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Abstract

:

The nanotexturing of microstructured polystyrene surfaces through CF4 plasma chemical fluorination is presented in this study. It is demonstrated that the parameters of a surface micropore-generation process, together with the setup of subsequent plasma-chemical modifications, allows for the creation of a long-term (weeks) surface-stable micro- and nanotexture with high hydrophobicity (water contact angle >150°). Surface micropores were generated initially via the time-sequenced dosing of mixed solvents onto a polystyrene surface (Petri dish) in a spin-coater. In the second step, tetrafluoromethane (CF4) plasma fluorination was used for the generation of a specific surface nanotexture and the modulation of the surface chemical composition. Experimental results of microscopic, goniometric, and spectroscopic measurements have shown that a single combination of phase separation methods and plasma processes enables the facile preparation of a wide spectrum of hierarchically structured surfaces differing in their wetting properties and application potentials.
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1. Introduction


Hierarchically structured surfaces with well-defined textures play very significant roles in sophisticated applications in sensors [1], photonics [2], tissue engineering [3], and superhydrophobic materials [4,5,6,7,8,9,10,11,12]. Generally, these surfaces are prepared in several steps combining mechanical, laser machining, physicochemical, and plasma technologies [13,14,15,16]. The so-called “breath figures” is one of the very popular and promising approaches [17,18,19]. In principle, the polymer surface is swollen by a “good” volatile solvent. This process is aimed at a defined humidity and temperature. The temperature of the swollen polymer layer decreases with the solvent evaporation, and the water vapor condensates on it. These water drops can ideally create hexagonal organized structures called “breath figures”. The droplets do not coalesce because of the Marangoni convections [20] in the droplets or the precipitation of polymers onto the water droplet interfaces [21]. The “breath figures” method has many variations and technological modifications, and some of them can lead to the formation of very impressive honeycomb-like structures, not only in the thin surface layer, but porous structures in bulk can also be created [4,13,21,22].



Recently, other methods based on similar principles of mixed (good and pure solvents) solutions have been published [23]. This approach is based on the time-sequenced dispensing of a mixture of good and poor solvents on the rotating polystyrene surface. The phase separation—a process that occurs during application to the surface of the substrate—may be caused by temperature change, poor solvents [24,25], chemical reactions [26], or shear deformation [27]. The same process, published in recent work [23], was used in this paper for the preparation of the microstructured porous surfaces.



The excellent hydrophobic properties of a surface are not achieved solely by chemical compositions. The hierarchical geometric structure of the surface is necessary for the achievement of a water contact angle above 160° [28,29,30]. We can find many theoretical models (e.g., Wenzel or Cassie–Baxter models) describing the influence of the structure and the chemical composition of the surface on wetting [31,32,33,34,35,36,37,38,39]. Surface functionalization by the incorporation of non-polar groups is very often used for improving hydrophobicity. There are numerous techniques for the chemical modification of surface properties, but one of them is predominant nowadays. Plasma surface modifications are very effective tools for chemical treatment, etching, thin film deposition, and nanofabrication [40,41,42,43,44,45,46,47,48,49,50]. Inductively coupled plasma with CF4 or C4F8 as process gases can be used to render polystyrene surfaces superhydrophobic [51,52]. The man-made superhydrophobic surfaces, however, are subject to aging, and with time, they lose their water-repellent properties [52]. These undesirable processes can be caused by the reorganization of chemical groups from the surface to the bulk and also by the water vapor (humidity) [53,54].



This paper is related to our recent research dealing with the creation of microstructured porous surfaces of polystyrene [23]. Those surfaces were originally prepared for bio-applications, with a water contact angle below 115°. In this work, CF4 plasma was used for nanostructure generation on a polystyrene microstructured surface that was recently prepared. As can be seen, hierarchically structured polystyrene with non-polar chemical groups on the surface (CF and CF2) exhibited superhydrophobic properties (water contact angle over 155°), and these properties were stable over several weeks.




