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Abstract

:

Polydimethylsiloxane (PDMS) is widely utilized in material science, chemical engineering, and environmental science due to its excellent properties. By utilizing fillers, so-called composite materials can be obtained with enhanced mechanical, wettability, or thermal conductivity performance. Here, we present a simple, cost-effective approach to vary either the mechanical properties (Young’s modulus) or surface wettability of bulk PDMS and PDMS sponges simply by adding nanodiamond filler with different surface terminations, either oxidized (oND) or hydrogenated (reduced, rND) nanodiamond. Minuscule amounts of oxidized nanodiamond particles as filler showed to benefit the compressive Young’s modulus of composite sponges with up to a 52% increase in its value, while the wettability of composite sponges was unaffected. In contrast, adding reduced nanodiamond particles to PDMS yielded inclined water contact angles on the PDMS/nanodiamond composite sponges. Finally, we show that the PDMS/rND composites are readily utilized as an absorbent for oil/water separation problems. This signifies that the surface termination of the ND particle has a crucial effect on the performance of the composite.
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1. Introduction


In science and industrial applications, polymer nanocomposites have received increasing attention over the last several years. This can be related to the remarkable improvements offered by the incorporation of nano-sized fillers, such as fullerenes [1], carbon nanotubes [2,3,4], nanodiamond (ND) [5,6], inorganic nanoparticles [7], and graphene sheets [8,9,10]. Improvements to material properties often include improvements to the mechanical [11], thermal [11,12], and barrier properties [13,14,15] of the nanocomposite. Most of these fillers, however, are expensive, and surface functionalization has to be executed prior to their usage.



Recently, macroporous polymer substrates have emerged as a new research field, and great effort is currently being employed to tune these macroporous polymer substrates (also known as sponges) to the needs of the envisaged applications [16], such as liquid transport [17], catalysis [18], oil–water separation [19,20], flexible conductors [21,22], and sensors [23]. Polydimethylsiloxane (PDMS) sponges are such macroporous polymer substrates. For PDMS sponges, the important parameters are the fatigue resistance, mechanical properties, wettability, pore size, porosity, and pore interconnectivity. Of course, typical parameters such as the curing time, curing temperature, and prepolymer-to-cure ratio contribute to the mechanical properties. Pore size and porosity, however, exert an influence on the Young’s modulus of PDMS sponges as well. A typical improvement via the usage of nanoparticles is the incline of mechanical properties. Not limited to mechanical properties, other parameters can be changed by employing nanoparticles. For example, the wettability of melamine–formaldehyde sponges was altered by Gao et al. by decorating them with MoS2 nanosheets, yielding superhydrophobic and superoleophilic MoS2 sponges (SMSs) [24]. Therefore, it is of utmost importance to design the PDMS/filler composition to the needs of an appliance.



A versatile filler is single-digit-sized nanodiamond (ND) [25]. ND particles exhibit in their pristine state essentially the excellent properties of bulk diamond, including high thermal conductivity, electrical resistivity, superior hardness and Young’s modulus, biocompatibility, and chemical inertness even in harsh environments [26]. Therefore, ND particles find applications as micro-abrasion additives, in medicine (drug delivery, skin care, enterosorbent), suppression of dendrides in batteries, electrolytic and electroless metal plating (as an additive), heat transfer, magnetic resonance imaging, chromatography, proteomics, mass spectrometry, and catalysis [12,27,28,29]. Furthermore, as-produced ND particles offer a broad range of surface groups, such as carboxylic acid, ketone, aldehyde, amine, alcohol, and alkyl [26], offering plenty of options for surface modification. Alteration of the surface termination may be useful for improvement of the dispersion of the ND particles or for a mechanical improvement effect on the polymer nanocomposite [30]. For example, surface modification of ND with vinyltrimethoxysilane (VTS) was beneficial for improving suspension stability in a hydrophobic medium [31], while it also afforded an incline in the Young’s modulus of 25% at 0.2 wt % of silanized ND [30]. Notably, diverse surface termination originating from the fabrication method itself, the varying purification procedures, and post-processing, such as hydrogen annealing, yield contradictory results regarding the properties of the ND–polymer composites. The reinforcement of polymers is complicated by the size and shape of the filler [32]. Therefore, it is essential to ascertain the surface termination, size, and shape of ND particles prior to the actual experiment.



In this article, we show that the surface termination of the ND particles is of pivotal importance for the effect on bulk PDMS and its porous structures. Particularly, change in the Young’s modulus and wettability variations of PDMS/ND composite result with increasing wt % of two different kinds—oxidized (oND) and hydrogenated (reduced, rND)—of nanodiamond particles blended in the PDMS prior to curing. Subsequently, this different behavior of composites based on oxidized or reduced ND particles is analyzed by FTIR measurements to find the cause for the diverging behavior of the two different composites. Furthermore, out of both composites, porous sponges were fabricated, and both the compressive modulus and wettability are assessed. As the mechanical properties of PDMS sponges and bulk material can be changed, likewise, such nanocomposites may find applications in flexible and wearable electronics, in environmental engineering, and as sensors. In contrast, PDMS/rND composite sponges with an inclined water contact angle show great potential as an absorption material for oil spills and are therefore an interesting candidate for oil/water separation problems. Therefore, applicability towards a specific field may be enhanced by traits inherited by the different kinds of nanofillers.




2. Materials and Methods


2.1. Materials


The oxidized ND (oND) particles utilized in this article are commercially available detonation ND particles bought as a powder from Tongli (P. R. China). The diameter according to the producer was 4–6 nm. The reduced ND (rND) particles are commercially available detonation ND particles, which were post-processed by the producer (New Metals and Chemicals Corporation, Ltd., Tokyo Japan). The rND particles (NanoAmando) were purchased as an aqueous colloidal solution with a weight percentage of 2.5. The diameter according to the producer is 3 nm. PDMS (Sylgard 184) was supplied by Dow Corning (Midland, Michigan, United States). The solvent ethanol (0.79 gcm−3, 99.7%) was bought from Aladdin (Shanghai, China). Water, if referred to in this article, denotes purified deionized (DI) water, i.e., in water contact angle measurements and preparation of the sponges.




