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Abstract

:

Although the carbon nanowall is a remarkable material in various fields, it generally shows near hydrophobicity. For modification of hydrophilicity, various modification techniques have been utilized, however, most of the techniques adopted a modification to carbon oxide by chemical processing and plasma treatment, which induce carbon lattice defects, causing the decline of the carbon nanowall quality. While we introduce an eco-friendly modification technique that causes non-defect of carbon lattice and maintains intrinsic carbon nanowall properties by depositing ITO on pristine-carbon nanowall for inducing hydrophilicity. The morphology of carbon nanowall (CNW)/ indium tin oxide (ITO) microstructure was examined by FE-SEM, and the functional group and oxygen components of ITO were investigated by analyzing XPS. The contact angles were measured for wettability analysis according to the surface thickness of ITO.
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1. Introduction


Carbon nanomaterials such as graphene, carbon nanotube (CNT), carbon nanosheet (CNS), and carbon nanowall (CNW) have a nano-micro thin scale and structure, causing flexibility as well as remarkable electric, mechanic, and thermal properties. Hence, carbon nanomaterials have been spotlighted as an advanced crucial material on application devices [1,2,3,4].



As time passes, the application fields of carbon nanomaterials are being expanded and widened. Recently, it is attracting attention for its utilization on filter devices for desalination, medical devices in blood, and sensor devices for the detection of liquids. Furthermore, it is expected that carbon nanomaterials-based devices will be utilized in water, ocean, and oil to detect variations of them [5,6,7]. For the application of carbon nanomaterials on advanced devices related to liquids, it is crucial to interact between carbon nanomaterials and liquids, and thus the surface wettability of the carbon material is the key point. The wettability is one of the surface properties which is settled by molecules and the area distributed at the boundary surface of carbon nanomaterials and liquids with a range from nm to um, and alteration of the molecules-area with a surface structure of carbon nanomaterials is efficiently able to affect wettability. As methods for change of wettability, various techniques modifying the surface structure and components have been employed [8,9,10,11]. In this regard, and compared with the surface structure of carbon nanomaterials mentioned above, graphene and CNT are horizontal against the substrate. It is difficult to modify surface structure due to a thin carbon layer less than 2 nm. Hence, surface componential modification techniques are suitable for graphene and CNT [12]. The typical method employed for modification of the surface component is chemical processing, which enables indisputable surface modification, however, it induces a non-eco-friendly environmental impact [13]. Additonally, the CNW stands perpendicular to the substrates with a nano-micro structure. The CNW named as vertical graphene, free-standing graphene, and graphene nanowall includes a lot of graphene layer-based walls capable of growing up to 2.33 μm (from the last experiment), which affects the laplace pressure (PL) and enables it to change the wettability [14,15,16]. Moreover, the CNW, which is outstanding on binding capacity, stable chemistry, and reactivity with various materials, is simple to surface structure change through evaporation or sputtering.



The CVD-based carbon nanowalls are mainly non-polar and are near hydrophobicity due to the absence of oxygen functional groups on the surface. The surface modification is essential because these surface properties are difficult to apply to devices that require contact with liquids. The hummer’s method and oxygen plasma are mainly used to modify the surface, both of which destroy the natural properties of the carbon materials. Therefore, we report research and results on surface structure modification-based manipulation of wettability using ITO (indium tin oxide). ITO, one of the TCO (transparent conductive oxide), was utilized to vary the surface structure and area of pristine-CNW as a starting material. Then, we investigated wettability change based on the influence from the ITO-structure deposited on pristine-CNW and the O-H group included in In2O3 and SnO2 on wettability.




2. Experimental


2.1. Materials and Modification


Si substrate oriented-111 was prepared through ultrasonic cleaning in acetone, methanol, and deionized (DI) pure water for 10 min, respectively. The cleaned Si substrate was then dried by nitrogen. Then, for synthesis of pristine-CNW on the Si substrate, microwave plasma-enhanced chemical vapor deposition (PECVD, Woosin CryoVac, Uiwang, Korea; CVD-R2,) was operated, and the synthesis of pristine-CNW was progressed at 600 °C (heating temperature), fixing 2.5 × 10−2 torr (working pressure) in the chamber. The starting material, pristine-CNW, was synthesized under 1300 W (microwave power), 10 min (growth time), H2:25 sccm and CH4:55 sccm (reaction gas ratio). To modify the surface structure of pristine-CNW synthesized, ITO nano-particles were sputtered onto pristine-CNW by an rf magnetron sputtering system (ITS, PG600A_600W) for 15 min, 30 min, and 45 min, injecting argon gas of 50 sccm with RF power of 100 W. The related contents were illustrated in Figure 1a.




