. An alternative is to use plant 

based cutting oils6. Plant derived oils have a high viscosity index, meaning their viscosi-

ty changes less with temperature variations. They also have low volatility and high flash 

points, which makes them less likely to ignite spontaneously7. They are also biodegrada-

ble and non-toxic, making them a good choice for environmentally-benign cutting fluids. 

Plant-based cutting oils are currently being used in some industries, but are limited in 

scope due to their poor thermal and oxidative stability. This restricts them from being 

used in demanding machining applications, wherein large cutting forces and high 

temperatures are experienced at the metal-tool interface7. Nanoscale additives, such as 

graphene in this study, improve cooling and lubrication performance for plant based 

cutting oils and make them suitable for high performance machining environments8.3 

                                                 
Portions of this chapter previously appeared as:  

Chu, B., Singh, E., Koratkar, N., & Samuel, J. Graphene-Enhanced Environmentally-Benign Cutting 

Fluids for High-Performance Micro-Machining Applications. J. Nanosci. Nanotechno. 13, 5500-5504 

(2013). 

Smith, P.J. et al. Graphene oxide colloidal suspensions mitigate carbon diffusion during diamond turning 

of steel. J. Manuf. Proc. 17, 41-47 (2015).  
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The effect of graphene platelets on the cutting performance of semi-synthetic cut-

ting fluids was recently explored by Samuel et al.9. The added graphene platelets reduce 

cutting forces and cutting temperatures as measured during machining processes. The 

primary reason for this is the nanoscale dimensionality of graphene that allows the 

platelet to insert itself within the tool-workpiece interface. Sliding and shearing of the 

graphene platelets and their inherently high thermal conductivity result in reduced 

cutting forces and better heat dissipation.  

Although the effect of graphene platelets in semi-synthetic cutting fluids has been 

studied to an extent, methods described here may be used to vary graphene platelet size 

and dimensionality when dispersed in commercial synthetic cutting fluids such as 

Castrol ClearedgeTM 651910. Additionally, plant-based oils have a distinct wetting 

behavior as compared with polar aqueous solvents, mandating a different chemical 

functionalization strategy. Here it is shown that graphene sheets may be tailored to form 

stable dispersions in canola oil, a popular plant based cutting oil. The graphene laden 

canola oil is characterized based on its kinematic viscosity, thermal conductivity and 

coefficient of friction. Micro-machining tests were also performed to study the effect of 

these graphene platelets on cutting forces, cutting temperatures, and surface finish of the 

machined parts, and have not been mentioned here for the sake of brevity. Details 

regarding the machining tests and their methodology to study the effect of graphene 

platelets may be found in Reference 8.  

5.1.2 Dispersing Graphene in Aqueous and Non-Aqueous Mediums 

To successfully use graphene platelets as additives in a cutting fluid, the disper-

sion needs to be stable over time. Any agglomeration or aggregation of individual 

platelets will reduce the benefits that are offered by graphene’s extreme thinness. There 

are many studies in existing literature exploring pathways for the creation of stable, 

aqueous dispersions of single or few layered graphene11. These methods usually exploit 

the polarity of water molecules in conjunction with surfactants for better dispersion 

stability.  

                                                                                                                                                
Mukherjee, R. et al. Defect-induced plating of lithium metal within porous graphene networks. Nat. 

Comm. 5 (2014). doi: 10.1038/ncomms4710 
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5.1.2.1 Semi Synthetic Cutting Oils - Castrol ClearedgeTM 6519 

The approach taken here to obtain different sized graphene- oxide platelets in semi-

synthetic cutting fluids first involved the production of graphite oxide (GO) as a precur-

sor. The GO was subsequently exfoliated using either a thermal shock or an 

ultrasonication technique to produce platelets with varied lateral size, thickness, and 

oxygen functionalization. The thermal shock process resulted in the exfoliation of GO in 

a powder form, which was then dispersed in the fluid medium of choice, whereas, the 

ultrasonication process resulted in direct exfoliation of the GO in the fluid medium.  

Figure 20a shows the overall process flow for GOP production. The production of 

graphite oxide from raw graphite was accomplished using two oxidation techniques, 1) 

the Modified Hummer’s (MH) method12, which produces heavily oxidized graphite, and 

2) the Staudenmaier method13 which produces lightly oxidized graphite. Figure 20b 

shows the results from the X-Ray diffraction used to characterize GO obtained from 

these two methods. The Modified Hummer’s method completely oxidizes the graphite 

resulting in a diffraction peak shift from the graphitic ~26° to graphite oxide at ~11°, 

corresponding to an increase in d- spacing from ~0.34 nm to ~0.81 nm between the 

individual graphite layers. However, with the Staudenmaier method, graphite oxide is 

produced with a peak observed at ~13°. This indicates a lower increase in the d-spacing 

of ~0.67 nm, which in turn points to incomplete oxidation. The presence of a residual 

graphitic peak at 26° also confirms the milder oxidation that is achieved with the 

Staudenmaier method. This difference between the two types of GO plays a role in how 

these precursors may be further used for exfoliation to produce graphene oxide plate-

lets13. 

Thermal Shock Exfoliation of Graphite Oxide – Reduced Graphene Powder: The 

thermal exfoliation technique works by consuming some of the graphite oxide to form 

carbon dioxide gas, which in-turn induces a tremendous interlayer pressure in the 

remaining stack-structure of the GO. This pressure causes the graphite oxide to explode 

into single or multiple-layer, partially-deoxygenated, thermally-reduced graphene oxide 

platelets (TR GOPs). 

The GO produced from the Modified Hummer’s method exfoliated well but gave 

extremely low yields when subjected to high temperatures in the thermal shock furnace. 
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This is attributed to the high oxygen content in the GO produced using this method. The 

presence of such high oxygen content causes most of the graphite to get consumed in the 

production of CO2 gas during the thermal shock, which in-turn results in a poor yield of 

TR GOPs. In addition to the poor yield, the furnace also showed deposits of a soot-like 

material that caused the TR GOPs to adhere to the walls of the fabrication vessel, 

thereby increasing the difficulty of extracting the TR GOPs. The GO produced using the 

Staudenmaier method was observed to be better suited for thermal exfoliation. This is 

attributed to the limited amounts of oxygen moieties in the GO produced using this 

method, which results in a lower consumption of graphite during the production of CO2. 