2.2. Fabrication of the PDMS/oND Composite


PDMS prepolymer (component A) was poured into a plastic cup and a certain amount (which denotes the desired wt %) of oxidized ND particles was added. The wt % for the oND was between 0.01 and 0.5 wt %. Afterwards, the composite was mixed extensively with a hand mixer. After the filler was agitated by ultrasonication for 30 min to disperse the oND particles, the cure (component B) was added in a weight ratio of 10:1, according to the supplier’s instruction. The composite of PDMS prepolymer, cure, and oND particles was mixed for 5 min, followed by a second ultrasonication step for 30 min, and finally, cured for 3 h at 65 °C.




2.3. Fabrication of the PDMS/rND Composite


Firstly, a certain volume (which denotes for the desired wt % in the PDMS composite) of aqueous solution of reduced ND particles was poured into a glass beaker and the water was removed. The resulting solid was dissolved in 5 mL ethanol and agitated ultrasonically for around 2 h. PDMS prepolymer (component A) was poured into a plastic cup, and 5 mL of the previously prepared rND colloidal solution in ethanol was added. The mixture was extensively mixed and subsequently agitated by ultrasonication for 30 min. Afterwards, the cure (component B) was added to the slurry, mixed, and agitated again. Finally, it was placed in an oven at 65 °C for 3 h.




2.4. Fabrication of the PDMS/ND Composite Sponges


PDMS composite sponges were prepared via a method similar to that detailed in our previous publications on Ecoflex sponges for oil–water separation and PDMS sponges for flexible electrical conductors by the sugar leaching technique [17]. Briefly, the slurry (see Fabrication of PDMS/rND composite or Fabrication of PDMS/oND composite) was filled into a plastic cup, commercially available sugar cubes were immersed into the slurry, and reduced pressure was applied to infiltrate the voids of the sugar cubes with the slurry. Air pockets were also removed by the reduced pressure. Consequently, the PDMS/sugar/ND composite was cured at 65 °C for 3 h. Afterwards, the sugar cubes were cut, followed by removal of the sugar template in water for 3 h. Finally, the PDMS sponge was washed several times with ethanol.




2.5. Measurement of Mechanical Parameters


For tensile (Young’s modulus) measurements, the composite was poured prior to curing into a tensile test mold with the following approximate parameters: length 28 mm, width 3.9 mm, and height 3.9 mm. The Young’s modulus was measured using a universal mechanical testing machine (Autograph AG-X plus 100N, Schimadzu, Kyoto, Japan) with a measurement velocity of 20 mm/min. The compressive modulus was determined using the same machine at a measurement velocity of 5 mm/min. Typical dimensions of a PDMS sponge were length 17 mm, width 17 mm, and height 9 mm. The maximum compressive strain was set to 50%.




2.6. Analysis of the Raw Materials, Composite Sponges, and Bulk Composite


An FTIR Spectrometer (Bruker Vertex 70, Billerica, Billerica, United States) was utilized to ascertain the surface termination of ND particles and to analyze the effect of rND and oND particles on the PDMS. The particle size distribution of the ND particles in their colloidal solution was assessed using a Zetasizer Nano ZS (Malvern Instruments) with a laser wavelength of 633 nm via dynamic light scattering. Square quartz cuvettes were used for determination of the hydrodynamic diameter (dh), whereas for Zeta potential measurements, disposable folded capillary cells (DTS 1070, Malvern instruments) were used. Contact angle microscopy (SDC-200, Sindin, Dongwan, China) was employed as a means to determine the wettability of the sponges.





3. Results and Discussion


3.1. Analysis of Oxidized and Hydrogenated ND Particles


ND particles feature an extreme surface-to-volume ratio [33] and thus, the properties in composite materials and their reactivity are strongly dependent on the surface termination of the ND particles. In this study, we focus on the difference between reduced (hydrogen annealed, rND) ND particles and oxidized (as-made, oND) detonation ND particles. However, it should be noted that the surface modification of ND particles is a broad and fertile means to vary diverse properties of polymer/ND composites [33,34,35]. Reduced diamond surfaces and rND particles feature a hydrogen termination and are hydrophobic [36]. The size of the rND particles according to the supplier is 4.1 ± 0.7 nm. By dynamic light scattering (DLS), the hydrodynamic diameter (dh) is accessible, which is slightly larger than the diameter of the particle itself. DLS revealed that, indeed, rND particles dispersed in water at pH ≈ 7 possess a single-digit nanometer size (see Figure 1a), attributable to the high Zeta potential (ζ) of the rND particles (ζ ≥ 30 mV) [37]. This accounts for the good colloidal stability of the rND particles in aqueous solution and may help during the dispersion in polymers. On the other hand, oxidized ND particles possess, according to the producer, a size of 4–6 nm. However, only double-digit nanometer sized particles could be observed in DLS measurements at pH ≈ 7. This is related to the low Zeta potential of the oxidized particles (−30 mV ≤ ζ ≤ +30 mV) [38], resulting in low colloidal stability [39]. The surface of oND particle is covered with diverse functional groups, ranging across OH, CO (ketones), carboxylic acids, amines, etc. [26,40]. Due to this surface termination, oxidized diamond surfaces and oND particles are hydrophilic [36].