2.2. Analysis and Measurement


For the investigation of morphology and wettability of fabricated CNW/ITO micro-structure, various analyses and measurements were performed. The high resolution-field emission scanning electron microscope (HR-FESEM, Hitachi high-technologies, Seoul, Korea; S-4800) was employed under 10 kV acceleration voltage to examine the surface of pristine-CNW and CNW/ITO micro-structure. The X-ray diffraction (XRD, Rigaku Corp., Tokyo, Japan; D/MAX-2500) and Raman spectroscopy (NOST, FEX MRA10) analysis were employed to examine the crystallization of ITO and defects in carbon lattice. We carried out an X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe) analysis for ITO thickness-dependence componential variation. The wettability of the CNW/ITO micro-structure was determined through the contact angle (CA, SEO Inspection of Phoenix MT), as shown in Figure 1b.





3. Results and Discussion


Figure 2 shows the surface of pristine-CNW (starting material) and CNW/ITO micro-structure (modified CNW). As shown in Figure 2a, typical pristine-CNW was freely grown with graphene layers-based nanosheets on the substrate, which has a thickness of 5~10 nm and height of 1.0~1.3 μm. These nanosheets show a curve and wrinkle-shaped morphology entangled in multiple directions. It is a phenomenon owing to the field-effect induced by plasma and it is one of the representative characteristics. The surfaces of the CNW/ITO micro-structure modified by ITO nano-particles sputtered onto pristine-CNW were observed, corresponding to Figure 2b–d. The wall thickness in the CNW/ITO micro-structure with ITO sputtered for 15 min is 60~80 nm, which shows that it is thicker compared with the pristine-CNW (Figure 2b). In increasing the sputtering time, the wall thickness of CNW/ITO micro-structure became thicker (30 min, 105~120 nm; 45 min, 160~173 nm), respectively (Figure 2c,d). The nano-porous area (yellow circle) reduced as the thickness increased of the CNW/ITO micro-structure. After examining the surface of the pristine-CNW and CNW/ITO micro-structure through FE-SEM, we can suppose that the boundary surface between the water droplet and ITO widens depending on the surface thickness of ITO, which may affect wettability with variations of nano-porous areas.



For wettability on the side of ITO synthesized on pristine-CNW, we conducted a cross-sectional FE-SEM measurement as shown in Figure 3. In the case of pristine-CNW, pillar-shaped carbon nanowalls perpendicularly aligned on Si substrate were identified. Interestingly, innumerable protrusions (yellow quadrangle) were observed by gathering carbon-riched agglomerates on the sides of the carbon nanowalls (right in Figure 3a), and lateral morphological features were examined only in pristine-CNW. When this phenomenon is compared to micro-structures induced by ITO nano-particle sputtered onto pristine-CNW from Figure 3b up to Figure 3d, the distribution area of protrusion on the side of carbon nanowalls significantly reduced, which is indicated by yellow quadrangles in Figure 3b,c. The reduced yellow quadrangles signify that the visually identifiable height of the protrusion area decreased more than on pristine-CNW, since carbon-based protrusions were partially covered with ITO sputtered onto pristine-CNW.



In addition, we must investigate the formation of ITO on the top of pristine-CNW. The specimens, ITO sputtered onto pristine-CNW, appeared to have a thickness of around 1.1~1.5 μm. It can be assumed that indium tin oxide was deposited at nano-scale thickness compared to pristine-CNW (1.0~1.3 μm). For precise thickness analysis, we deposited indium tin oxide on the Si substrate, and its thickness was within 150 nm as shown in Figure 3e, which means ITO sputtered onto pristine-CNW and Si substrate/ITO have a similar thickness. Additionally, we noticed that columnar-shaped grain boundaries (blue quadrangles) were distinctly generated at indium tin oxide on top of CNW. It suggests that as the similar grain boundaries were examined in the reference indium tin oxide deposited under the same conditions by sputtering, it was thoroughly deposited on pristine-CNW.