2. Materials and Methods


2.1. Materials


Polystyrene (PS) Petri dishes with a diameter of 3.4 cm, radiation-sterilized, free from pyrogens, and with DNA/RNA for cell cultivation (TPP Techno Plastic Products AG, Trasadingen, Switzerland), were used as substrates. Tetrahydrofuran—HPLC grade (THF) and 2-ethoxyethanol p.a. (ETH), both from Sigma–Aldrich Ltd., (St. Louis, MO, USA) were used for surface microstructure production on the PS substrates [23]. Ar gas (purity 99.999%, Messer Bad Soden am Taunus, Germany) and CF4 gas (purity 99.7%, Air Liquide, Paris, France) were used.



The surfaces were modified with spin-coating. The solvent mixture was deposited onto the surface of the PS dishes with a specially constructed dosing device (Figure 1) rotating at 2200 rpm. The dosing of solvents was carried out by using a syringe placed 30 mm above the center of the rotating substrate. Each time, 0.4, 1.0, or 1.6 mL of a mixed solvent, divided into two, five, or eight consecutive doses of about 200 μL, was deposited in 5 s intervals on the surface of the PS dishes. After the last dose, the sample was left to rotate for another 120 s. Unless otherwise stated, all the experiments were performed at a temperature of 295 K (substrate, solutions, and surrounding atmosphere) or a temperature of 303 K for solutions. Besides that, the air humidity was monitored and kept at 50% ± 2%, as described in our previous work [23].



A specially constructed device (Figure 1), a time-sequenced phase-separation chamber (TSSC, home made), is proposed for the generation of micro- and nanoporous polymer systems at rotation. The TSSC allows for the control of all of the process parameters of the previously described time-sequenced phase separations during rotation [23].




2.2. Plasma Surface Modification


Plasma treatment was performed in inductively coupled plasma in a discharge borosilicate glass tube with a full length of 80 cm and a 4 cm inner diameter. The gas pressure of 70 Pa in the glow-chamber was kept constant. Plasma was created by the radiofrequency (RF) generator Caesar 1312 (Advanced Energy, Warstein-Belecke, Germany) (Advanced Energy) coupled with a coil with six turns via a matching network. The matching network consisted of two vacuum-tunable capacitors. The generator operated at a standard frequency of 13.56 MHz and an adjustable nominal power of up to 1200 W. The matching system was optimized for H mode (forward power over ~500 W and low reflected power) [46], but E mode (less than 500 W of forward power) was used for sample modification due to expected degradation. The RF power was varied, as is described further in the text. The plasma processing time was 2 s for Ar activation and 240 s for CF4 modification. The processing was identical for both the first and second plasma treatment steps.




2.3. Scanning Electron Microscopy (SEM)


Modified samples were analyzed with the JEOL JSM 6060 LV (JEOL USA, Inc., Peabody, MA, USA) and Phenom Pro (Phenom-World BV, Eindhoven, The Netherlands) scanning electron microscopes (SEM). Samples were observed at an acceleration voltage ranging from 1 to 5 kV in the backscattered electron mode at a magnification ranging from 2000× to 50,000×. Measurements were carried out on samples without prior metallization, using a special sample holder for the Phenom Pro, or with a carbon coating for the JEOL JSM 6060 LV in low vacuum mode.




2.4. Atomic Force Microscopy (AFM)


The surface topography was characterized by an atomic force microscope (AFM). The models Dimension ICON (Bruker, Santa Barbara, CA, USA) and NTEGRA-Prima (NT–MDT, Spectrum Instruments, Moscow, Russia) were used. Measurements were performed at a scan speed ranging from 0.3 to 0.7 Hz, with a resolution of 512 × 512 pixels in tapping mode at room temperature under an air atmosphere. NSG01 (AppNano, Inc., Santa Clara, CA, USA) silicone probes were used.




2.5. Profilometry


Changes in the surface roughness (Ra) were characterized by a contact profilometer (DektaXT, Bruker, Billerica, MA, USA). A diamond tip with a radius of curvature of 2 microns was used. The evaluation of the surface roughness was performed according to the ASME B46.1 standard [55]. The mean Ra values were determined from 10 individual measurements at various locations on the three samples.