Thermal shock was carried out on the Staudenmaier GO at two temperatures, 500°C and 

1050°C. The resulting thermally-reduced graphene oxide platelets will be referred to as 

TR500 and TR1050, respectively. 

 Ultrasonication-based Exfoliation of Graphite Oxide – Aqueous Processing: 

In this technique, graphite oxide is exfoliated in-solution using ultrasonication energy. 

The graphene oxide platelets produced using this method will be referred to as US 

GOPs. Deionized (DI) water was chosen as the suspension medium since it is used as a 

diluent for semi-synthetic cutting fluids. The GO obtained using the Modified Hummer’s 

method was seen to be more suitable for this technique as opposed to the one obtained 

using the Staudenmaier method. This is attributed to the fact that the MH method over-

oxidizes the GO with strong acidic groups. Models for graphite oxide produced using the 

MH method have shown that there exists acidic oxidative debris on the surface of the 

GO13. This oxidative debris acts as a surfactant in aqueous suspensions and renders the 

GO hydrophilic, allowing it to be easily dispersed in water. Such surfactant groups are 

absent in the case of the GO obtained from the Staudenmaier method, which impedes 

their suspension in deionized water. 
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Figure 20 – Graphite to Graphene production. (a) Process flow schematic for the creation of 

graphene platelets with different aspect ratios and thicknesses in water-based synthetic cutting oils. 

(b) Modified Hummer’s method over oxidizes the graphite as compared to Staudenmaier method, 

which exhibits lesser expanded when interlayer spacing is analyzed using X-Ray Diffraction.10 

(a) 

(b) 
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Figure 21a-c shows sample scanning electron microscope (SEM) images of the TR500, 

TR1050, and US graphene oxide platelets used in this study. Even though the lateral size 

measurements could be estimated using the SEM, this measurement technique has a 

major limitation. The surfactants present in semi-synthetic cutting fluids affect the 

colloidal stability of the GOP suspensions, which in-turn influences the agglomeration of 

GOPs in the solution. Therefore, the ex-situ size analysis of the platelets may not be an 

accurate representation of the effective GOP lateral dimensions that are seen by the tool 

and the work-piece. With this in mind, alternate techniques that allowed for in-solution 

measurement of the lateral dimension of the GOPs were explored. 

 

  

Figure 21 – SEM image analysis of graphene platelets. (a) Reduced graphene oxide exfoliated at 500 

℃. (b) Reduced graphene oxide exfoliated at 1050℃. (c) Ultrasonicated graphene oxide sheets. 

Agglomeration of TR-GO flakes ex-situ mandates use of alternate techniques to analyze in-situ 

dimensionality of these flakes.10 
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Dynamic Light Scattering for Estimating In-solution Lateral Size 

This technique is used to determine the size distribution of the particles in a solu-

tion. It relies on the principle, that when colloidal particles being measured are of the 

same order of magnitude as the wavelength of the monochromatic laser source being 

shone on the solution, the particles will scatter the light. This scattering causes construc-

tive and destructive interference, which is recorded by a receiver. Using such a signal, 

over time, one can calculate a size distribution of the particles by relating the fluctuation 

in signal intensity to Brownian motion. DLS is typically used for estimating of the 

hydrodynamic diameter of spherical particles in solution form. When used on a GOP 

suspension, this method will not provide the absolute value of the lateral dimensions of 

the GOP sheets. However, it is able to provide a numerical hydrodynamic diameter 

value, which better represents the lateral size seen by the tool and the workpiece.  

A 1:7 mixture by volume of Castrol ClearedgeTM 6519 semi-synthetic cutting fluid 

in DI water was used in these experiments as the baseline cutting fluid. Figure 22a-c 

show the DLS analysis of the three different types of graphene oxide suspensions made 

using this baseline cutting fluid. As seen in the figures, a bi-modal size distribution is 

apparent where oil droplets with ~50nm hydrodynamic diameter appear in the emulsion 

along with the hydrodynamic diameters of the GOP clusters. As seen from the DLS data, 

the hydrodynamic diameter of the ultrasonicated graphene oxide platelets (US GOPs) is 

120 nm. The thermally-reduced graphene oxide (TR GOPs) hydrodynamic diameters 

were seen to be 562 nm and 2781 nm at the reduction temperatures of 500ºC and 

1050ºC, respectively. 
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(c) 

Figure 22 – Dynamic Light Scattering (DLS) data for various functionalized graphene platelets. (a) 

Ultrasonicated graphene oxide produced via Modified Hummer's method shows the smallest 

hydrodynamic diameter with a mean of ~120 nm owing to electrostatic repulsion of sheets. (b) TR-

GO 500°C shows larger flakes in dispersion as a result of lesser oxygen functional groups and more 

hydrophobic nature. (c) TR-GO 1050°C agglomerates further as higher temperature thermal 

exfoliation reduces oxygen moieties to a great extent and the sheets become highly hydrophobic.10 

(a) (b) 
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It should be noted that while the DLS data (Figure 22) provides the estimated hy-

drodynamic diameter for a spherical particle, a direct correlation exists between the 

characteristic length obtained through this measurement and the actual lateral size of the 

graphene platelet in suspension. Considering a higher intensity of thermal shock would 

result in rapid deoxygenation and thus better exfoliation of individual graphene sheets, 

one would expect that the higher the extent of exfoliation, the smaller the lateral size of 

the graphene platelets in-solution. However, the DLS data contradicts this assumption. It 

was found that TR1050, which should be smaller and thinner based on exfoliation 

temperature, actually formed larger flakes than TR500 in-solution. The higher tempera-

ture of thermal shock thus produced larger sized (~3 m) GOPs in-solution, whereas the 

lower temperature of thermal shock produced smaller-sized sheets (~0.5 m) in-solution. 

