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ABSTRACT 
 
A combination of UV/ozone and vacuum pyrolysis 

treatments is introduced to tune the wetting properties of 
vertically aligned multiwalled carbon nanotube arrays. The 
UV/ozone treatment renders these arrays superhydrophilic 
by functionalizing them with oxygenated functional groups. 
These superhydrophilic arrays have a high affinity to water 
such that they have a very high specific capacitance in 
aqueous electrolytes. The vacuum pyrolysis treatment 
renders these arrays superhydrophobic by deoxidizing 
them. The presence of a thin film of air at the surface of 
superhydrophobic arrays when they are submerged in water 
creates a slip condition that is useful for drag reduction. 

 
Keywords: carbon nanotube array, superhydrophobic, 
superhydrophilic, supercapacitor, drag reduction. 
 

1 BACKGROUND 
 
Wetting properties of materials have been the topics of 

interest among researchers for decades, due to their 
relevance to numerous industrial applications. A lot of 
investigations have been conducted in the past to 
understand all the parameters that influence the wettability 
of a material. Two of these parameters are the surface 
chemistry [1, 2] and the nanometer-scale surface roughness 
[3, 4] of the material. It is well known that the surface 
chemistry of a material can be altered by many ways; some 
of them involve surface oxidation, non-wetted materials 
deposition, and electric field application (electrowetting). 
Quite the opposite, there are not so many ways to modify 
the nanometer-scale surface roughness of a material.  

 
Among many synthetic materials, vertically aligned 

multiwalled carbon nanotube (MWNT) arrays capture a lot 
of attentions, due to their exceptional properties, durability, 
simple fabrication process, and surface chemistry 
versatility. The MWNT array can be made superhydrophilic 
straightforwardly by oxidizing them, which results in the 
presence of oxygenated functional groups on their surface. 
However, in order to produce superhydrophobic MWNT 
array, much more complicated processes involving polymer 
[5] or ceramic [6] deposition as well as plasma treatments 
[7, 8] are needed.  

Here, a combination of UV/ozone [9, 10] and vacuum-
pyrolysis treatments to tune the wetting properties of 
MWNT arrays is introduced. The amount of oxygenated 
functional groups bonded to the MWNT arrays can be 
easily varied by these treatments. Using a combination of 
these treatments, the MWNT arrays can be repeatedly 
switched between superhydrophilic and superhydrophobic.  

 
There are actually many oxidation processes that can be 

used to oxidize the MWNT array, such as high temperature 
annealing in air, UV/ozone treatment, oxygen plasma 
treatment, and acid treatment [11, 12]. The acid treatment is 
generally hazardous and the hot air annealing and oxygen 
plasma treatment are costly and the probability to over 
oxidize the MWNT array is quite high. On the other hand, 
the UV/ozone treatment is safe, simple, cost efficient and 
can be scaled up for industrial use. Likewise, the vacuum 
pyrolysis treatment allows a simple, safe, cost efficient 
process to deoxidize the MWNT arrays. Since a vacuum 
pyrolysis treatment performed at a mild vacuum and a 
moderate temperature reverses the effect of surface 
oxidation, it eliminates the need to deposit foreign materials 
onto the arrays in order to make them superhydrophobic.  

 
2 EXPERIMENTAL METHODS 

 
Vertically aligned MWNT arrays (Fig. 1a and Fig. 1b)  

were grown by chemical vapor deposition technique on 
silicon substrates, using hydrogen and ethylene as the 
precursor gas [13]. The typical diameter and inter-nanotube 
spacing is about 12-20 nm and 40-100 nm respectively. The 
length of the array used in this study was about 14 μm. 
Basic characterization of the MWNT growth was done 
using scanning electron microscope (Zeiss Leo 1550VP). 
The hydrophobic MWNT arrays used in this study were 
produced by oxidizing the as-grown MWNT in UV/ozone 
treatment (Bioforce Nanosciences UV/Ozone Procleaner 
Plus) for 21 minutes. The superhydrophobic MWNT arrays 
were produced by subjecting the superhydrophilic MWNT 
arrays to vacuum pyrolysis treatement at a mild vacuum of 
2.5 Torr and a moderate temperature of 250°C for 3 hours. 
The quality of the graphitic structure of the MWNT was 
assessed using transmission electron microscope (FEI 
Tecnai F30) and Raman spectrometer (Renishaw M1000) 
with Eexcit = 2.41 eV.  
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Figure 1: (a) Low magnification and (b) high magnification scanning electron microscope (SEM) images of typical MWNT 
array taken at 60° off-vertical tilt angle. These SEM images show the overall vertical alignment of the nanotubes and the 
presence of some entanglements at smaller scale. (c) Transmission electron microscope image (TEM) image of a typical 