2.6. Distribution of Micropores


The distribution of the pore areas was obtained by image analysis using ImageJ 1.5 software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). The size of the individual micropores was determined from the thresholded SEM images.




2.7. Contact Angle Measurement


The sliding, advancing, receding, and static contact angles of water (θ) on the PS surface were characterized by the Drop Shape Analyzer—DSA 30 (Krüss GmbH, Hamburg, Germany). Measurements were done at room temperature (298 ± 1 K) with 50% humidity. A drop of 3 µL (for the static contact angle) or 10 µL (for the sliding, advancing, and receding contact angle) was deposited onto the measured surface. Ultrapure water with a resistance of 18.2 MΩ cm was used for the measurement. All measurements were repeated 10 times, and the mean values and standard deviations are reported.




2.8. X-ray Photoelectron Spectroscopy (XPS)


Samples were analyzed with the TFA XPS instrument (Physical Electronics, Lake Drive East Chanhassen, MN, USA). The base pressure in the chamber was about 6 × 10−8 Pa. The samples were excited with X-rays over a 400 µm spot area, with a monochromatic Al Kα with a radiation energy of 1486.6 eV and a linewidth of 1.2 eV. The photoelectrons were detected with a hemispherical analyzer positioned at an angle of 45° with respect to the perpendicular of the sample surface. Survey-scan spectra were acquired at a pass energy of 187.85 eV and an energy step of 0.4 eV, while individual high-resolution spectra for O 1s and F 1s were taken at a pass energy of 23.5 eV and an energy step of 0.1 eV, and at 11.75 eV and 0.05 eV for C 1s, respectively. An electron gun was used for surface neutralization. All spectra (not containing F) were referenced to the main C1 peak of the carbon atoms, which was assigned a value of 284.8 eV. The spectra containing F were shifted to 291.8 eV (CF2 binding of the carbon atom). The concentrations of the elements and the concentrations of the different chemical states of the carbon atoms in the C1 peaks were determined using the MultiPak v7.3.1 software from Physical Electronics. Carbon C1 peaks were fitted with symmetrical Gauss–Lorentz functions and the Shirley-type background subtraction was used.





3. Results and Discussion


For this study, PS samples with various surface structures were prepared according to the process described in our previous work [23]. It was found that the deposition of the heated solvent mixture (303 K) led to the formation of nanopores at the micropore edges (Figure 2 and Figure 4). These secondary pores are not attributed to higher hydrophobicities, as demonstrated by the water contact angle values in Figure 4c (115° ± 2°) and Figure 4e (107° ± 2°). To further increase the hydrophobicity, homogenous surface nanotextures have to be created, similar to natural materials [28], and CFx functional groups have to be introduced onto the surface.



Within this study, the plasma treatment process was optimized for PS microtextured surface modification [23], in order to create secondary surface corrugation (Figure 2 and Figure 4). Plasma treatment parameters, such as treatment time, plasma power, and gas flow, had to be optimized. Some of the parameters will be discussed in the context of primary pore generation with the time-sequenced phase separation technique.



As can be seen from the data in Figure 3, the most hydrophobic surface was reached at 300 W plasma power and a contact angle of 146° ± 2°. Lower plasma power (250 W) resulted in less intense surface modification and a final contact angle of 139° ± 1°. Higher plasma power (350 W), on the other hand, caused unwanted surface degradation and the contact angle reached 143° ± 1°.



The experiments revealed that in order to achieve homogenous surface corrugation on the PS pore boundaries (Figure 4b,d,f) and to stabilize the surface modifications, it is necessary to set the optimal plasma power (300 W) and to repeat the plasma treatment twice. The data from Figure 4 suggest that the specific nanotexture can be generated, regardless of the initial surface topography. With the smooth surface, the water contact rises by an angle of 32° (Figure 4a,b), while at the microporous surface, it rises by 43° (Figure 4c–f). This observation is related to the well-known effect of the combined micro- and nanotexture upon surface wetting [28]. These results could possibly indicate that the process of primary pore generation with phase separation does not affect the wetting characteristics of the plasma-treated surfaces. However, these appearances are deceptive, as the absolute values of the water contact sliding angles were 5° ± 1° (Figure 4d) and 8° ± 1° (Figure 4f). The corresponding advancing and receding water contact angles were 158° ± 1° and 156° ± 1°, respectively for Figure 4d and 151° ± 1° and 148° ± 1°, respectively, for Figure 4f.