Although this behavior is counterintuitive at first, it makes more sense when the role 

played by the oxygen functional groups is examined carefully. The polar oxygen func-

tional groups present on graphite oxide are removed violently during the thermal shock 

process, as carbon from the graphite reacts with the oxygen to form carbon oxides that 

generate extremely high interlayer pressures. This results in the rapid exfoliation of 

graphite oxide into reduced graphene oxide flakes. Higher temperatures do produce 

flakes with higher surface area, but these GOPs have much lesser oxygen content13. 

Residual oxygen functional groups play a crucial role in reducing agglomeration through 

electrostatic repulsion between individual platelets when dispersed in an aqueous 

environment. For the TR GOPs, there is a greater loss of oxygen moieties when the 

platelets are exfoliated at 1050°C than when the exfoliation is conducted at 500°C. The 

lower surface energy of highly-reduced graphene oxide platelets (that are formed by 

exfoliation at 1050°C) is responsible for their hydrophobicity and resultant agglomera-

tion. This is evident from the observable hydrodynamic diameters that are much larger 

for TR1050 as compared to TR500. A Gaussian distribution exists for the measured 

hydrodynamic diameter, with TR500 exhibiting a high probability for values ~562 nm, 

while the TR1050 shows much larger agglomerates with a mean diameter of ~2781 nm. 

This difference is significant and indicates that TR500 is better dispersed in aqueous 

solvents. The presence of oxygen groups also explains why US GOP suspensions exhibit 
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the smallest hydrodynamic diameter of 120 nm, as the polar groups interact with water 

molecules enabling better dispersibility. 

5.1.2.2 Plant Derived Canola Oil 

 In contrast to aqueous solvents where the H2O molecule is highly polar, the long 

chain fatty acids in canola oil are non-polar in nature. In such a situation, covalent 

functionalization of the graphene flakes with carboxyl groups may help, considering the 

long acid molecules (alpha-linoleic acid) have carboxyl groups at their ends. Similar 

methods have been used to disperse carbon nanotubes (CNT’s) and microwave exfoliat-

ed graphene nano-platelets previously14-15.  

Carboxylated graphene (purchased from ACS Materials) was dispersed in canola oil 

via horn/tip sonication performed with a Sonics Vibra Cell VCX750. Horn sonication 

was conducted for a period of 4 hours at 40% of the maximum amplitude possible for 

this machine. The concentration of carboxyl graphene in canola oil was then varied 

between 0.05%; 0.10% and 0.15% by weight. For these concentrations, stable and 

homogenous dispersions were obtained. Higher mass loadings of graphene were avoided 

as the dispersion becomes oversaturated due to which incomplete exfoliation and ag-

glomeration of graphene flakes was observed.  

Scanning electron microscopy (SEM) (Figure 23a) and X-Ray Photoelectron Spec-

troscopy (XPS) (Figure 23b) are used to characterize the carboxyl graphene flakes. The 

2-dimensional layered flakes are found to be several microns wide in their lateral dimen-

sions. Such flakes can easily slide in between the tool-workpiece interface and shear in 

order to provide a reduction in cutting forces. The XPS spectra clearly show prominent 

peaks for hydroxyl (286.4 – 286.7 eV) and carboxyl functional groups (288.0-289.4 eV). 
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(a) 

(b) 

Figure 23 – Carboxyl Graphene Platelets (GPL) analyzed. (a) Scanning Electron Microscope (SEM) 

imaging. (b) X-Ray Photoelectron Spectroscopy indicates prominent peaks at ~286 eV for hydroxyl 

and ~289 eV for carboxyl functional groups attached to the basal plane of graphene.10 
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Dispersion Characterization: In order to judge the dispersion quality and its suita-

bility for micromachining applications, multiple characterization techniques were used. 

The effect of added graphene platelets on the coefficient of friction, thermal conductivity 

as well as kinematic viscosity was measured and quantified.  

To determine the coefficient of friction, a compressive load of 50 lbf was applied 

through two glass-filled PTFE pins on to an aluminum plate, which is attached to a 

universal testing machine. This was done in accordance with testing procedures devel-

oped by Maru and Tanaka16. The pins move horizontally over the surface under this 

applied load for a certain number of passes. Each one of the cutting oil formulations is 

tested by applying a thin layer (~500 μL) on to the aluminum surface. Once the appa-

ratus is assembled, the aluminum plate reciprocates back and forth using linear actuators. 

The load cell measures dynamic friction forces experienced by the PTFE pins under 

these conditions. 

Figure 24a clearly shows how the addition of graphene platelets causes the coeffi-

cient of friction to be reduced dramatically as compared with baseline canola oil. Using 

canola oil rather than a dry surface causes the coefficient of friction to drop by ~57.14%. 

The friction coefficient is seen to further reduce considerably by 45.45% for 0.05% of 

graphene loading. Higher concentrations seem to have lower levels of improvement with 

reductions of 36.36% and 21.21% for 0.10% and 0.15% of graphene loading respective-

ly. It is interesting to note that while frictional coefficients with graphene laden canola 

oils are lesser than what is observed for pure canola oil, an increase in graphene content 

does increase friction at the interface. This may be explained by excess buildup of 

graphene layers at the tool-workpiece interface. 
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Figure 24 – Varying concentrations of carboxyl graphene dispersed in canola oil positively impact 

critical parameters for metal cutting fluids. (a) Coefficient of Friction. (b) Kinematic Viscosity. (c) 

Thermal Conductivity.8 

(a) 

(b) 

(c) 
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Figure 24b and c show the kinematic viscosity and thermal conductivity of the created 

formulations. Kinematic viscosity, measured with a Canon-Fenske routine viscometer; 

was found to increase as expected with additional solids content. The kinematic viscosity 

of the liquid formulation increases by 2.27%, 3.69% and 4.44% for 0.05%, 0.10% and 

0.15% respectively. This slight increase did not adversely affect the application of oil in 

any way. Thermal conductivity was measured with a KD-2 Pro thermal conductivity 

probe. The conductivity of canola oil with graphene did increase though not very signifi-

cantly.  The increases measured were 0.66%, 1.90% and 2% for 0.05%, 0.10% and 

0.15% loadings of graphene platelets. This rise is not as high as seen in the previous 

study with semi-synthetic metal working fluid and thermally reduced graphene. This 

indicates that canola oil acts as a stronger barrier to heat transmission. In addition, 

carboxyl and hydroxyl groups on the graphene sheet that allow it to disperse well may 

also be reducing its thermal conductivity. 