superhydrophobic nanotube after being exposed to vacuum pyrolysis treatment, showing the multiple concentric graphitic 
walls of the nanotubes. (d) TEM image of a typical superhydrophilic nanotube after being exposed to UV/ozone treatment, 
showing the presence of a layer of disordered, most likely functionalized, carbon structure. (e) Raman spectra of vacuum 

pyrolysis treated and UV/ozone treated MWNT arrays. The D band (~1345 cm-1), G band (~1578 cm-1) and G’ band (~2675 
cm-1) are obtained with Eexcit = 2.41 eV. Each spectrum is normalized by the intensity of its G band. (f) Fourier transform 

infrared (FTIR) spectroscopy spectra of vacuum pyrolysis treated and UV/ozone treated MWNT arrays. These spectra show 
C–O peaks at 810-1320cm-1, C=C peaks at 1340-1600cm-1, and C=O peaks at 1650-1740 cm-1. 
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Figure 2: (a) Top view, tilted view and side view of two 
MWNT arrays with opposite wetting properties in water. 

The array on the left hand side (denoted by §) is a 
superhydrophilic MWNT array that has been exposed to 

UV/ozone treatment. The array on the right hand side 
(denoted by ‡) is a superhydrophobic MWNT array that has 

been exposed to vacuum pyrolysis treatment. Notice that 
the water free surface (indicated by an arrow) is curved near 

the surface of the superhydrophobic MWNT array. (b) 
When these samples are fully submerged in a deeper water 
level, the presence of a thin air film on the surface of the 
superhydrophobic MWNT array makes it look reflective. 

On the other hand, the superhydrophilic MWNT array 
shows its original black color. 

 
The surface chemistry of the MWNT after being 

exposed to UV/ozone and vacuum pyrolysis treatment was 
probed using Fourier transform infrared spectrometer 
(Nicolet 6700). The infrared spectroscopy samples were 
prepared by scrapping off small portion of each array from 

its growth substrate. They were then dispersed in CD2CL2, 
drop-cast onto KBr window and subsequently dried 
overnight under mild vacuum. Specific capacitance was 
calculated by fitting the Randles equivalent electrical circuit 
to the measured impedance of each array and the result was 
then normalized with the weight of the array. The 
impedance itself was measured in 6M KOH using 
electrochemical impedance spectrometer (Biologic SP-200) 
at frequency of 10 mHz – 1 MHz.  

 
3  RESULT AND DISCUSSION 

 
The TEM images of the MWNT from both 

superhydrophilic and superhydrophobic array are almost 
indistinguishable (Fig. 1c and Fig 1d). These TEM images 
clearly show that the graphitic structures of the arrays are 
still intact after UV/ozone and vacuum pyrolysis treatments. 
This implies that both treatments can be use multiple times 
without destroying the structure of the MWNT. However, a 
slight difference can be noticed from these TEM images 
where the superhydrophilic MWNT seems to be 
encapsulated by a thin layer of disordered, most likely 
functionalized, carbon structure.  