Two distinct surface morphologies, differing in pore border appearance were used for plasma treatment: (1) a smooth border (Figure 4c) including five doses of the solvent mixture (THF:ETH in a volume ratio of 1.5:8.5) deposited in five second intervals at 295 K, and (2) a porous border (Figure 4e) including five doses of the solvent mixture (THF:ETH, in a volume ratio of 2.5:7.5) deposited in five second intervals at 303 K.



The stability of the plasma treatment was observed by means of the water contact angle measurements. The data were recorded on the first, second, third, and fourth days after plasma treatment (Figure 5). As expected, the untreated samples remained stable during the whole time period. The plasma-treated samples stayed stable up to the second day, and then a slight decrease in contact angle value was observed. After 14 days, the water contact angle remained in the range of 140°–152°, depending on the initial surface microstructure.



The initial experiments revealed that the two-fold plasma treatment resulted in the elimination of the bonded oxygen from the surface, and thus, the water contact angle rose (Table 1). This corresponded with the accelerated reorganization of the surface functional groups in the second cycle of the plasma treatment. Otherwise, this change would have occurred spontaneously in the following days after the first plasma treatment cycle [53]. This hypothesis is further supported by the increase in the water contact angle value in the second and third day after the one-cycle plasma treatment.



The sample surface of the chemical composition and the type of chemical bonds did not change, even after 14 days, as can be seen from the comparison in Table 1 (second row) and Table 2 (fourth row). The data in Table 2 show that the highest bonded fluorine concentration was observed in microporous smooth-border samples and porous-border samples. C–CF, C–F, and CF2, and in some cases, CF3 dominated over the C–C bonds, which, in turn, dominated the smooth plasma-treated PS surface.



The discussed smooth-border and porous-border surfaces have distinct pore sizes and size distributions (Figure 6 and Figure 7). Still, stemming from the inserts in Figure 6, the water contact angle before the plasma treatment was almost identical on all surfaces. Only after two cycles of plasma treatment could differences be observed. The highest value of the contact angle (157°) was achieved at the surface, with an intermediate pore size and roughness of 117 μm. The surfaces with the smallest and largest pores had water contact angles of 145° and 146°, respectively. To achieve maximum hydrophobicity, it was necessary to adjust the pore size (Figure 6d) and depth (Figure 6e).



Other situations occurred, with secondary nanopores presented on the micropore boundaries (Figure 7). Such kinds of surfaces have high contact angle values, although small amounts of large pores are present on the surface, and the roughness is relatively very high (Ra = 634 ± 57 μm).