The different surface terminations of oxidized and reduced ND particles can be observed in the IR spectra measured via FTIR spectroscopy. oND features a broad and strong absorption band denoting the stretching vibrations of hydroxyl and amino groups at 3432 cm−1 and 3429 cm−1, respectively (see Figure 1b). The absorption peaks at 2970 cm−1 and 2928 cm−1 signify the asymmetric and symmetric C–H vibration. Furthermore, carbonyl and carboxyl moieties were identified by the presence of an absorption band at 1723 cm−1. The broad absorption peak at 1630 cm−1 and the shoulder at 1590 cm−1 denote O–H and N–H vibration of adsorbed surface water and amino moieties located at the interface of the oND particle. Finally, in the fingerprint range (between 1500 and 1000 cm−1), oND particles feature a broad palette of absorption bands, which relate to O–H deformation, C–O–C stretch, epoxy C–O stretch, C–C stretch, amide C–N stretch and C–N–H deformational vibrations, and many other groups [26]. In contrast, the fingerprint region in particular differs for rND particles with a few weak and narrow absorption bands. Furthermore, a shoulder at 1590 cm−1 cannot be detected while the peaks at 1650 cm−1 (compare oND at 1630 cm−1) and 3426 cm−1 are weaker than for oND. Finally, the absorption peak denoting C=O bonds (1730 cm−1), such as carboxyl, aldehyde, ketone, etc., is barely visible in the spectrum of rND. However, broad absorption peaks at 3426 cm−1 and 1650 cm−1 remain, which are related to the absorption of OH from water adsorbed to the surface of the rND particles [41].




3.2. Mechanical Properties of PDMS/ND Composites


The mechanical properties of PDMS itself are dependent on several fabrication parameters, including the prepolymer-to-cure weight ratio, curing time, and curing temperature [42,43]. Moreover, the mechanical properties of PDMS can also be changed by blending it with other silane-based and curable polymers, such as Ecoflex [44]. In this article, these fabrication parameters, however, are maintained at 10:1 (prepolymer-to-cure ratio), 3 h curing time, and 65 °C curing temperature. Here, we focus on the change of the Young’s modulus with two different kinds of ND particles, either oxidized or reduced ND particles, and the change upon increasing ND particle concentration. Gogotsi and Voznyakovskii suggested that the addition of a low amount of ND particles enhances the mechanical properties of PDMS [33,45]. Therefore, bulk PDMS/ND composites with oND and rND particles were prepared. The uncured PDMS/oND composite is illustrated in Figure 2a, while the cured is illustrated in Figure 2b. Pristine PDMS is transparent, while both kinds of PDMS/ND composites appear milky at first and grey/brown with high ND concentration. Furthermore, in the optical images, the dispersion of the nanoparticles appears homogeneous, which is advantageous for the improvement of mechanical parameters. Indeed, the addition of oND particles to PDMS prior to curing yields in increased Young’s modulus, as illustrated in Figure 2c (see also stress–strain graphs in the supporting information). However, the Young’s modulus is not monotonically increasing; rather, it passes through a global maximum (1.43 ± 0.02 MPa) between 0.01 wt % and 0.025 wt %, where the modulus is around 20% higher than the modulus of PDMS itself. This incline is comparable to the enhanced Young’s modulus, attributed to increased crosslinking density, obtained by the addition of 0.2 wt % silanized ND particles [30]. Afterwards, the Young’s modulus decreases with increasing wt % of oND particles to around 1.25 ± 0.02 MPa, which is still higher than that of pristine PDMS (1.19 ± 0.04 MPa). This behavior suggests at least two concurrent effects: one process increases the Young’s modulus while the second decreases the Youngs’s modulus. Several authors, who have engaged with polymer reinforcement by nanoparticles, have suggested that a reduction of the Young’s modulus is related to chain distortions, and this effect gets more drastic with increasing aggregation of the nanoparticles [45], while a reinforcing effect may be related to polar interactions or bond formation induced by or with the oND particles (see FTIR analysis).



On the other hand, PDMS/rND composite were only measured between 0 and 0.1 wt % as the beneficial concentration for the Young’s modulus of oND particles was ascertained to be around 0.025 wt % and due to the high cost of them. The addition of rND particles to PDMS yielded no enhancement of the Young’s modulus (see also the stress–strain graphs in Figure S2). Moreover, the Young’s modulus is slightly lower at 1.14 ± 0.04 MPa than that of pristine PDMS (see Figure 2d). The slightly lower Young’s modulus may originate from the solvent added in the fabrication step and/or from the unprofitable effect of chain distortion, which are alleviated presently. A reinforcement effect of rND on the polymer similar to that of oND particles was not observed due to the chemically inert surface termination of the rND particles. With this knowledge at hand, the effect increasing the Young’s modulus can be ascribed to the surface termination of the ND particle as it is only present for oND particles. The reduction in Young’s modulus with increasing ND filler concentration is present for both ND particle types and is therefore related to the ND particles themselves. The strength of the latter effect is lower for rND particles than for oND, which can be explained by two factors. Firstly, the oND particles tend to aggregate and are bigger than the rND particles (see previous section, DLS). With a higher concentration, this aggregation is more pronounced, which yields a lower Young’s modulus [46]. In contrast, rND particles feature inclined colloidal stability and, consequently, no aggregation should be present. Secondly, rND particles are hydrophobic and appear to be very surface active as they increased the bubble stability during vacuum treatment and gas removal during the PDMS/rND composite sponge fabrication. This suggests that the rND particles favor to adsorb at the PDMS/gas interface. This coincides with an incline in water contact angle from 112° for pristine bulk PDMS to 118° for bulk PDMS/rND (see Figure S3). A change in the water contact angle of the PDMS/oND composite, however, could not be observed (see also contact angles on sponges).