Micro-machining tests that were performed using these canola oil based cutting flu-

id formulations using a Mikrotools DT-110 CNC machine tool. Cutting temperature and 

cutting force data was collected on this instrument. The data has not been included here 

for the sake of brevity but may be found in Reference 8. The cutting temperatures 

measured make it abundantly clear that adding graphene nano-platelets to canola oil 

helps with heat dissipation in a significant manner. As the concentration of graphene is 

increased, the maximum temperature drops even further. Although the thermal conduc-

tivity did not improve as much, it seems that the graphene platelets still have an effect on 

maximum temperature rise during the cut. The dry cut causes highest temperature rise in 

the cutting zone, as expected. Adding pure canola oil to the surface drops this maximum 

temperature rise by ~13%. The 0.05% mass loading led to a further decrease of ~24%, 

while 0.10% and 0.15% resulted in large drops of ~31% and 58% respectively. 

The relatively large drops in temperature are inconsistent with the low improve-

ments observed in thermal conductivity. An alternate mechanism of carboxyl graphene 

reduction to reduced graphene is believed to be the reason for this discrepancy. It is well 

known, that graphene oxide and other graphenes with oxygen functional groups get 

reduced when they are exposed to high temperatures. This is in fact a major production 

method for single and few layered graphene flakes. It is reasonable to assume that the 
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high temperatures at the tool-workpiece interface might cause the decomposition of 

oxygenated graphene flakes (in this case carboxyl and hydroxyl groups), which act as a 

sacrificial heat sink, thus reducing overall cutting temperatures. Better tool lifetimes and 

surface finish may thus be obtained with the use of graphene in plant-derived cutting 

oils. 

With respect to resultant cutting forces, the data was averaged over the entire length 

of cut for each condition. The use of canola oil (without graphene) results in ~2.3% 

reduction in the average cutting force as compared to dry conditions. Adding graphene 

platelets results in further decreases of ~6.9%, 11.3%, and 8.9% for 0.05%, 0.10%, and 

0.15% dispersions over pure canola oil. It must be noted that beyond a certain limit, 

graphene platelets degrade the performance and result in increased cutting forces. This 

can be explained by oversaturation of canola oil, and subsequent agglomeration and 

coalescence of graphene flakes. Larger agglomerates would build up near the tool-

workpiece interface, resulting in increased cutting forces. 

5.1.3 Summary 

Graphene platelets were oxygenated to various levels, facilitating the creation of 

stable dispersions in different mediums. Highly oxidized graphene made using the 

Modified Hummer’s method disperses extremely well in aqueous suspensions. 

Staudenmaier method is used to synthesize graphene sheets with lesser oxygen function-

al groups that cause more agglomeration resulting in larger flake sizes as observed by 

dynamic light scattering experiments. For non-polar, canola oil based cutting fluids, 

carboxylated graphene sheets were found to possess the ideal level of oxygenation. 

Carboxyl and hydroxyl functional groups present at the edges of pristine graphene sheets 

help improve their affinity to non-polar, fatty acid chains. Using well-dispersed formula-

tions, the cooling and lubrication efficiency is seen to improve resulting in reduced 

cutting forces and lower cutting temperatures. The added graphene platelets also result in 

significantly lower coefficient of friction at the interface. This is due to shearing of the 

few-layered platelets that insert themselves between the tool and workpiece. The cutting 

forces are thus reduced resulting in better overall performance and lower tool wear over 

time. However it must be noted that the modest increases observed in thermal conductiv-
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ity do not fully account for the observed drop in maximum temperature rise in the 

cutting zone. In fact, the reduction of oxygenated functional groups on these graphene 

sheets may play a major role in heat dissipation for such systems. A tipping point is 

observed with respect to performance, wherein adding more graphene results in in-

creased cutting forces. This implies that there is a saturation point for the cutting oil, 

beyond which additional graphene flakes are unable to disperse properly, and end up 

agglomerating and building up at the tool edge. This causes higher cutting forces and 

adversely affects the overall lubrication efficiency. 
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5.2 Nanomaterial Electrode Synthesis for Energy Storage Devices 

5.2.1 Introduction 

Electrochemical energy storage systems are ubiquitous in today’s environment. 

As the world’s population surpasses 7 billion, energy storage is becoming critical not 

only for consumer electronic goods, but also for larger applications such as electric 

vehicles and storage for intermittent renewable energy sources that need to be integrated 

with the grid. These applications are much more demanding than in terms of perfor-

mance as well as production volume and cost requirements.  

As we seek to transition to a low-carbon economy and reduce our consumption 

of fossilized hydrocarbon fuel sources, it is imperative that we produce, store and use 

more renewable energy. The International Panel for Climate Change (IPCC) recently 

reiterated the urgency with which humans need to cut down greenhouse gas emissions 

(~40-70% by 2050 and down to zero by 2100)1. With current technology, production of 

renewable energy is not too expensive. In fact solar cell prices have come down expo-

nentially in the past three decades, and wind energy production has shown tremendous 

success with global deployments growing rapidly2-5. However the intermittence of these 

sources does create problems for transmission and consumption at the customer end. 

This consumption includes electric vehicles as well as electricity used to power office 

buildings and homes. Stationary power plants are the biggest emitters of greenhouse 

gases and replacing them with decentralized renewable sources supported by energy 

storage systems is a long term solution to our societal needs. More so, replacing an 

existing fleet of over a billion gasoline powered automobiles with electric or hybrid 

electric vehicles will require significant advancements in battery technology. The energy 

density and power density achievable by a modern internal combustion (IC) engine is 

unmatched by any existing battery chemistry. Tackling this century’s challenge of 

cutting emissions down to zero, requires the development of a groundbreaking energy 

storage technology, one that can offer high energy and power density at low costs and 

eventually replace the internal combustion engine. 