To figure out the crystallization of ITO and defects of CNW based on carbon disorder with alignment, XRD (X-ray diffraction) and Raman spectra were employed. Figure 4a shows the crystallization peaks of ITO by different sputtering times. The polycrystalline with various peaks corresponding to the planes (222), (400), (440), (622) observed in bixbyite-structure were commonly identified [17]. When sputtering time increases up to 30 min, a sharp (222) peak showed extraordinary crystallization. On the other hand, the XRD pattern of 45 min offered a relatively improved (400) peak than the (222) peak, which implies that the (222) plane was the preferred orientation. Figure 4b exhibits the Raman spectra of the pristine-CNW and CNW/ITO micro-structure. To the best of our knowledge, D (1350 cm−1), G (1580 cm−1), and 2D (2700 cm−1) are the common band of carbon materials, and a high D band and D′ band (shoulder band) is a unique band that can only be found in defected graphite [18,19,20]. In the Raman spectra of the CNW/ITO micro-structure from Figure 4b, it shows a low ID/IG ratio (1.71) with a low D band than pristine-CNW. As the D′ band is revealed at the graphene edge and sp3-hybridization, the conspicuous change of D′ band is an interesting phenomenon [21]. This phenomenon may signify that the opened zigzag shaped-graphene edge was transformed to a closed round edge with a stable structure by ITO nano-particles sputtered. The detailed figure of a reduced D′ band is illustrated in Figure 4c. Additionally, we know that two specimens consist of multi-layered graphene through I2D/IG ratio.



Although the wettability is affected by the variations of surface area and structure by the modified CNW/ITO micro-structure, components and functional groups on the surface enable it to have an effect on wettability because the fraction contacted with the water droplets in the CNW/ITO micro-structure is the ITO surface. Hence, X-ray photoelectron spectra analysis was operated to observe chemical variations including the components and functional groups on the ITO surface. The variation in chemical components from XPS results is briefly exhibited in Table 1. In the Table 1, the variation of carbon and oxygen were perceptible, and it is noted that the top of the carbon nanowall was scraped off by indium tin oxide nano-particles sputtered. The cause of the reduction in components of In/Sn may be due to the accumulated sputtering time. Generally, if the sputtering time is prolonged, the particles composing a thin film may be thrown out by sputtered particles. In this case, In (450 eV) and Sn (490 eV) having a relatively lower binding energy than oxygen (530 eV) may bounce off. It is assumed that this resulted in a reduction of In/Sn. The functional groups that contributed to wettability are contained in various chemical groups such as epoxy, carbonyl (C=O), hydroxyl (C-OH), and carboxyl (COOH). Especially the hydroxyl groups that constitute hydrogen bonds with strong bonding energy are a highly important key group. Figure 5a shows the chemical composition of ITO sputtered onto pristine CNW as narrow results of O 1s peak by X-ray photoelectron spectroscopy. This result presented various chemical compositions which were deconvoluted into five peaks, corresponding to a metal oxide bond at 530.1–530.2 eV, O-C=O (carboxyl) bond at 531.1 eV, C=O (carbonyl) group at 531.8–531.9 eV, O-C-O (epoxy) group at 532.5 eV, and C-OH (hydroxyl) bond at 533.1–533.7 eV, respectively. In the case of the pristine-CNW, very low peaks were identified, implying surface non-activation without a functional group. It is noted that a few peaks such as C=O bond and O-C=O bond may appear by natural oxidation in the air. In Figure 5a, the specimens sputtered with ITO commonly exhibit a metal oxide peak around 530.1 eV that is derived from metal oxides. The metal oxide peak reveals an increasing tendency with sputtering time, and it may be because oxygen in the air is adsorbed [22]. The various oxygen-related groups dramatically increased compared to pristine-CNW. We suppose that it might be affected by surface crystallization (orange quadrangle) as shown in FE-SEM (Figure 5b). In sputtering time of 15 min, surface crystallization was unexamined. While the ITO surface sputtered for 45 min onto pristine-CNW significantly exhibited surface crystallization. The OH bond around 533.3 eV changed by sputtering times with 15 min, 30 min, and 45 min was proportional to the sputtering time. It is summarized in Figure 5c, presenting a remarkably stepped plot than in pristine-CNW. Besides the structural modification identified by FE-SEM (Figure 2 and Figure 3), we can infer that it may occur a variation in wettability by a chemical composition change.



