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Abstract

:

The unique combination of optical, chemical, and structural properties of one-dimensional zinc oxide (1D ZnO) makes it one of the most attractive materials in a wide range of research and applications. In the present study, 1D ZnO nanomaterials were fabricated using a combination of two independent methods: electrospinning and atomic layer deposition (ALD). The electrospinning technique was used to produce 1D electrospun fibers consisting of four types of polymers: polylactic acid (PLLA), polyvinylidene fluoride (PVDF), polyvinyl alcohol (PVA), and polyamide 6 (PA6). The ALD technology, in turn, was selected as an excellent candidate for the synthesis of a ZnO thin layer over polymer fibers for the production of 1D ZnO/polymer nanofiber composites (PLLA/ZnO, PVDF/ZnO, PVA/ZnO, PA6/ZnO). Structural and optical properties of the produced nanofibers were studied by means of scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), diffuse reflectance, and photoluminescence (PL) spectroscopy. It was found that only PVDF/ZnO nanofibers exhibit stable room temperature PL that may be the result of a higher ZnO content in the sample. In addition, PL measurements were conducted as a function of excitation power and temperature in order to establish the main PL mechanisms and parameters for the PVDF/ZnO sample, as a most promising candidate for the biophotonic application.
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1. Introduction


One-dimensional (1D) ZnO nanomaterial is the object of the interest in a variety of studies due to its unique photoluminescent (PL) properties, high surface to volume ratio, biocompatibility, non-toxicity, and stability. Recently, 1D ZnO nanomaterials have been successfully utilized in sensors [1] and biosensor [2,3], energy applications [4,5], and purification [6], optoelectronics [7] and electronics [8], etc. 1D ZnO nanomaterials can be fabricated by the basic chemical methods based on bottom-up techniques, such as the vapor-solid (VS) process [9], vapor−liquid−solid (VLS) process [10], and top-down (lithographic techniques) [11]. Additionally, 1D ZnO nanocomposites can be produced by a combination of several independent techniques, such as electrospinning and atomic layer deposition (ALD). Among the various methods, electrospinning is a simple, controllable, and inexpensive method of making flexible polymer mats with uniform nanofiber lengths and diameters [12,13]. These attributes make polymer nanofibers ideal candidates for coating by a thin layer of ZnO, in order to obtain nanomaterials with the desired characteristics and properties. ALD is an advanced and simple method for the deposition of thin metal oxide films over the substrates (both smooth and rough) [14]. This technique enables the production of highly conformal metal oxide (ZnO, TiO2, RuO2) layers on various surfaces for achieving high-quality compositions in comparison with other methods [15,16,17]. Thus, ALD is an excellent technique to deposit a thin metal oxide layer on polymer nanofibers, with the ability to adjust the electronic and optical properties of the produced nanocomposites [3]. Recently, it was demonstrated that different 1D ZnO nanocomposites and other 1D nanomaterials can be synthesized by using both of those techniques [18,19,20]. It was shown that the most promising 1D nanocomposites were produced from polyacrylonitrile (PAN) covered by ZnO [3,12,18]. However, it is still an “open question” about the application of other electrospun polymers for the production of 1D ZnO-polymer nanofibers.



Electrospinning can be used for both water-soluble and water-resistant polymers. However, only a limited number of polymers can be electrospun from aqueous solutions, i.e., polyethylene oxide (PEO) and polyvinyl alcohol (PVA) [21]. Among the water-resistant polymers, the most popular are polyacrylonitrile (PAN), polylactic acid (PLLA), polyvinylidene fluoride (PVDF), and polyamide 6 (PA6), etc. Nanofibers produced from those polymers are used in a large number of applications and products, such as tissue engineering [22], filtration [23], scaffolding [24], sensors [25] and biosensors [26], water purification [27], direct contact membrane distillation [28], hemostasis [29], VLC technology [30], energy harvesting [31], etc. Furthermore, nanofibers seem to be attractive for wound dressing [32] and anti-tumor therapy [33] due to the excellent biocompatibility and low toxicity. Despite the fact that pure electrospun polymers are already well-studied, nanocomposites based on polymer nanofibers still remain within the scope of scientific interest. For example, nanocomposites made of polymers fibers and metal/metal oxide nanoparticles or nanolayers can be attractive for optics, electronics, and magnetism.