Similar to the bulk PDMS and bulk PDMS/ND composites, composite sponges were prepared by the sugar leaching technique. The sponges are shown in Figure 3a. PDMS sponges appear white due to the refraction of light at the copious arbitrary interfaces inside of it. With high oND particle concentration, the PDMS/oND composite sponge is tinged grey/brown, similar to the as-made bulk material, though not as pronounced (see Figure 3a). The pore size (radius) of the PDMS sponges was measured by confocal laser scanning microscopy to be around 50 µm, as shown in Figures S4 and S5, while the pore size can be altered by applying tensile strain. The pore size in leaching approaches is dependent on the grain size of the sacrificial template (here sugar particles) and it therefore remains constant for both types of composite sponges. Another important parameter of PDMS sponges is the compressive modulus, especially for application as pressure sensors. The compressive moduli of PDMS/oND composite sponges and the previously discussed Young’s moduli of PDMS/oND bulk composites follow a similar trend. For your evaluation, three compressive stress–strain graphs are attached in the supporting information (Figure S6). The global maximum, however, is shifted to a concentration of 0.025 wt % oND. At 65 ± 5 kPa, the global maximum is 52% higher than that of pristine PDMS sponges, which possess a compressive modulus of 43 ± 5 kPa. After this global maximum, the modulus gradually decreases with increasing wt % of oND particles. At the highest concentration measured in this study (0.2 wt %), the compressive modulus was determined to be 48 ± 5 kPa, still 11% higher than the compressive modulus of pristine PDMS. Certainly, the trend of the curve can be explained similarly to the bulk PDMS/oND composite by a competition of the fortification and weakening of the modulus by polar forces and bond formation and by chain distortions, respectively. In contrast to this result, the compressive modulus of PDMS blended with rND particles dwindles with increasing rND particle concentration to 38 ± 2 kPa at a concentration of 0.075 wt % rND particles—a reduction of 12% compared to that of pristine PDMS sponges (see also Figure S7).




3.3. FTIR Analysis of PDMS/ND Composites


To shed light on the mechanism of mechanical reinforcement of PDMS/oND composites, FTIR spectroscopy was utilized. The FTIR spectra of PDMS (after curing), reduced (H-terminated) ND, oxidized ND, PDMS/oND composite, and PDMS/rND composite are shown in Figure 4a. The spectrum of PDMS features distinct absorption bands in the fingerprint region. For example, the peak at 560 cm−1 denotes SiO2 defects [47], methyl rocking and SiC vibrations appear around 802 cm−1, the bending vibration of Si–H at 913 cm−1 signifies residual cure (crosslinker) [48], and the broad absorption denoting the stretching vibrations of Si–O–Si of the oligomer is located at 1013 and 1080 cm−1 [49]. At higher wavenumbers, the symmetric (νs(CH3) ≈ 2963 cm−1) and asymmetric (νa(CH3) ≈ 2905 cm−1) stretching vibration of sp3 hybridized methyl groups can be found, while the deformation vibration is located at 1260 cm−1. The weak broad band absorptions centered around 3460 cm−1 and 3720 cm−1 signify the presence of –OH groups, which can be ascribed to both adsorbed surface water and free SiOH groups (peak broadening due to hydrogen bonding) [47,50,51]. While the spectrum for the PDMS/rND composite looks rather similar to the spectrum of pristine PDMS, a clear difference can be seen between pristine PDMS and the PDMS/oND composite. The spectrum of the composite features only a very weak absorption band related to adsorbed water (3460 cm−1), while the absorption band at 3720 cm−1 virtually vanished. This signifies a reaction of the silanol groups with either amine or carboxyl moieties of the oND surface. A further lead for this reaction is the minuscule absorption band at 1628 cm−1, which signifies the absence of OH groups in the composite, and the absence of the carboxylic acid ν(CO) at 1723 cm−1, implicating the participation of DND-bound COOH groups as grafting sites for the PDMS [52]. The absence of the latter may be attributed to the minuscule concentration (0.1 wt %) of the oND particles in the composite. Figure 4b shows the changes in the FTIR spectra of PDMS/oND composites with increasing oND concentration. At the lowest concentration (0.01 wt %), the absorbance band around 3452 cm−1, denoting the OH vibration, is barely visible, while a weak absorption band at 3360 cm−1 can be observed. Furthermore, the absorption band at 1628 cm−1 cannot be observed either. With increasing oND concentration, a blue-shift of the absorption band at 3360 cm−1 to 3452 cm−1 can be observed. Concomitantly, absorption bands at 1628 cm−1 and 1780 cm−1 (ester) arise (see Figure S8). These absorption bands get stronger with increasing oND concentration. These results imply that at first, residual silanol groups of PDMS are used to covalently bind oND particles. At low oND concentrations, this may lead to crosslinking of PDMS via these oND particles, which increases the Young’s modulus. By further increasing the oND particle concentration (˃0.025 wt %), most silanol groups are used and the hydroxyl groups of the oND appear visible in the IR spectra (carboxylic acid). This coincides with the decline of mechanical properties at oND concentrations higher than 0.025 wt %. Therefore, we conclude that most of the silanol groups are already occupied/bounded and further addition just yields the negative effects of the nanofiller on the polymer, such as chain distortion.