We conducted a surface-structure analysis through FE-SEM and chemical composition-based surface analysis with XPS followed by a wettability analysis for hydrophobicity and hydrophilicity using a water droplet method. As shown in Figure 6a, the pristine-CNW exhibits near hydrophobicity (low wettability, CA > 80°) as a high repellency towards water droplets. It is probably because the CNW composed of pure carbon is aromatic and non-polar causing difficulty with water interaction. Additionally, it may be contributed by the non-composition of oxygen-related groups on the pristine-CNW surface, and the air area located between the carbon nanowalls (pillars) hinders contact with the water droplet and substrate. The thin and narrow surface area at the top edge of the CNW with a nano-porous area results in low surface energy, which can cause almost hydrophobicity. While the CNW/ITO micro-structure by ITO sputtered onto pristine-CNW was investigated by showing hydrophilicity (high wettability, CAs < 50°) compared with pristine-CNW, which is similar to an oxidized surface. This hydrophilicity can be explained by a high surface energy proportional to the ITO surface area and reduced air area. Firstly, the lowest CA (11.23°) was obviously identified at a sputtering time of 45 min that means the widest ITO surface area in all specimens, being assumed the highest surface energy. In addition, the increase in surface energy caused by plasma in the sputtering step may be contributed to the reason for hydrophilicity. The plasma ion exhibit zig-zag movement in terms of nanowalls, is where the plasma-ion kinetic energy is reduced and absorbed [23]. As a result, the surface energy at the bottom is inevitably low because plasma ions are difficult to move to the bottom by its unique structure (Figure 6c). Hence, the surface-energy activation area in the CNW having a pillar-columnar structure is relatively higher at the top edge more than at the bottom. It is also associated with the Laplace pressure (PL) with surface energy, which occurred a low surface energy direction from high surface energy. In Figure 6d (left), PL is induced with an upward direction, and it created meniscus by forming a boundary surface with downward intrinsic pressure (Pi), causing hydrophobicity [24]. In the case of CNW/ITO micro-structure, surface energy in proportion to surface area is increased by ITO deposited on CNW. It showed hydrophilicity because of the overlap of downward PL and Pi (Figure 6d (right)). Secondly, the sputtered indium tin oxide nano-particles can reduce the air area between the carbon nanowalls (pillars), which induces hydrophilicity shown by causing weakened repellency than hydrophobicity in interaction with water droplets (Figure 6e (right)). In the componential aspect, the high hydrophilicity was determined with an increase of OH bond and other chemical bonds related with the oxygen on the ITO surface. As shown in Figure 6f, the oxygen of the ITO surface induces a hydrogen bond with the hydrogen composition in the water droplet. This is consistent with the expected result by X-ray photoelectron spectra. Other wettability tests were carried out in order to evaluate the stability over time of the wetting properties of all samples and the wettability of the CNW/ITO micro-structure versus different solvents. Thus, the values of the contact angles are constant for all specimens (Figure 7a). The wetting behavior of the micro-structure with ITO sputtered for 45 min versus 4-typed organic solvents (acetone, methanol, isopropyl alcohol (IPA), and ethanol) showed outstanding wettability (CAs < 10°) (Figure 7b).