 



 

     85 

5.2.2 Lithium Ion Batteries 

Lithium-ion is currently the battery chemistry of choice for consumer electronics, 

electric vehicles and even grid storage solutions. The first ever lithium ion cell, devel-

oped at Exxon in 1976, featured a transition metal dichalcogenide (TiS2) electrode paired 

with a bare lithium metal anode6. However the use of pure lithium metal with non-

aqueous electrolytes resulted in the formation of sharp growths called dendrites. Den-

drites are caused by subsurface imperfections and impurities that lead to charge 

concentration and the subsequent electroplating of lithium. The tip-like extension tends 

to grow out from the surface and becomes longer with each charge/discharge cycle. As 

the dendrites accumulate additional lithium, the projections can eventually extend and 

pierce through the separator causing an electrical short between the two electrodes.  

The led the community towards layered- structured lithium metal compounds such 

as transitional metal oxides, spinels and phospho-olivines that could be used as the 

lithium source7-8. In 1980, Goodenough and his research team pioneered the use of 

lithium cobalt oxide (LiCoO2) as a cathode material9 with a theoretical capacity of ~273 

mAh/g and theoretical energy density of 1.11 kWh kg-1. However, the dissolution of 

cobalt above 4.2 V, restricts the maximum possible voltage window and thus the practi-

cally achievable capacity to ~140 mAh g-1. Recent advancements such as the partial 

substitution of cobalt with nickel to suppress lattice expansion, and aluminum doping for 

improved conductivity have led to better performance over extended cycling10.  LiCoO2 

cathodes are the most widely deployed in today’s commercial lithium-ion batteries. 

A wide variety of anode materials are capable of reversible electrochemical reac-

tions with lithium, including the formation of alloys or intercalates. Sony Corporation in 

1991 for the first time commercialized a lithium ion battery with graphitic anodes and 

LiCoO2 cathodes11. This chemistry remains dominant in the commercial space, albeit 

with a few changes to the metal-oxide composition. Graphitic carbon allows for an 

intercalation reaction, wherein lithium ions insert themselves in the interlayer spacing 

between individual graphene sheets, resulting in the formation of LiC6.  Although, there 

have been significant developments in anode chemistry since then, with various studies 

exploring high capacity anodes such as silicon and tin among other materials, the low 
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cost and electrochemical stability of graphite over extended cycling make it the industri-

al incumbent12-13. 

 

More recently, the research community has been focusing on the development of 

nanomaterials for electrochemical energy storage. Lithium iron phosphate nanoparticles 

allow for high rate capabilities, silicon nanorods allow for better cycling ability while 2-

dimensional graphene sheets allow for enhanced capacities beyond what is predicted 

theoretically for graphite14-16. A comprehensive review of nanomaterials for lithium-ion 

batteries is beyond the scope of this work, but it must be noted that nanostructured 

electrodes are inherently not scalable. This is a major issue, considering any improve-

ment in the cathode or anode chemistry needs to be weighed against its cost 

effectiveness and manufacturing scalability. The overall cost is not only a function of the 

material constituents, but also the ease of manufacturing and process scalability. Cur-

rently, the battery industry uses large industrial coating processes, such as doctor 

blading, to paste slurries comprising of electrode materials, polymeric binders and 

conductive additives on to metal current collector foils. These foils are then cut and 

Figure 25 – Schematic representation of a commercially available LiCoO2 - Graphite Li-Ion Cell.  
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calendared before being assembled into cylindrical or prismatic cell configurations. This 

process is extremely high throughput and uses economies of scale to bring costs down. It 

is clear, that in order to create next generation energy storage devices, nanomaterial 

processing techniques need to be developed to the point that they allow for industrial 

scale production. The challenges lie not only with keeping costs low, but also with 

scaling up the material dimensions to micro and macro levels while maintaining na-

noscale properties. 

5.2.3 Freestanding Graphene Electrodes 

Graphene, being the 2-dimensional counterpart for graphite, with its high surface 

area and superb electronic conductivity has naturally been the subject of intense research 

for energy storage applications. A host of recent studies have explored graphene-based 

electrodes for capacitors, super-capacitors and batteries17-19. Most approaches follow the 

industry standard technique and mix exfoliated graphene sheets in organic solvent based 

slurries with polymeric binders and paste them on to metal current collector foils. This 

results in individual sheets coalescing and agglomerating, reducing the overall conduc-

tivity and surface area, essentially nullifying the various benefits nano-scale 

dimensionality promised. Understanding this, there has also been some work on creating 

pure, unadulterated graphene electrodes20-21.  

In 2012, Mukherjee et al. demonstrated the use of photo-thermally reduced gra-

phene sheets as lithium-ion battery anodes22. Freestanding graphene oxide papers were 

exposed to a laser or photo-thermal flash lamp that provides a brief pulse of high intensi-

ty photonic energy. The rapid heating up of insulating graphene oxide results in the 

formation of carbon dioxide and monoxide, generating extremely high interlayer pres-

sures that cause mini-explosions as the gases force their way out. This explosive 

deoxygenation leads to freestanding reduced graphene macrostructures. The exfoliation 

process produces porous graphene networks with several microscale cracks, pores and 

intersheet voids, (Figure 27c and d) resulting in enhanced electrolyte wettability and 

faster lithium ion diffusion. The lack of polymeric binders ensures that graphene sheets 

are accessible to lithium ions in the electrolyte and have a low interfacial charge transfer 

resistance. To begin, graphite is oxidized to give graphite oxide (GO). GO is then 
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exfoliated in DI water through ultrasonication, yielding graphene oxide sheets in disper-

sion. The colloidal suspension of graphene oxide flakes is then filtered through an 

alumina membrane (Whatman Anodisc ~47 mm diameter) to produce freestanding 

graphene oxide papers upon drying. Following this, the GO paper is subjected to a laser 

or photo-thermal flash and the high energy exposure results in carbon reacting with 

oxygen and escaping to cause deoxygenation. The rapid outgassing of carbon oxides 

leads to the creation of microscopic pores and cracks that enhance electrolyte wettability 

and improve lithium ion diffusion within the graphene network. Individual graphene 

sheets remain welded together to form a robust and flexible structure that can be used as 

an electrode without the need for metallic current collectors, given their high electronic 

conductivity  

(a) (b) 

(c) (d) 

Figure 26 – Photo-thermal reduction of graphene oxide sheets induces a rapid deoxygenation 

reaction resulting in the formation of freestanding graphene electrodes. (a) Laser based raster 

scanning. (b) Xenon flash induced deoxygenation. (c) Freestanding electrode is found to be robust 

and flexible. (d) Top view showing cracks and pores created as a result of photo-thermally induced 

deoxygenation. 