  
The Raman spectra of both superhydrophilic and 

superhydrophobic MWNT show three distinguishable  D, G 
and G’ bands, which can be found at 1345cm-1, 1578cm-1 
and 2675cm-1 respectively (Fig. 1e). Two weak peaks 
associated with the D’ bands of the MWNT and the silicon 
substrate can also be found at 2916cm-1 and 495cm-1 
respectively. The degree of graphitization of the MWNT 
can be implied from the intensity ratio between the D and G 
bands. The average intensity ratio of the D and G bands 
(ID/IG) for the superhydrophilic MWNT arrays is about ID/IG 
= 1.06. This value is about 60% higher than that for the 
superhydrophobic ones, which is about ID/IG = 0.66. This 
finding suggests that the UV/ozone treatment induces 
disorders to the MWNT arrays while the vacuum pyrolysis 
treatment restores the order of graphitization of the MWNT 
arrays to some extent. 

 
Fourier transform infrared (FTIR) spectra of 

superhydrophilic MWNT arrays show very strong C–O 
peaks at 810-1320cm-1 and a quite strong C=O peak at 
1650-1740 cm-1 (Fig. 1f), inferring the existence of 
hydroxyl, carboxyl, and carbonyl groups [9, 10, 14, 15]. 
The peaks at 1340-1600cm-1 indicate the C=C bonds of the 
MWNT walls [9, 10, 14]. The FTIR spectra of 
superhydrophobic MWNT arrays show very weak C–O and 
C=O peaks. The significant decrease of these peaks 
suggests oxygen desorption process takes place during the 
vacuum pyrolysis treatment, removing almost all hydroxyl, 
carboxyl, and carbonyl groups from the MWNT.  

 
Just like any other superhydrophilic materials, the 

UV/ozone treated MWNT arrays could be wetted easily by 
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water such that they have an extremely low static contact 
angle for water of less than 30° and their ability to be 
immersed easily in water (Fig. 2a). A totally opposite 
behavior is exhibited by the vacuum pyrolysis treated 
superhydrophobic MWNT arrays. Due to the lack of 
oxygenated functional groups on their surface, these arrays 
show very strong water repellency and their static contact 
angle for water is extremely high of more than 170°. When 
these samples are immersed in water, the free surface of the 
water is curved near their surface in order to prevent the 
water to wet the surface of these samples (Fig. 2a). Even 
when these arrays are full submerged in water, the surface 
of these arrays cannot be wetted due to the presence of a 
thin film of air on their surface. Because of this air film, 
these superhydrophobic arrays appear reflective while the 
superhydrophilic arrays show their original black color 
(Fig. 2c). 

 

Figure 3: Specific capacitance of superhydrophilic and 
superhydrophobic MWNT in 6M KOH, which was 
measured to be 29.2 F/g and 25 mF/g respectively. 

Since the affinity between the superhydrophilic MWNT 
arrays and water is very strong, one can expect that these 
arrays have exceptional electrochemistry properties in 
aqueous solution compared to the superhydrophobic ones. 
The average specific capacitance of superhydrophilic 
MWNT arrays is indeed found to be about three orders of 
magnitude higher than that of superhydrophobic MWNT 
arrays. In fact, the presence of air film on the surface of the 
superhydrophobic MWNT arrays inhibits electrons/protons 
transfer from/to the arrays [16]. 

 
The presence of this air film, on other hand, is found to 

be very effective in reducing skin friction drag in water. As 
measured by particle image velocimetry at Reynolds 
number of 6500, such air film allows the slip condition to 
occur at the surface of the array with a slip velocity up to 
22% of the free stream velocity. This finding suggests that a 
skin friction drag reduction up to 12% can be achieved by 
the superhydrophobic MWNT arrays. In contrast, the 
superhydrophilic MWNT arrays do not exhibit the same 

capability because of the lack of air film on their surface 
creates a no-slip condition that occurs at the surface of the 
array, just like at the surface of other conventional 
materials. 

 
4 CONCLUSIONS 

 
The findings reported herein show that the wetting 
properties of MWNT arrays can be tuned easily and 
reversibly by exposing these arrays to UV/ozone vacuum 
pyrolysis treatments, while keeping their graphitic 
structures intact. Because of their strong affinity to water, 
the superhydrophilic MWNT arrays can be employed as 
electrodes for supercapacitor. On the other hand, due to the 
presence of a thin air film on their surface, the 
superhydrophobic MWNT arrays may be employed to 
reduce skin friction drag. 
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