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Abstract: The surface morphology, structure and hydrophobicity of low- and high-molecular weight
poly(dimethylsiloxane) (PDMS) fluids physically adsorbed onto multi-walled carbon nanotubes
(MWCNTs) at different weight percentages (5, 10, 20 and 40 wt.%), were studied employing X-ray
diffraction (XRD), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR),
scanning electron microscopy (SEM) and measurements of contact angle with water. It was found that
MWCNTs agglomerate forming voids between tubes of a broad range, while adsorption of the
polymer from a hexane solution results in the expected wrapping of nanotubes with PDMS chains
and, further, in filling voids, as represented by SEM data. ATR-FTIR was used to investigate the
possible structural changes in the polymer nanocomposites. Based on the contact angle measurements
via water drop shape analysis, MWCNTs/PDMS nanocomposites were characterized as a stable,
superhydrophobic materials with the maximum contact angle (CA) equal to 152° at CPDMS = 40 wt.%.
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1. Introduction
Carbon has a phenomenal and unique ability to create an astonishing number of different compounds
– over 10 million different compounds of carbon are known (Chemistry Operations, 2003). It is present
in all carbonate minerals that form limestone and dolomite, as well as the pure carbon minerals,
graphite, diamond, fullerene and carbon nanotubes. Since the discovery of carbon nanotubes (CNTs)
in 1991 (Iijima, 1991), they have become the synonymous of nanotechnology because of their unique
structural, mechanical, and electronic properties (Khalid, 2013). Moreover, in recent years, carbon
nanotubes are prime candidates for application in the development of new polymer composite
materials (Spitalsky et al., 2010; Sun et al., 2013; Klonos et al., 2018). One of the polymers, commonly
used for designing and fabrication of hydrophobic/superhydrophobic materials is
poly(dimethylsiloxane) (PDMS) (Kapridaki et al., 2013; Ramalingame et al., 2016; Zhang et al., 2017;
Shetty et al., 2018). Its versatile includes thermal stability over a large temperature range, low surface
tension, high flexibility, optical transparency, chemical inertness, biocompatibility, nontoxicity, a high
degree of water-repellence and low cost (Maji et al., 2012). PDMS is a silicon-based organic polymer
composed of a repeating [SiO(CH3)2] units and is in rubber state at room temperature as its glass
transition temperature is less than -120 °C (Kong et al., 2014). The carbon nanotubes (CNTs) consist of
graphene sheets rolled to form a tube which exists as a single-walled (SWCNTs), a double-walled
(DWCNTs) and a multi-walled (MWCNTs) carbon nanotubes depending on a number of formed
layers of graphene sheets (Hembram et al., 2012). Furthermore, carbon nanotubes are able to create a
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surface in both microscale and nanoscale, owing to their rigid cylindrical nanostructure. The various
techniques of incorporation of CNTs in the polymer matrices (mechanical stirring, in-situ
polymerization, shear mixing, solvent mixing etc.) were applied for the fabrication of a new, advanced
materials with multifunctional properties (Azhari et al., 2017). The interface between the MWCNTs
and the poly(dimethylsiloxane) plays an important role in achieving good dispersion, such as the
PDMS–CNT interfacial interactions, the so called CH-π interactions, between the methyl groups of the
polymer and the π-electron rich surface of the nanotubes reported by Nishio and co-workers (Nishio
et al., 1998). The purpose of the present work is to obtain nanocomposites with high hydrophobicity
based on multi-walled carbon nanotubes (MWCNTs) and linear poly(dimethylsiloxane) with different
molecular weights. The main attention was paid to the structural, morphological and hydrophobic
properties of MWCNTs/PDMS polymer nanocomposites analyzed using XRD, ATR-FTIR, SEM
techniques as well as contact angles measurements.
2.