Adapted and reprinted with permission from “Mukherjee, R., Thomas, A. V., Krishnamurthy, A., 

& Koratkar, N. Photothermally reduced graphene as high-power anodes for lithium-ion batter-

ies. ACS Nano 6, 7867-7878 (2012).” Copyright 2014 American Chemical Society.22 
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These porous graphene networks (PGN’s) were evaluated as anodes for lithium 

ion batteries, and exhibited capacities of ~915 mAh/g as compared to a theoretical 

maximum of ~372 mAh/g for graphite22. Practically achievable capacities of graphite are 

even lower. Further work on this concept revealed the reason for these high achievable 

capacities. Cracks and defects created during the high intensity deoxygenation were 

shown to be responsible for benign lithium electroplating within the nanoscopic cavities 

(Figure 26)23. Using pure lithium metal in batteries has proven hazardous with the 

growth of dendrites and resulting fire hazards. However, the small scoops of lithium 

metal stored within these nanoscale pores are never a large enough volume that would 

result in dendritic growth24. Thus restricting the amount of lithium to nano-sized chunks 

encapsulated by a porous graphene network enables a safe, electroplating phenomena for 

Figure 27 – A summary of performance characteristics for graphene based electrodes (a) Graphene 

anodic half-cells exhibit high capacities upto ~915 mAh/g over 1000 cycles. (b) Cathodic half cells 

are compared with commercially available cathodes and achieve ~815 mAh/g. (c) Graphene elec-

trodes demonstrate extremely high rate capability with appreciable capacities observed at rates up 

to 150 C. (d) A Ragone Chart comparing this battery technology with state-of-the art energy storage 

devices including batteries and electrochemical capacitors.22,23 

(a) (b) 

(c) (d) 
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high achievable capacities. This concept was used to create lithiated graphene composite 

electrodes, which were tested as counter electrodes that act as the lithium source in cells. 

When tested in cathodic half-cell configurations (Figure 27a), these electrodes demon-

strated capacities of ~850 mAh/g, ~4 times the value attained by commercial cathodes. 

.Moreover, the penetration of electrolyte within the macrostructure allows for extremely 

high rate capability. Appreciable capacities are achieved even at rates as high as 150 C 

(Figure 27c), where a rate of nC implies charge or discharge in 1/nth of an hour. The 

power densities thus achieved are an order of magnitude higher than commercial lithium 

ion technology and would enable various new applications that are not even possible 

with current systems. A Ragone Chart has been included for a broad perspective on 

where the graphene based electrodes lie in terms of energy density and power density as 

compared to commercial electrochemical batteries and capacitors. They can be seen 

pushing the envelope on both ends towards performance metrics that could compete with 

an internal combustion engine. An extensive overview of the battery performance is 

beyond the scope of this work, and may be found in References 22 and 23. 

Such high energy densities and power densities would be critical for next genera-

tion applications. Electric vehicles would benefit from faster charging infrastructure, 

better acceleration and regenerative braking, as well as hybrid start-stop ignition systems 

that can significantly reduce emissions for gasoline powered automobiles. Faster charg-

ing consumer electronics are very desirable from the perspective of mobility and a 

tetherless world. High power applications, beyond what is currently the norm, would 

also benefit from such devices. Robotics has lately seen an upheaval with modern 

control systems and dynamics facilitating humanoids, drones and increasingly complex 

space faring robots with specialized applications. A reliable, high performance battery 

storage system can open up several possibilities in these areas and empower novel 

implementations. 

5.2.4 Roll-to-Roll Production and Assembly of 2D Nanomaterials 

To achieve scalable production of such graphene based electrodes, a top-down 

synthesis and assembly of graphene macrostructures is a superior approach. Bottom up 

techniques such as Chemical Vapor Deposition (CVD) can prove to be cost prohibi-
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tive25-26. The system comprises of a tube furnace with hydrogen, methane and argon gas 

flow tubes attached. Throughput is limited by batch production cycles with high temper-

ature and low pressure requirements. The process is also constrained with respect to 

achievable mass loadings of the deposited nanomaterial. There is some evidence that 

roll-to-roll CVD may be realizable, however the core limitation of CVD processes stems 

from the atom-by-atom assembly method, which requires a large amount of energy to 

produce small quantities of highly ordered material27. Such methods are suitable for 

electronic applications where high crystallinity and single layer architectures are desira-

ble. For high mass loadings, solution based approaches are significantly cheaper and can 

prove to be technologically feasible, even at an industrial scale production levels. 

Freestanding graphene and graphene oxide papers have been synthesized through 

the vacuum filtration of stable dispersions28-30. Notwithstanding the thorough investiga-

tion that such freestanding papers have been subjected to for various applications, 

ranging from battery and capacitor electrodes as well as membranes for selective gas 

permeation or water filtration, the techniques used to produce them are inherently not 

scalable31-32. The basic methodology for creating these membranes stays the same and is 

usually a batch process. Spin coating or evaporation may yield thin films required for 

membrane applications. To achieve slightly thicker films for electrode applications, 

vacuum filtration of exfoliated graphene oxide in water has been performed extensively.  