4. Conclusions


The potential of the plasma hydrophobization of micro- and nanoporous PS substrates was studied. It was found that the single combination of phase-separation methods and CF4 plasma enabled the quick preparation of various types of hierarchically structured surfaces with superhydrophobic properties. It was also found that the hydrophobic behavior is dictated not only by the pore size and thickness but also by the interface separating the individual pores generated in the phase separation process. With the appropriate plasma power and repeated exposure to the plasma, highly hydrophobic surfaces with specific surface nanotextures can be prepared. Such induced changes, both topographic and chemical, are very stable, and the treated surfaces are not subject to aging within a time period of several weeks.
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Figure 1. The dosing device constructed for the modification of the polymer surface topography (TSSC) by phase separation at rotation. The device consists of the sample carrier on the rotor, the dosing unit, and the control electronics. 
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Figure 2. Surface micro- and nanotextures at the micropore border generated by inductively coupled Ar and CF4 plasma: (a) microporous polystyrene (PS) with a smooth border; (b) detail of the smooth border before plasma treatment; (c) detail of the smooth border after plasma treatment. All images represent atomic force microscope (AFM) micrographs. The smooth borders were prepared with five doses of 1.5 THF:8.5 ETH at 295 K. The power of the plasma reactor was 300 W. 
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Figure 3. Water contact angle vs. plasma power on the PS surface with smooth pore borders with one cycle of plasma treatment. The smooth borders were prepared using five doses in 1.5 THF:8.5 ETH at 295 K. 
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Figure 4. The effect of plasma etching on different types of PS substrate and the corresponding water contact angle: (a) flat PS; (b) CF4 plasma-treated flat PS; (c) porous PS with a smooth border; (d) CF4 plasma-treated porous PS with a smooth border; (e) porous PS with a porous border; (f) CF4 plasma-treated porous PS with a porous border. The images represent SEM micrographs. The smooth borders were prepared using five doses of 1.5 THF:8.5 ETH at 295 K. The porous borders were prepared using five doses of 2.5 THF:7.5 ETH at 303 K. The power of the plasma reactor was 300 W. 
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Figure 5. Water contact angle vs. time on the plasma-treated samples of PS substrates with smooth borders and porous borders and two cycles of plasma treatment. The smooth borders were prepared by five doses of 1.5 THF:8.5 ETH, at 295 K. The porous borders were prepared with five doses of 2.5 THF:7.5 ETH at 303 K. The power of the plasma reactor was 300 W. 
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Figure 6. The effect of PS surface microtopography on the water contact angle values after plasma modification. The smooth borders of the microtextured surfaces were prepared from (a) two, (b) five, and (c) eight doses used in the time-sequenced phase separation process [23]. Pore size distribution (d), and surface profiles (e). SEM micrographs (a–c). The smooth borders were prepared with two, five, or eight doses of 1.5 THF:8.5 ETH at 295 K. The power of the plasma reactor was 300 W. 
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Figure 7. SEM micrograph of microtextured PS with a porous border. Water contact angles prior to and after plasma modification. Porous-borders were prepared by five doses of 2.5 THF:7.5 ETH at 303 K. The power of plasma reactor was 300 W. 
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Table 1. Surface composition of the microporous PS with the smooth border and the corresponding water contact angles after the repeated plasma treatment. The smooth borders were prepared with five doses of 1.5 THF:8.5 ETH at 295 K. The power of the plasma reactor was 300 W.
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Porous PS (Smooth Border) (XPS Characterization Immediately after Processing)

	
XPS Elemental Composition (± 0.5%)

	
θ [°]




	
C (%)

	
F (%)

	
O (%)






	
First plasma treatment

	
38.4

	
56.7

	
5.0

	
142 ± 3




	
Second plasma treatment

	
43.0

	
56.3

	
0.7

	
157 ± 1
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Table 2. XPS characterization of plasma-untreated and treated PS substrates 14 days from processing. The smooth borders were prepared by five doses of 1.5 THF:8.5 ETH at 295 K. Porous borders were prepared with five doses of 2.5 THF:7.5 ETH at 303 K. The power of the plasma reactor was 300 W.
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Sample Type (XPS Characterization 14 Days after Processing)

	
XPS Elemental Composition (± 0.5%)

	
Type of Chemical Bonds




	
C (%)

	
F (%)

	
O (%)

	
C–C (%)

	
C–CF (%)

	
C–F (%)

	
CF2 (%)

	
CF3 (%)






	
Flat PS

	
96.6

	
–

	
2.6

	
100.0

	
–

	
–

	
–

	
–




	
Plasma—Flat PS

	
44.8

	
54.6

	
0.6

	
23.7

	
12.1

	
14.1

	
37.2

	
13.0




	
Porous PS (smooth border)

	
94.6

	
–

	
3.5

	
100.0

	
–

	
–

	
–

	
–




	
Plasma—Porous PS (smooth border)

	
42.9

	
56.6

	
0.5

	
15.6

	
15.0

	
22.2

	
38.2

	
9.1




	
Porous PS (porous border)

	
97.0

	
–

	
2.5

	
100.0

	
–

	
–

	
–

	
–




	
Plasma—Porous PS (porous border)

	
41.7

	
58.3

	
1.0

	
14.2

	
11.6

	
24.3

	
37.7

	
12.3
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