Experimental

2.1. Materials
Commercial poly(dimethylsiloxane) fluids of two molecular weights (Wacker Chemie AG, linear, –
CH3 terminated, code names: PDMS-100 and PDMS-12500 with Mw ≈ 3410 and 39500 g/mol,
respectively) were physically adsorbed onto multi-walled carbon nanotubes at the amount of 5, 10, 20
and 40 wt.%. MWCNTs were obtained by catalytic chemical vapour deposition (CCVD) (Kartel et al.,
2016), using pyrolysis of propylene on complex metal oxide catalysts (Melezhyk et al., 2005). Before
adsorption, the samples were dried at 110 °C for 2 h. A hexane solution of PDMS (1 wt.% PDMS) was
prepared and different amounts of the same solution were added to fixed amounts of dry carbon
material powder. The suspension was mechanically stirred and finally dried at room temperature for
48 h and then at 80 °C for 3 h. All samples with PDMS in the amount of 5, 10, 20 and 40 wt.% were in
the powder form similar to pristine MWCNTs (P-MWCNTs), while pristine PDMS-100 and PDMS12500 are liquids.
2.2. Methods
2.2.1. X-ray diffraction (XRD)
The crystalline structure of P-MWCNTs and MWCNTs/PDMS nanocomposites was determined by
the X-ray diffraction (XRD) method. XRD analysis was performed at room temperature using a
DRON-3M diffractometer (Burevestnik, St.-Petersburg, Russia) with Cu Kα (λ = 0.15418 nm) radiation
and a Ni filter over an angular range of 10–70°. The average size of crystallites was estimated using
the Scherrer equation (Jenkins et al., 1996).
2.2.2. Fourier transform infrared spectroscopy (ATR-FTIR)
Attenuated total reflectance - Fourier transform infrared (ATR-FTIR) spectra of P-MWCNTs, pristine
PDMS and polymer nanocomposites were obtained using a Bruker Vertex 70 spectrometer (Germany)
operating in attenuated total reflectance (ATR) mode over the wavenumber range of 4000–400 cm-1, at
a resolution of 4.0 cm-1 (number of scans: 64). This analysis was conducted using a single-reflection
diamond ATR accessory (Platinum ATR, Bruker Optics GmbH).
2.2.3. Scanning electron microscopy (SEM)
The morphology of P-MWCNTs and MWCNTs/PDMS nanocomposites was analyzed using field
emission Scanning Electron Microscopy employing a Quanta TM 3D FEG (FEI Company, USA)
apparatus. SEM images were taken using an Everhart–Thornley Detector (ETD) operating at 30 kV in
voltage.
2.2.4. Contact angle measurements
Contact angle measurements were carried out using of a Drop Shape Analysis System DSA100E
(KRÜSS GmbH, Germany, accuracy ±0.01 mN/m). The calculation method (Young–Laplace) is based
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on the sessile drop method, i.e. drops of water are deposited on a solid surface. The drop is produced
before the measurement and has a constant volume during the measurement. After the successful
fitting of the Young–Laplace equation, the contact angle was determined as the slope of the contour
line at the 3-phase contact point.
2. Results and discussion
3.1. ATR-FTIR and XRD analysis of MWCNTs/PDMS nanocomposites
Figure 1 shows the ATR-FTIR spectra of pristine MWCNTs, PDMS and MWCNTs/PDMS
nanocomposites. As compared to P-MWCNTs, the ATR-FTIR spectra of MWCNTs/PDMS composites
show the presence of the symmetric and asymmetric stretching vibrations of C-H in the methyl
groups of PDMS, which are observed at 2902 and 2956 cm−1, respectively (Maji et al., 2012). The bands
located at 1258 cm−1 and at 1410 cm−1 in the FTIR-ATR spectra of PDMS-100 are attributed to the
symmetric and asymmetric, deformational vibrations of the -CH3 groups, respectively. A wide
multicomponent peak ranging from 1000 cm−1 to 1100 cm−1 corresponding to the symmetrical Si–O–Si
stretching was also noted. This band is also observed for P-MWCNTs, because they contain in their
composition a catalyst till to 20 wt.% (fumed silica/complex metal oxide) (Melezhyk et al., 2005). Si–C
bands and rocking peaks for Si(CH3)2 are observed at 820–870 cm−1 and 780–815 cm−1 regions,
respectively (Fig. 1ab). The spectra for PDMS-100 and PDMS-12500 are almost identical (Fig. 1b).

Fig. 1. ATR-FTIR spectra of P-MWCNTs and MWCNTs/PDMS nanocomposites (a), and PDMS-100 (b)
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Figure 2 represents the diffraction peaks at 26.13° and 43.32°, corresponding to the graphite
structure (JCPDS 41-1487) derived from MWCNTs. In addition, (002) and (100) crystal planes of
carbon in MWCNTs were evaluated based on respective information from the literature (Sun et al.
2008). From the position of the peak (002), it is possible to determine the interplanar spacing (d002) in
the graphene layers of MWCNTs. The d002 value for all samples is 0.341 nm, which is more than d002 =
0.335 nm in well-ordered graphite. The wall thickness of MWCNTs was estimated according to the
Scherrer equation from XRD (002) peak broadening. The wall thicknesses was 4 nm for all samples,
and the number of graphene layers in the wall 4/0.341 (d002) was approximately 12. Moreover, the
position of (002) and (100) peaks of MWCNTs/PDMS composites are much closer to P-MWCNTs, this
provides the evidence for the fact that the treatment does not damage the graphene layer
organization. The characteristic peak of PDMS located at 12.06º (Fig. 2, curves 2,3) is attributed to its
tetragonal phase which was confirmed according to the literature data (Kapridaki et al., 2013; Shetty et
al., 2018).
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Fig. 2. XRD patterns of P-MWCNTs (1), MWCNTs/PDMS-100 (2) and MWCNTs/PDMS-12500 (3)
nanocomposites at CPDMS = 40 wt.%