In present work, we report on the investigation of the structural and optical properties of four different electrospun polymer (PVA, PA6, PVDF, PLLA) nanofibers covered by the ALD ZnO. The morphology and structural properties of the nanofibers were characterized by X-ray diffraction analysis (XRD), and scanning electron microscopy (SEM) combined with an energy dispersive X-ray spectroscopy (EDX) analysis. The optical properties of PVA, PA6, PVDF, PLLA, and PVA/ZnO, PA6/ZnO, PVDF/ZnO, PLLA/ZnO nanofibers were investigated by diffuse reflectance and photoluminescence (PL). For PVDF/ZnO nanofibers, the dependence of the PL vs. the excitation power and the temperature are studied. This is the first research where different types of polymer fibers were used for ZnO ALD deposition.




2. Materials and Methods


2.1. Samples Production


Samples were produced by the two-step procedure: (i) electrospinning; and (ii) ALD. At the beginning, four different polymers were used in order to produce nanofibers (see Table 1). Taking into account the temperature of the ALD process (around 120 °C), the melting temperature of polymers should be higher than this value. Electrospinning was performed for the prepared polymer solutions. Polymer solution was delivered through a needleless spinning electrode and was subjected to a strong electric field. The polymer solution was then drawn and elongated by external and internal electric forces, and nanofibers were created. NanospiderTM (NS 1WS500U, Elmarco, Liberec, Czech Republic) was used for electrospinning of prepared polymer solutions. The climatic conditions were controlled by a precisely controlled air conditioning system (NS AC150 (Elmarco)). The distance between the spinning electrode and the counter-electrode (collector) was tuned for each polymer. The cartridge speed was 200 mm/s, the rewinding speed of the substrate to collect nanofibers (Spunbond, Pegas Nonwovens, Znojmo, Czech Republic) was 10 mm/min. The temperature was 23 °C and the relative humidity was 40%.



A commercially available Picosun ALD reactor (Masala, Finland) was used for the deposition of ZnO. The deposition process used diethyl zinc (DEZ) and deionized water as precursors, which reacted at 120 °C and yielded a thickness of 2.1 Å per one ALD cycle (corresponding to a flat surface). The number of ALD cycles was varied as 100 and 200, corresponding to a layer thickness of 20 nm and 40 nm, respectively. After every cycle, the reactor chamber was purged by an intense N2 flow in order to remove the byproducts of the chemical reactions. Taking into account that 100 ALD cycles did not lead to the formation of crystalline ZnO, only samples with 200 ALD cycles were considered for further discussion.




2.2. Characterization


The structural properties of PSi/ZnO nanocomposites were analyzed by a JEOL JSM 7001F (Tokyo, Japan) SEM equipped with an EDX analyzer (JEOL, Tokyo, Japan). The XRD measurements were performed by X’pert3 MRD (XL) from a PANalytical Cu Kα radiation source (wavelength of 1.54 Å) and operating at 45 kV and 40 mA (Almelo, The Netherlands).



The diffuse reflectance measurements of PSi/ZnO nanocomposites were performed on an Ocean Optics QE PRO fiber optic spectrometer (Ostfildern, Germany) combined with an integrating sphere and a Xe light source. Acquisition of PL data was performed using a He-Cd laser from Kimmon Koha (Tokyo, Japan) with a wavelength of 325 nm and the emission spectra were recorded in the range from 360 to 900 nm by an Ocean Optics USB4000 spectrometer (Dunedin, FL, USA). Analysis of PL vs. temperature was performed using Linkam thms 600 stage in the range of 83 to 443° K. The PL power-dependence measurements were performed by using neutral density filters to achieve different excitation powers varying between 0.05 and 8 mW (calibrated by a Thorlabs S120VC Si photodiode (Jessup, MD, USA).