3.4. Surface Wettability of the As-Made PDMS/ND Composite Sponges


In contrast to the measurement of the Young’s modulus, the wettability of PDMS sponges is not altered by the addition of oxidized ND particles. Rather, the water contact angle on PDMS/oND composite sponges remains virtually constant at around 132°, which is consistent with the water contact angles measured on pristine PDMS sponges [53]. This means that the oxidized nanodiamond particles do not exert an effect on the wettability properties of the composite sponge, even though the oND particles are known to be hydrophilic and, intuitively, this suggests that the water contact angle will be diminished. This effect can be ascribed to the chain mobility of PDMS and its ability for hydrophobic recovery, i.e., after oxidation with oxygen plasma, PDMS quickly recovers its hydrophobicity due to directed chain movement. On the other hand, the addition of reduced nanodiamond particles as a filler yields an incline in the water contact angle, as shown in Figure 5b. The contact angle increases quite linearly until a value of around 144° is achieved at a concentration of 0.075 wt % rND. Afterwards, the water contact angle stagnates, which we assign to the fact that the adsorption of rND particles to the surface of the PDMS sponge stagnates. With this result, we substantiate the claim that a proper choice of PDMS/ND composite sponge is of pivotal importance for its performance in any application. Finally, the as-made PDMS/rND composite sponges (0.025 wt % rND) were employed as an absorption material in an oil/water separation problem, as shown in Figures S9 and S10. The composite sponges absorbed paraffin oil (dyed red) rapidly up to an amount of 1.8 g paraffin oil (see also Figure S11). After three short cleaning steps (10 min each while stirring) with the composite sponges, no oil phase was visible, signifying that the composite sponge with enhanced wettability is a promising material for oil/water separation processes.





4. Conclusions


The effect of oxidized and reduced nanodiamond particles on PMDS bulk material and PDMS sponges was investigated. Oxidized nanodiamond particles showed to improve the Young’s modulus of bulk PDMS and porous (sponge-like) PDMS by 20 and 52% (around 0.025 wt % of oND), respectively, while reduced nanodiamond particles showed to weaken the mechanical properties of PDMS slightly. This weakening was attributed to chain distortions, which apparently are also present at high concentrations of oxidized nanodiamond particles. However, at the beneficial concentrations (0.01 and 0.025 wt %) the reinforcement effect of oND particles predominates the mechanical properties of the PDMS/oND composite. Notably, the concentration of nanofiller and its consumption is low, reducing production costs compared to other fillers. The reinforcement of this composite was explained by the crosslinking of PDMS macrochains via the carboxylic acid groups of the oND particles. The surface wettability was found to be virtually unchanged when using oND particles. In contrast, when employing rND particles, the water contact angle inclined from around 132° to 145°. This signifies that PDMS sponges can be tailormade to the need of the envisaged application, such as pressure sensors (change in Young’s modulus, oND). In contrast, the enhanced wettability (rND) of composite sponges was beneficial for oil/water separation. This study shows that the knowledge of the surface termination of nanoparticles—in this case, nanodiamond—is of pivotal importance to the effect of the nanofiller and the resulting field of application of the fabricated nanocomposite.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4360/11/6/948/s1, Figure S1 Stress-strain graph used to determine Young’s modulus of pure PDMS and PDMS/oxidized ND. Figure S2 Stress-strain graph used to determine Young’s modulus of pure PDMS and PDMS/reduced ND composites. Figure S3 Water contact angle on bulk PDMS/rND (left) and pristine PDMS (right). Figure S4 (a) and (b): Microscopy images of the sponge (3.5 mm) at 10xand 30x magnification, respectively, (c) confocal fluorescence images of the PDMS sponge stained with Rhodamine 6G, (d) SEM micrographs of the PDMS sponge (scale bar 1.5 mm) and (e) images of the water contact angle experiment on the PDMS sponge for tensile strain ranging from −50% to +400%. Figure S5 Pore size as determined by CLSM dependent on the tensile strain. Figure S6 Compressive stress-strain graph for determination of compressive modulus of PDMS sponges and PDMS/oND composite sponges. Figure S7 Compressive stress-strain graph for determination of compressive modulus of PDMS sponges and PDMS/rND composite sponges. Figure S8 Zoom in of FTIR spectra (main Manuscript, Figure 4), signifying change in absorption bands 1780 and 1628 cm-1. Figure S9 Separation of a paraffin oil/water emulsion in three steps with a PDMS/rND composite (0.025 wt % rND) sponges. Figure S10. Microscopy images of the oil (paraffin) in water emulsion after the 2nd and 3rd cleaning step, as depicted in Figure S9. Figure S11. Relative absorbed mass of acetone, dichloromethane and paraffin oil by the rND-PDMS composite sponges (0.05 wt %).





Author Contributions


Conceptualization, X.Z.; Data curation, X.Z., T.W., Y.L. and L.H.; Funding acquisition, S.H.-W.; Writing—original draft, X.Z.; Writing—review & editing, T.W. and S.H.-W.




Acknowledgments


This work was supported by China Postdoctoral Science Foundation Grant (2018M633144), National Natural Science Foundation of China (51702350), Guangdong Innovative and Entrepreneurial Research Team Program (No. 2013C090), and Shenzhen Municipality Science and Technology Planning Project (JCYJ20170307172850024).




Conflicts of Interest


There are no conflicts to declare.




References


	



Badamshina, E.; Gafurova, M. Polymeric nanocomposites containing non-covalently bonded fullerene C60: Properties and applications. J. Mater. Chem. 2012, 22, 9427–9438. [Google Scholar] [CrossRef]

	



Rahmat, M.; Hubert, P. Carbon nanotube–polymer interactions in nanocomposites: A review. Compos. Sci. Technol. 2011, 72, 72–84. [Google Scholar] [CrossRef]

	



Arjmand, M.; Chizari, K.; Krause, B.; Pötschke, P.; Sundararaj, U. Effect of synthesis catalyst on structure of nitrogen-doped carbon nanotubes and electrical conductivity and electromagnetic interference shielding of their polymeric nanocomposites. Carbon 2016, 98, 358–372. [Google Scholar] [CrossRef]

	



Sahoo, N.G.; Rana, S.; Cho, J.W.; Li, L.; Chan, S.H. Polymer nanocomposites based on functionalized carbon nanotubes. Prog. Polym. Sci. 2010, 35, 837–867. [Google Scholar] [CrossRef]

	