3.2. Surface Morphology
The morphology of pristine MWCNTs and the fabricated MWCNTs/PDMS nanocomposites is
presented in Fig. 3. These results confirm that P-MWCNTs (Fig. 3ab) tend to agglomerate or form
bundles due to the relatively strong π-π interaction between CNT tubes (Shin at al., 2011). The images
for both composites MWCNTs/PDMS-100 and MWCNTs/PDMS-12500 at CPDMS = 40 wt.% show even
coverage of the nanotubes surface with polymer macromolecules (Fig. 3df). It was observed that after
modification with PDMS the average diameters of MWCNTs covered with polymer are relatively
larger (45–80 nm) than that of pristine MWCNTs (10–30 nm). It was noted that an increase in
concentration of PDMS from 5 to 40 wt.% leads to the formation of associates of polymer
macromolecules and higher aggregation of nanotubes in nanocomposites.
3.3. Hydrophilic/hydrophobic properties of MWCNTs/PDMS nanocomposites
The hydrophobic surfaces, especially superhydrophobic surfaces (a water contact angle (CA) larger
than 150°) can be used in a multitude of applications (Jeevahan et al., 2018). Evaluation of the
hydrophobic properties of the composites was performed by measurements of the contact angle with
water. Estimation of the apparent surface free energy (gS) was determined using Neumann’s Equation
of State (Li et al., 1992).
Using a distilled water drop of about 2 mL, CA of the samples was measured and the images for
composites containing two amounts of PDMS are shown in Fig. 4. The P-MWCNTs gives CA = 57 ± 1°
as a reference. It was found that CA sharply increases with adsorbed polymer content of 5 wt.%. With
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further increase in PDMS content, transition range from normal hydrophobic to superhydrophobic
states was proved. A stable superhydrophobic state (152 ± 1°) was reached for MWCNTs/PDMS
composites with polymer concentration of 20–40 wt.%. The apparent surface free energy decreases
after adsorption of both types of PDMS onto nanotubes surface and reaches a minimum (0.91 mJ/m2)
at CPDMS = 40 wt.% (Fig. 4b). In our recent studies (Gun’ko et al., 2007; Sulym et al., 2011; Sulym et al.,
2017), concerning materials prepared based on the metal oxide particles (silica, zirconia/silica, ceria–
zirconia/silica) and physically adsorbed PDMS, it was shown that the composites are maximally
hydrophobic (CA = 140°) at CPDMS = 15–40 wt.%.

Fig. 3. SEM images of P-MWCNTs (a,b), MWCNTs/PDMS-100 at 5 wt.% (c), 40 wt.% (d) and MWCNTs/PDMS12500 at 5 wt.% (e), 40 wt.% (f) nanocomposites

Fig. 4. Dependence of the contact angle of nanocomposites with water (a) and the apparent surface free energy (b)
vs. the content of adsorbed PDMS onto MWCNTs surface
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4. Conclusions
We have reported a simple method for fabricating superhydrophobic MWCNTs/PDMS
nanocomposite materials. Influence of polymer content and length of PDMS chains on the surface
morphology, structure and hydrophilic/hydrophobic properties of polymer nanocomposites were
studied.
The analysis of ATR-FTIR spectra demonstrate the peaks at 2902 and 2956 cm−1 corresponding to
the symmetric and asymmetric C-H stretching vibrations of the methyl groups of PDMS in
MWCNTs/PDMS nanocomposites.
The SEM micrographs show that the polymer composites retain the dispersed state at the PDMS
concentration of 5–40 wt.%, and well decoration of MWCNTs surfaces by PDMS molecules. The
polymer is located in composites not only on the surface of MWCNTs, but also in the space between
them. Moreover, it was found that the average diameter of the nanotubes increases from 10-30 nm to
45-70 nm as a result of PDMS adsorption on their surface. The smooth coverage of the MWCNTs
surfaces at CPDMS = 40 wt.% is more pronounced for PDMS–100, than for PDMS–12500.
The polymer nanocomposites displayed high values of the main parameters related to the
hydrophobicity (CA). The contact angles of water drop for the MWCNTs/PDMS composites are about
152 degrees at CPDMS = 20–40 wt.%, while for P-PDMS it is about 57 degrees. It was found that the
surface free energies extremely decreased from 49.65 mJ/m2 for P-MWCNTs to 0.91 mJ/m2 for
MWCNTs/PDMS composites with the increasing amount of PDMS. Additionally, the hydrophobicity
of polymer nanocomposites is in quite close agreement with demonstrated observations by SEM
method.
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