3. Results and Discussion


3.1. Structural Characterization


In order to investigate the morphology and structural properties of the fabricated nanocomposites, SEM, EDX, XRD were performed and discussed. Figure 1 represents the surface morphology of each polymer nanofibers as well as their nanocomposites with ZnO. Figure 1a,e are the top-view images of PVA and PVA/ZnO composites, respectively. There is no significant difference between the nanofibers structure before and after the ALD process. The average fiber diameter is around 200 nm for both samples. Furthermore, EDX analysis (inset tables) indicates the presence of ZnO inclusions inside/over the nanofibers structure for the PVA/ZnO sample. Figure 1b,f represent the morphologies of PA6 and PA6/ZnO nanofibers with average diameters around 150 nm. No visible changes observed for the nanofiber structures before and after the ALD process. EDX analysis indicates the presence of ZnO inclusions within the PA6 fiber matrix. Figure 1c,g exhibit the surface morphologies of PVDF and PVDF/ZnO nanofibres, respectively. It can be stated that the morphologies of pure PVDF and PVDF/ZnO nanofibers are similar, and the average fiber diameter was evaluated as 150 nm. The EDX analysis of this sample indicates the presence of ZnO in the matrix of PVDF fibers. The PLLA and PLLA/ZnO nanofibers with average diameters 200 nm are shown in the Figure 1d,h, respectively. The EDX measurement confirms that the ZnO inclusions are within the fiber matrix after the ALD process.



Figure 2a–d represents the high-resolution SEM images of PVA/ZnO, PA6/ZnO, PVDF/ZnO, and PLLA/ZnO nanofibres, respectively. It can be noted that the ZnO coats the fiber’s surface heterogeneously for all samples, which is abnormal for the ALD process as it can provide homogeneous ZnO coating in ZnO/polymer fiber structures. This might be explained by heterogeneously-distributed -OH groups, which are centers of the DEZ precursor adsorption during ALD, over the surface of the fibers. We may assume that an additional chemical treatment (functionalization) should be performed before ALD in order to achieve the homogeneous coverage of nanofibers by ALD. Our previous research demonstrated that PAN polymers are covered by the conformal ALD ZnO without any functionalization procedures [3,12,18].



HR-SEM also demonstrates that ZnO nanoparticles are different from sample to sample, and their diameters vary from 10 to 50 nm for the PVA/ZnO, PVDF/ZnO, and PLLA/ZnO samples while, for the PA6/ZnO sample, ZnO nanoparticles are no more than 20 nm in diameter. More attention should be paid to the PVDF/ZnO sample due to its significant coverage by ZnO nanocrystallites, which is confirmed by the SEM images (Figure 2c) and EDX mapping (green areas on the inset image). The average ZnO crystallite diameter can be estimated as 50 nm. The clusters of ZnO nanoparticles can reach 1–5 μm in diameter. To summarize the information obtained from the SEM and EDX measurements, one can note that the ALD process did not provide homogenous ZnO coating and formation of the ZnO/polymer nanofiber core/shell structure.



In order to confirm the crystalline phase of ZnO of fabricated samples (PVA/ZnO, PA6/ZnO, PVDF/ZnO, PLLA/ZnO), XRD measurements were performed and analyzed (Figure 3). It is clearly seen that the crystallinity of ZnO is inherent only to the PVDF/ZnO and PVA/ZnO nanofibers, which is in good agreement with the above-reported high-resolution SEM investigations. Peaks (sample PVDF/ZnO) at 2θ = 9.32°, 18.73°, 20.5° correspond to the PVDF polymer, while peaks at 2θ = 31.59°, 34.40°, and 36.13° indicate the ZnO wurtzite structure. The PVA/ZnO sample indicates the similar behavior, where along with PVA polymer peaks (2θ = 7.18°, 19.46°) one can observe wurtzite ZnO peaks at 2θ = 31.59°, 34.40°, and 36.13°, 47.54°, 56.60°. The average crystalline size for both PVDF/ZnO and PVA/ZnO nanofibers was calculated by the Debye–Scherrer equation (Equation (1)) and estimated as 7 ± 2 nm. The remaining two samples (PA6/ZnO and PLLA/ZnO) exhibit amorphous phase of ZnO.


  D =   0.9 × λ   β × cos  ( θ )     



(1)




where β, θ, and λ are full width of half maximum, diffraction angle, and X-ray wavelength (λ = 0.154 nm), respectively.