A Modified Hummer’s method was used to oxidize the graphite33. Flake graphite 

is first treated with heavily oxidizing reactants that intercalate between the individual 

sheets and introduce oxygen functional groups. These are appended to the edges of 

graphitic monolayers as well as on the basal plane and include hydroxyl (-OH), carboxyl 

(-COOH), 1,3 ethers and several other oxygen moieties that increase the interlayer 

spacing from ~0.34 nm to ~1.1 nm as shown by X-Ray Diffra ction analysis in Figure 28. 

The value of 2θ goes from 27° to 11° indicating the increase in d-spacing. The enhanced 

wettability and larger interlayer spacing facilitates water molecule penetration. Mechani-

cal exfoliation techniques such as ultra-sonication in aqueous environments facilitate the 

delamination and separation of graphite oxide flakes into single layer graphene oxide 

sheets. The dispersion is then filtered to assemble graphene oxide layers together, 

binding them strongly together to create flexible, freestanding paper like structures 4-5 
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cm in diameter. Vacuum filtration of graphene oxide or reduced graphene oxide in an 

aqueous suspension through a porous Anodisc membrane allows the sheets to settle 

down and bond to each other, forming a thin sheet. These membranes are formed by 

electroplating aluminum oxide as micro-porous, vertically oriented channels. This allows 

the water to  escape when subjected to a vacuum.  

 

Unfortunately, the largest such membrane available commercially, Whatman Ano-

disc, is ~47 mm in diameter. The Al2O3 membrane is bordered along its periphery by a 

plastic ring that provides strength and support while enabling the handling of its brittle 

circular interior. Scaling lateral dimensions or even geometry with such membranes 

becomes a challenge for any filtration based methods. The process is also not suitable for 

creating thick sheets with higher mass loading, a critical requirement for industrial 

electrode applications. Since vacuum filtration relies on the deposition of graphene oxide 

sheets on top of each other, the buildup of layers over time slows down the flow of water 

considerably. The water molecules must pass through the interlayer spacing of each 

deposited layer in order to be completely removed. This creates a tortuous path for the 

fluid and significantly slows down the water flow. Even ~10-20 microns thick graphene 

oxide papers can take ~72-96 hours for complete water removal and drying before they 

are ready for use. It must be noted that the time increase is extremely non-linear and 

rapid after a certain point. This is understandable considering the impediment to water 

flow increases over the duration of the process. This infeasibility of this method at any 

(a) (b) 

Figure 28 – (a) Schematic representing graphite oxidation to graphite oxide and its result on 

interlayer spacing. (b) X-Ray diffraction of Graphite Oxide produced using Modified Hummer’s 

method shows a prominent peak at ~11 deg (as opposed to ~27° for pristine graphite) indicating a 

larger interlayer spacing of ~1.1 nm (as opposed to 0.34 nm for pristine graphite). 
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meaningful scale necessitated the development of a faster method that could allow for 

the synthesis of large aspect ratio graphene macrostructures with high mass loadings in 

shorter time periods. 

The reason graphene oxide dispersions are stable and resist aggregation is the inher-

ent electrostatic repulsion that individual sheets have with each other. Any particle or 

sheet dispersed in a medium attracts charged species that interact chemically with the 

surface. A layer of ionic charges thus builds up and is consequently balanced by a 

second layer of loosely attached ions, giving rise to the “interfacial double layer”. The 

electric potential measured at the edge of this solvation shell relative to a point in the 

bulk fluid is termed the Zeta Potential. Even though this measured value is lesser than 

the real surface charge beneath the double layer, it is a good measure for the electrostatic 

repulsion experienced between similarly charged particles or sheets.  A high value of 

zeta potential indicates a more stable suspension. The highly negative surface charge on 

graphene oxide is evidenced by its zeta potential value of approximately -40 mV at a 

neutral pH of ~734. This characteristic was used to develop an electrophoretic deposition 

process that allows for rapid synthesis of high mass loading graphene oxide paper. A 

graphene oxide colloidal dispersion is subjected to an electric field that initiates the 

movement of negatively charged species (monolayer graphene oxide) towards the anode. 

The process is initiated by the electrolytic splitting of water and the deposition is con-

ducted at 10V. The graphene oxide sheets moving towards the current collector are 

collected on a porous membrane composed of cellulose ester or polypropylene. After 

drying, the deposited sheet may be separated by dissolving the cellulose ester in acetone. 

The sheet may just be peeled off of polypropylene. Figure 29a shows a bench-top 

prototype developed for roll-to-roll production of large scale graphene oxide sheets. This 

setup was used to demonstrate the synthesis of large sheets as a proof-of-concept. Figure 

29b shows the variation of current and resistance with time as the deposition thickness 

increases. Initially the current measured is ~13 mA but it quickly drops off to 2-3 mA as 

the layers build up, increasing overall interfacial resistance.   
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Figure 29 – (a) Profiles for change in current and resistance as a function of time during the electro 

deposition of graphene oxide. (b) Roll-to-Roll electrodeposition setup built for graphene oxide 

electrodeposition. (c) Image of a large area freestanding graphene oxide sheet. (d) Cross-sectional 

SEM image of synthesized graphene oxide paper. (e) Schematic representation of All-Carbon 

lithium ion cell using graphene anodes and graphene-lithium composite cathodes. (f) Image of 20 

mAh pouch cell built using graphene based electrodes powering an LED. Electroplating offers a 

drastic reduction in production time, leading to faster processing for industrial scale electrodes, with 

high achievable mass loadings. Flexibility with lateral dimensions enables device scale prototypes.23 

 

(a) (b) 

(e) (f) 

(c) (d) 
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The deposition process takes ~17 minutes for a ~20 µm thick graphene oxide lay-

ered structure, and a total of ~6 hours including drying in ambient conditions. When 

compared to ~96 hours for a similar mass loading with vacuum filtration, this process 

offers an order of magnitude advantage with reduced process times and effectively lower 

cost of production. 