Zhang, F.; Liu, S.; Zhao, P.; Liu, T.; Sun, J. Titanium/nanodiamond nanocomposites: Effect of nanodiamond on microstructure and mechanical properties of titanium. Mater. Des. 2017, 131, 144–155. [Google Scholar] [CrossRef]

	



Liu, M.; Xu, D.; Wang, K.; Deng, F.; Wan, Q.; Zeng, G.; Huang, Q.; Zhang, X.; Wei, Y. Nanodiamond based supermolecular nanocomposites: Preparation and biocompatibility evaluation. RSC Adv. 2015, 5, 96983–96989. [Google Scholar] [CrossRef]

	



Kango, S.; Kalia, S.; Celli, A.; Njuguna, J.; Habibi, Y.; Kumar, R. Surface modification of inorganic nanoparticles for development of organic–inorganic nanocomposites—A review. Prog. Polym. Sci. 2013, 38, 1232–1261. [Google Scholar] [CrossRef]

	



Jabeen, S.; Kausar, A.; Muhammad, B.; Gul, S.; Farooq, M. A Review on Polymeric Nanocomposites of Nanodiamond, Carbon Nanotube, and Nanobifiller: Structure, Preparation and Properties. Polym. Plast. Technol. Eng. 2015, 54, 1379–1409. [Google Scholar] [CrossRef]

	



Skountzos, E.N.; Anastassiou, A.; Mavrantzas, V.G.; Theodorou, D.N. Determination of the Mechanical Properties of a Poly(methyl methacrylate) Nanocomposite with Functionalized Graphene Sheets through Detailed Atomistic Simulations. Macromolecules 2014, 47, 8072–8088. [Google Scholar] [CrossRef]

	



Moradi, M.; Mohandesi, J.A.; Haghshenas, D.F. Mechanical properties of the poly(vinyl alcohol) based nanocomposites at low content of surfactant wrapped graphene sheets. Polymer 2015, 60, 207–214. [Google Scholar] [CrossRef]

	



Chieng, B.W.; Ibrahim, N.A.; Yunus, W.M.Z.W.; Hussein, M.Z.; Then, Y.Y.; Loo, Y.Y. Reinforcement of graphene nanoplatelets on plasticized poly(lactic acid) nanocomposites: Mechanical, thermal, morphology, and antibacterial properties. J. Appl. Polym. Sci. 2015, 132, 41652. [Google Scholar] [CrossRef]

	



Yi, P.; Awang, R.A.; Rowe, W.S.T.; Kalantar-zadeh, K.; Khoshmanesh, K. PDMS nanocomposites for heat transfer enhancement in microfluidic platforms. Lab Chip 2014, 14, 3419–3426. [Google Scholar] [CrossRef]

	



Wu, J.; Huang, G.; Li, H.; Wu, S.; Liu, Y.; Zheng, J. Enhanced mechanical and gas barrier properties of rubber nanocomposites with surface functionalized graphene oxide at low content. Polymer 2013, 54, 1930–1937. [Google Scholar] [CrossRef]

	



Scherillo, G.; Lavorgna, M.; Buonocore, G.G.; Zhan, Y.H.; Xia, H.S.; Mensitieri, G.; Ambrosio, L. Tailoring Assembly of Reduced Graphene Oxide Nanosheets to Control Gas Barrier Properties of Natural Rubber Nanocomposites. ACS Appl. Mater. Interfaces 2014, 6, 2230–2234. [Google Scholar] [CrossRef]

	



Tan, B.; Thomas, N.L. A review of the water barrier properties of polymer/clay and polymer/graphene nanocomposites. J. Membr. Sci. 2016, 514, 595–612. [Google Scholar] [CrossRef]

	



Zhu, D.; Handschuh-Wang, S.; Zhou, X. Recent Progress in Fabrication and Application of Polydimethylsiloxane Sponges. J. Mater. Chem. A 2017, 5, 16467–16497. [Google Scholar] [CrossRef]

	



Zhou, T.; Yang, J.; Zhu, D.; Zheng, J.; Handschuh-Wang, S.; Zhou, X.; Zhang, J.; Liu, Y.; Liu, Z.; He, C.; et al. Hydrophilic Sponges for Leaf-Inspired Continuous Pumping of Liquids. Adv. Sci. 2017, 4, 1700028. [Google Scholar] [CrossRef]

	



Li, X.; Li, Y.; Huang, Y.; Zhang, T.; Liu, Y.; Yang, B.; He, C.; Zhou, X.; Zhang, J. Organic sponge photocatalysis. Green Chem. 2017, 19, 2925–2930. [Google Scholar] [CrossRef]

	



Li, Y.; Zhu, D.; Handschuh-Wang, S.; Lv, G.; Wang, J.; Li, T.; Chen, C.; He, C.; Zhang, J.; Liu, Y.; et al. Bioinspired, Mechano-Regulated Interfaces for Rationally Designed, Dynamically Controlled Collection of Oil Spills from Water. Glob. Chall. 2017, 1, 1600014. [Google Scholar] [CrossRef]

	



Shin, J.H.; Heo, J.-H.; Jeon, S.; Park, J.H.; Kim, S.; Kang, H.-W. Bio-inspired hollow PDMS sponge for enhanced oil–water separation. J. Hazard. Mater. 2019, 365, 494–501. [Google Scholar] [CrossRef]

	



Liang, S.; Li, Y.; Chen, Y.; Yang, J.; Zhu, T.; Zhu, D.; He, C.; Liu, Y.; Handschuh-Wang, S.; Zhou, X. Liquid metal sponges for mechanically durable, all-soft, electrical conductors. J. Mater. Chem. C 2017, 5, 1586–1590. [Google Scholar] [CrossRef]

	