4. Conclusions


Herein, we introduced results based on the wettability of the CNW/ITO micro-structure through this article. (i) The morphology of pristine-CNW and CNW/ITO micro-structure were characterized by SEM, and the wall thickness of the CNW/ITO micro-structure by ITO became thicker compared with pristine-CNW. (ii) The X-ray diffraction and Raman spectroscopy analysis were employed for the crystallization of ITO sputtered and defects with disordered carbon lattice in the CNW. The (222) plane was determined as the preferred orientation in the X-ray diffractions result. In Raman spectra, a reduced ID/IG ratio and D′ band were observed. (iii) The X-ray photoelectron spectra were performed for the investigation of the oxygen-functional group on the surface of the CNW/ITO micro-structure and showed an increase of oxygen-related chemical composition is proportional to the surface area of ITO. (iv) In the wettability results of CNW/ITO micro-structure by measuring CAs, pristine-CNW showed almost hydrophobicity (CAs > 80°). In contrast, CNW/ITO micro-structure exhibited further hydrophilicity (CAs < 80°). In addition, wettability of the CNW/ITO micro-structure maintained hydrophilicity for 4 h in an experiment for stability, and the wetting feature of CNW/ITO micro-structure by ITO sputtered for 45 min with organic solvents (acetone, methanol, isopropyl alcohol (IPA), and ethanol) appeared to have exceptional hydrophilicity (CAs < 10°). We expect that our experiment results adopted an eco-friendly surface structure modification which will have utilization and application in the field of surface coating and modification.
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Figure 1. Schematic of the fabrication of carbon nanowall (CNW)/ indium tin oxide (ITO) micro-structure and wettability analysis method: (a) modification of pristine-CNW for CNW/ITO micro-structure; (b) the optical photographs of pristine-CNW and CNW/ITO micro-structure; (c) method in wettability analysis using a water droplet. 
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Figure 2. Surface FE-SEM image of pristine-CNW and CNW/ITO micro-structure: (a) pristine-CNW; CNW/ITO micro-structure by ITO nano-particles sputtered for (b) 15 min; (c) 30 min; (d) 45 min. 
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Figure 3. Cross-sectional FE-SEM image of CNW/ITO micro-structure: (a) pristine-CNW; CNW/ITO micro-structure by ITO nano-particles sputtered for (b) 15 min; (c) 30 min; (d) 45 min; (e) reference ITO thin film sputtered on Si substrate for 15 min. 






Figure 3. Cross-sectional FE-SEM image of CNW/ITO micro-structure: (a) pristine-CNW; CNW/ITO micro-structure by ITO nano-particles sputtered for (b) 15 min; (c) 30 min; (d) 45 min; (e) reference ITO thin film sputtered on Si substrate for 15 min.



[image: Applsci 10 00142 g003]







[image: Applsci 10 00142 g004 550] 





Figure 4. X-ray diffraction and Raman spectra: (a) X-ray diffraction of indium tin oxide with sputtering times; (b) Raman spectra of pristine-CNW and CNW/ITO micro-structure; (c) fitted G and D′ band from Raman spectra. 
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Figure 5. X-ray photoelectron spectra of pristine-CNW and ITO sputtered onto pristine-CNW with sputtering time: (a) O 1s result in XPS; (b) surface FE-SEM of ITO sputtered onto pristine-CNW; (c) OH bond value of ITO according to sputtering time. 
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Figure 6. Wettabiliy of pristine-CNW and CNW/ITO micro-structure and theoretical principles and schematic of wettability: (a) images of the water droplet’s shape and the corresponding water contact angles values for all specimens; (b) optical photographs of the water droplet on the surface of all specimens; (c) schematic of surface energy activation area by plasma-ion movement; (d) theory of Laplace pressure (PL) and wettability; (e) theory of hydrophobicity (pristine- CNW) and hydrophilicity (CNW/ITO micro-structure); (f) componential principle of hydrophilicity of CNW/ITO micro-structure. 
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Figure 7. Stability of CNW/ITO micro-structure and wettability of pristine-CNW and CNW/ITO micro-structure in various solvent: (a) variation in time of the contact angle values for all specimens; (b) images of the solvents droplets’ shape and the corresponding contact angles values for the CNW/ITO micro-structure. 
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Table 1. The chemical components of all specimens.






Table 1. The chemical components of all specimens.












	
	Pristine-CNW
	15 min
	30 min
	45 min





	Oxygen
	2.12
	51.77
	54.49
	57.33



	Carbon
	97.88
	23.4
	22.17
	20.79



	In/Sn
	-
	24.83
	23.34
	21.88
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