It must also be noted that electrodeposition process was used to create sheets 

with thicknesses ranging from ~10-100 µm, thereby establishing the versatility of this 

process for various applications. Mass loadings of ~5 mg/cm2 for reduced graphene 

electrodes were easily achieved as per industrial standards. In comparison vacuum 

filtration only allows up to ~1 mg/cm2-, suitable for research but not sufficient for device 

level applications. Figure 29c and d show a photographic image and SEM image of 

graphene oxide papers prepared using this method. The graphene oxide paper is 36 cm2 

in area, limited only by the dimensions of the bath used for electrodeposition. Figure 29 

e and f depict a schematic and photographic image respectively, for the All-Carbon 

lithium-ion battery enabled by such graphene based electrodes The specific capacity, 

high rate capability, electro-chemical stability and extended cycle life for graphene 

electrodes produced by the photo-thermal reduction of freestanding graphene oxide have 

been discussed extensively, along with predicted mechanisms for such performance 

attributes in References 22 and 23.  

5.2.5 Summary 

A novel electrodeposition based approach is investigated and developed for scal-

ing up the assembly of nanosheets into macrostructures. These process itself is highly 

scalable with respect to lateral dimensions that may be achieved. It also enables the 

synthesis of electrodes with high mass loadings of ~5 mg/cm2 and higher as required, 

thus fulfilling industrial requirements for lithium ion batteries. The process was demon-

strated in a proof-of-concept roll-to-roll production line that facilitates a continuous, 

high throughput manufacturing technology. The resulting graphene oxide precursor is 

subjected to photo-thermal energy for an intense deoxygenation reaction, resulting in 

myriad pores and cracks within the layered structure. The presence of defects initiates 

benign lithium electroplating within the porous graphene network, resulting in high 
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achievable capacities and thus breakthrough energy density (~650 Wh/kg). The en-

hanced wettability due to this graphene networks porous nature also reduces interfacial 

resistance at the electrolyte-electrode interface, providing better lithium ion transfer 

kinetics and thus high power densities (~30 kW/kg).   
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6. Conclusion 

This dissertation focuses on the inherent wetting characteristics of 2-dimensional 

nanomaterials such as graphene and transition metal dichalcogenides including tungsten 

disulfide and molybdenum disulfide. The molecular interaction of these nanoscale 

materials with water is useful to understand from a fundamental perspective for the 

scientific community. It is also crucial background information for engineers and 

scientists attempting to utilize these nanomaterials for their unique properties in various 

applications. The work is broadly segmented in 4 major chapters other than the introduc-

tion and conclusion.  

Chapter 2 first discusses the wetting behavior of graphene when supported on flat 

planar substrates. Wetting transparency is observed in some cases, especially when there 

are long range chemical interactions between the substrate and water droplet. This 

allows the water molecules to “see-through” the sheer graphene monolayer, which is 

only is ~0.34 nm thick.  This unique attribute spurred the investigation of thin graphene 

coatings on roughened substrates. A non-conformal graphene coating on copper nano-

rods showed that when the carbon layer rested on tops of these roughness features, it 

ended up blocking the pores and air-pockets. Such graphene coatings would demonstrate 

wetting opacity for highly hydrophobic surfaces, with the highest water contact angle 

limited by the carbon-water interaction. The surface friction was reduced significantly, 

and lower contact line pinning and hysteresis observed for moving water droplets on 

such coated surfaces. Thereafter, the conformal coating of graphene on hierarchically 

rough copper structures, synthesized using in-situ deposition methods such as chemical 

vapor deposition, is also discussed. It is observed that such adherent coatings allow 

graphene to demonstrate wetting transparency at a local level, thereby maintaining an 

overall hydrophobic state with entrapped air still exposed to the resting water droplets. 

Chapter 3 departs from the supported graphene regime and explores a 3-

dimensional macrostructure created using chemical vapor deposition on nickel foams. 

The nickel is subsequently etched away and the freestanding graphene foam obtained 

contains several pores and microscopic air pockets. Such foams were found to be 

superhydrophobic when treated with low surface energy polymers such as Teflon. The 



 

     100 

inherent strength and elasticity of graphene based foams allows impacting water droplets 

to rebound off the surface, demonstrating a useful capability for various applications. 

Chapter 4 expands on this work with a look at another class of 2D layered mate-

rials called transition metal dichalcogenides. Tungsten disulfide and molybdenum 

disulfide monolayers are studied and found to exhibit some level of wetting transparen-

cy, indicating a more complex behavior than previously predicted by simple continuum 

models. Furthermore, the effect of aging is studied for such monolayer samples. Earlier 

studies on graphene regarding hydrocarbon contamination were used as a baseline to 

develop a better understanding of how these monolayers would behave without any 

surface contamination as opposed to what is usually observed in practice. Such infor-

mation may assist in the development of better models for TMD surface wettability. 

Chapter 5 uses these wetting concepts to develop two distinct and diverse technolo-

gies. The wettability of nanosheets plays a critical role in the production of stable 

dispersions that allow manipulation and assembly of these nanosheets according to 

requirements for specific technological implementations. The first subchapter discusses 

graphene-based additives that can be used with semi-synthetic and vegetable oils in 

order to develop a better alternatives for metal cutting oils. This is useful for micro-

machining applications where high cutting forces and temperatures may be mitigated by 

few-layered, sacrificial graphene sheets with chemical functionalization to help them 

disperse better in canola oil. This results in reduced friction and better heat dissipation 

heat when the graphene sheets shear and undergo thermal decomposition at the tool-

workpiece interface.  Finally, the development of graphene based electrodes for lithium-

ion batteries are discussed. Freestanding graphene electrodes are currently produced via 

techniques such as vacuum filtration, which prove to be inherently not scalable for 

industrial use. A top-down approach to the synthesis of exfoliated graphene oxide and 

subsequent assembly of the nanosheets into layered structures is demonstrated. A unique 

roll-to-roll electrodeposition technique is invented for high-throughput production. This 

technique allows for rapid synthesis of thick graphene oxide sheets that are reduced 

photo-thermally to create high performance lithium ion electrodes. Such freestanding 

battery electrodes eliminate heavy metals such as cobalt and nickel, leading to improved 

energy and power densities while simultaneously lowering the overall cost.  