Liang, S.; Li, Y.; Yang, J.; Zhang, J.; He, C.; Liu, Y.; Zhou, X. 3D Stretchable, Compressible, and Highly Conductive Metal-Coated Polydimethylsiloxane Sponges. Adv. Mater. Technol. 2016, 1, 1600117. [Google Scholar] [CrossRef]

	



Jung, S.; Kim, J.H.; Kim, J.; Choi, S.; Lee, J.; Park, I.; Hyeon, T.; Kim, D.H. Reverse-Micelle-Induced Porous Pressure-Sensitive Rubber for Wearable Human-Machine Interfaces. Adv. Mater. 2014, 26, 4825. [Google Scholar] [CrossRef]

	



Gao, X.; Wang, X.; Ouyang, X.; Wen, C. Flexible Superhydrophobic and Superoleophilic MoS2 Sponge for Highly Efficient Oil-Water Separation. Sci. Rep. 2016, 6, 27207. [Google Scholar] [CrossRef] [PubMed]

	



Karami, P.; Salkhi Khasraghi, S.; Hashemi, M.; Rabiei, S.; Shojaei, A. Polymer/nanodiamond composites - a comprehensive review from synthesis and fabrication to properties and applications. Adv. Colloid Interface Sci. 2019, 269, 122–151. [Google Scholar] [CrossRef]

	



Mochalin, V.N.; Shenderova, O.; Ho, D.; Gogotsi, Y. The properties and applications of nanodiamonds. Nat. Nanotechnol. 2012, 7, 11–23. [Google Scholar] [CrossRef]

	



Ho, D.; Wang, C.-H.K.; Chow, E.K.-H. Nanodiamonds: The intersection of nanotechnology, drug development, and personalized medicine. Sci. Adv. 2015, 1, e1500439. [Google Scholar] [CrossRef]

	



Lin, Y.; Su, D. Fabrication of Nitrogen-Modified Annealed Nanodiamond with Improved Catalytic Activity. ACS Nano 2014, 8, 7823–7833. [Google Scholar] [CrossRef]

	



Cheng, X.B.; Zhao, M.Q.; Chen, C.; Pentecost, A.; Maleski, K.; Mathis, T.; Zhang, X.Q.; Zhang, Q.; Jiang, J.J.; Gogotsi, Y. Nanodiamonds suppress the growth of lithium dendrites. Nat. Commun. 2017, 8, 9. [Google Scholar] [CrossRef]

	



Hajiali, F.; Shojaei, A. Network structure and mechanical properties of polydimethylsiloxane filled with nanodiamond—Effect of degree of silanization of nanodiamond. Compos. Sci. Technol. 2017, 142, 227–234. [Google Scholar] [CrossRef]

	



Hajiali, F.; Shojaei, A. Silane functionalization of nanodiamond for polymer nanocomposites-effect of degree of silanization. Colloids Surf. A Physicochem. Eng. Asp. 2016, 506, 254–263. [Google Scholar] [CrossRef]

	



Mermet-Guyennet, M.; Dinkgreve, M.; Habibi, M.; Martzel, N.; Sprik, R.; Denn, M.; Bonn, D. Dependence of nonlinear elasticity on filler size in composite polymer systems. Rheol. Acta 2017, 56, 583–589. [Google Scholar] [CrossRef]

	



Mochalin, V.N.; Gogotsi, Y. Nanodiamond–polymer composites. Diam. Relat. Mater. 2015, 58, 161–171. [Google Scholar] [CrossRef]

	



Krueger, A.; Lang, D. Functionality is Key: Recent Progress in the Surface Modification of Nanodiamond. Adv. Funct. Mater. 2012, 22, 890–906. [Google Scholar] [CrossRef]

	



Chang, I.P.; Hwang, K.C.; Ho, J.-a.A.; Lin, C.-C.; Hwu, R.J.R.; Horng, J.-C. Facile Surface Functionalization of Nanodiamonds. Langmuir 2010, 26, 3685–3689. [Google Scholar] [CrossRef]

	



Wang, T.; Handschuh-Wang, S.; Yang, Y.; Zhuang, H.; Schlemper, C.; Wesner, D.; Schönherr, H.; Zhang, W.; Jiang, X. Controlled Surface Chemistry of Diamond/β-SiC Composite Films for Preferential Protein Adsorption. Langmuir 2014, 30, 1089–1099. [Google Scholar] [CrossRef] [PubMed]

	



Yoshikawa, T.; Zuerbig, V.; Gao, F.; Hoffmann, R.; Nebel, C.E.; Ambacher, O.; Lebedev, V. Appropriate Salt Concentration of Nanodiamond Colloids for Electrostatic Self-Assembly Seeding of Monosized Individual Diamond Nanoparticles on Silicon Dioxide Surfaces. Langmuir 2015, 31, 5319–5325. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Handschuh-Wang, S.; Qin, P.; Yang, Y.; Zhou, X.; Tang, Y. Enhancing the colloidal stability of detonation synthesized diamond particles in aqueous solutions by adsorbing organic mono-, bi- and tridentate molecules. J. Colloid Interface Sci. 2017, 499, 102–109. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Handschuh-Wang, S.; Zhang, S.; Zhou, X.; Tang, Y. Enhanced nucleation of diamond on three dimensional tools via stabilized colloidal nanodiamond in electrostatic self-assembly seeding process. J. Colloid Interface Sci. 2017, 506, 543–552. [Google Scholar] [CrossRef] [PubMed]

	



Jee, A.-Y.; Lee, M. Surface functionalization and physicochemical characterization of diamond nanoparticles. Curr. Appl. Phys. 2009, 9, e144–e147. [Google Scholar] [CrossRef]

	



Petit, T.; Girard, H.A.; Trouve, A.; Batonneau-Gener, I.; Bergonzo, P.; Arnault, J.-C. Surface transfer doping can mediate both colloidal stability and self-assembly of nanodiamonds. Nanoscale 2013, 5, 8958–8962. [Google Scholar] [CrossRef] [PubMed]

	



Fuard, D.; Tzvetkova-Chevolleau, T.; Decossas, S.; Tracqui, P.; Schiavone, P. Optimization of poly-di-methyl-siloxane (PDMS) substrates for studying cellular adhesion and motility. Microelectron. Eng. 2008, 85, 1289–1293. [Google Scholar] [CrossRef]

	



Johnston, I.D.; McCluskey, D.K.; Tan, C.K.L.; Tracey, M.C. Mechanical characterization of bulk Sylgard 184 for microfluidics and microengineering. J. Micromech. Microeng. 2014, 24, 035017. [Google Scholar] [CrossRef]

	



Moser, R.; Kettlgruber, G.; Siket, C.M.; Drack, M.; Graz, I.M.; Cakmak, U.; Major, Z.; Kaltenbrunner, M.; Bauer, S. From Playroom to Lab: Tough Stretchable Electronics Analyzed with a Tabletop Tensile Tester Made from Toy-Bricks. Adv. Sci. 2016, 3, 1500396. [Google Scholar] [CrossRef]

	



Gavrilov, A.S.; Voznyakovskii, A.P. Rheological characteristics and relaxation properties of polymer-nanodiamond composites. Russ. J. Appl. Chem. 2009, 82, 1041–1045. [Google Scholar] [CrossRef]

	



Sun, Y.; Yang, Q.; Wang, H. Synthesis and Characterization of Nanodiamond Reinforced Chitosan for Bone Tissue Engineering. J. Funct. Biomater. 2016, 7, 27. [Google Scholar] [CrossRef] [PubMed]

	



Al-Oweini, R.; El-Rassy, H. Synthesis and characterization by FTIR spectroscopy of silica aerogels prepared using several Si(OR)4 and R′′Si(OR′)3 precursors. J. Mol. Struct. 2009, 919, 140–145. [Google Scholar] [CrossRef]

	



Lamberti, A.; Virga, A.; Rivolo, P.; Angelini, A.; Giorgis, F. Easy Tuning of Surface and Optical Properties of PDMS Decorated by Ag Nanoparticles. J. Phys. Chem. B 2015, 119, 8194–8200. [Google Scholar] [CrossRef]

	



Chen, I.J.; Lindner, E. The Stability of Radio-Frequency Plasma-Treated Polydimethylsiloxane Surfaces. Langmuir 2007, 23, 3118–3122. [Google Scholar] [CrossRef]

	



Bao, C.; Xu, K.-Q.; Tang, C.-Y.; Lau, W.-m.; Yin, C.-B.; Zhu, Y.; Mei, J.; Lee, J.; Hui, D.; Nie, H.-Y.; et al. Cross-Linking the Surface of Cured Polydimethylsiloxane via Hyperthemal Hydrogen Projectile Bombardment. ACS Appl. Mater. Interfaces 2015, 7, 8515–8524. [Google Scholar] [CrossRef]

	



Gallas, J.-P.; Goupil, J.-M.; Vimont, A.; Lavalley, J.-C.; Gil, B.; Gilson, J.-P.; Miserque, O. Quantification of Water and Silanol Species on Various Silicas by Coupling IR Spectroscopy and in-Situ Thermogravimetry. Langmuir 2009, 25, 5825–5834. [Google Scholar] [CrossRef]

	



Wang, D.H.; Tan, L.-S.; Huang, H.; Dai, L.; Ōsawa, E. In-Situ Nanocomposite Synthesis: Arylcarbonylation and Grafting of Primary Diamond Nanoparticles with a Poly(ether−ketone) in Polyphosphoric Acid. Macromolecules 2009, 42, 114–124. [Google Scholar] [CrossRef]

	



Choi, S.-J.; Kwon, T.-H.; Im, H.; Moon, D.-I.; Baek, D.J.; Seol, M.-L.; Duarte, J.P.; Choi, Y.-K. A Polydimethylsiloxane (PDMS) Sponge for the Selective Absorption of Oil from Water. ACS Appl. Mater. Interfaces 2011, 3, 4552–4556. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 11 00948 g001 550]





Figure 1. (a) Number weighted size (hydrodynamic diameter) distribution determined by DLS of hydrogenated (reduced) nanodiamond (rND) and oxidized ND (oND); (b) Fourier transform infrared spectra (FTIR) of as-received reduced and oxidized ND particles. 
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Figure 2. (a) Optical images of bulk polydimethylsiloxane (PDMS)/oND composite before curing and (b) after curing in a standardized mold. The percentage numbers denote the weight percentage of oxidized nanodiamond in the nanocomposite. Young’s moduli of bulk PDMS/ND composites with increasing ND content. (c) Oxidized hydrophilic ND particles and (d) reduced hydrophobic nanoparticles were blended into the PDMS prepolymer prior to curing. 
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Figure 3. (a) Optical images of PDMS/oND composite sponges. Compression moduli of PDMS/ND composite sponges with increasing wt % of blended ND particles. (b) Oxidized ND particles and (c) reduced ND particles were used. 
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Figure 4. (a) FTIR transmission spectra of PDMS (green), reduced (H-terminated) ND (purple), oxidized ND (blue), PDMS/oND composite with 0.1 wt % oND, and PDMS/rND composite with 0.1 wt % rND. (b) FTIR transmission spectra of PDMS/oND particles dependent on the concentration of the oND particles. The concentration ranged between 0.01 and 0.2 wt %. 
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Figure 5. Water contact angle on PDMS/ND composite sponges dependent on the concentration of (a) oxidized and (b) reduced ND particles. The error bars denote the standard deviation of at least 3 single measurements on the PDMS sponges. 
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