3.2. Optical Properties


Diffuse reflectance measurements were applied in order to analyze the absorbance properties of obtained 1D ZnO/polymer nanofibers by using Kubelka-Munk method [15]. The UV–VIS–NIR absorption spectra at room temperature were investigated to estimate the band gap changes before and after the ALD process. The band gaps were calculated by using the Tauc equation (Equation (2)) for direct band gap semiconductors:


     (  α h ν  )   2  = C  (  h ν −  E g   )   



(2)




where α is the optical absorption coefficient, h ν  is the incident photon energy, and C is a constant. The band gaps (Eg) were determined by plotting (αh ν )2 v h ν  and extrapolating the linear absorption edge of the curve to intersect the energy axis.



It is clearly seen that there are no significant changes for PA6 and ZnO/PA6 samples (Figure 4c). Taking into account the analysis of the electron microscopy and the XRD, one may assume that PA6 fibers have not been covered by ALD ZnO or covered by a small amount of ZnO. The band gap value for PVA is around 3.7 eV. After ZnO deposition, one may observe a small shift to 3.68 eV (Figure 4b). For PLLA and PLLA/ZnO samples, the perceptible band gap change from 4.15 to 3.69 eV can be seen (Figure 4a). Such a behavior of the band gap shift can be explained by the embedding of ZnO (probably amorphous or highly crystalline phase) into the PLLA nanofibers matrix. A similar behavior is observed for the PVDF and PVDF/ZnO nanofibers (Figure 4d). The observable bandgap shift from 4.18 eV (PVDF nanofibers) to 3.7 eV (PVDF/ZnO) indicates the presence of some ZnO inclusions/nanoparticles into the PVDF nanofibers matrix. The band gap value of ZnO for samples (PLLA/ZnO, PVA/ZnO, and PVDF/ZnO) are calculated to be around 3.7 eV, which is higher than the previously reported values for ZnO micro- and nanoparticles 3.4–3.6 eV [34,35]. The increase of the band gap value might be explained by the quantum confinement effect [15].



Room-temperature (RT) PL spectra of pure PVA, PLLA, PA6, PVDF, and PVA/ZnO, PLLA/ZnO, PA6/ZnO, PVDF/ZnO in the wavelength range of 340 to 900 nm are shown in Figure 5a,b. Figure 5a indicates that almost nanofibers demonstrate the same PL spectra, which is associated with the light scattering and emission from the substrate. This confirms the irregular ZnO coating over the polymer fibers and low ZnO concentration within the fibers. On the other hand, the PVDF/ZnO fibers showed a different PL spectrum with a broad visible emission (PL peak at around 540 nm). The PVDF/ZnO emission in the visible region is significantly different from the emission of pure PVDF and other samples (Figure 5b) and is associated with the defect-related emissions of ZnO nanoparticles [35]. Those defect states in ZnO nanostructures can be divided into two groups: (i) shallow trapped states, which are located near the conductive band (CB), consisted of optically active zinc-related intrinsic defect states such as zinc interstitials (Zni) and zinc vacancies (VZn), and (ii) deep trapped defect states, such as oxygen vacancy (VO), oxygen interstitial (Oi), and oxygen at zinc lattice site (OZn) [3,12].




3.3. Photoluminescence Analysis of PVDF/ZnO Nanofibers


Based on the analysis of structural and optical properties of produced 1D ZnO nanofibers, we concluded that the most promising nanocomposite for photonic and/or biosensing applications could be PVDF/ZnO nanofibers. Additionally, those fibers could be used for piezoelectric applications because both materials can generate electrical potential under mechanical deformations [36,37]. In order to study the mechanisms of PL emission in PVDF/ZnO nanofibers additional measurements (PL vs. the temperature and the excitation power) were performed.



RT PL spectra of PVDF/ZnO nanofibers excited by He-Cd laser at different energies are shown in Figure 6a. As the excitation energy increases, the intensity of the defect emission (peak at 540 nm) becomes stronger. The PL peak position and width of the band do not show a noticeable change. The room temperature PL intensity of defect emission is plotted against the excitation power in Figure 6b. It is well-known that the PL intensity depends on the excitation power (W) as [12]:


I ∼ Pk



(3)




where k is the power coefficient. Calculated values of the power coefficient are around 1 confirming the donor-acceptor defects emissions from ZnO nanoparticles [38].



Temperature-dependent PL measurements provide valuable information on the quenching of the emission. The PL spectra of PVDF/ZnO nanofibers were measured in a temperature range of 83–443 K as shown in Figure 6c. The increase of the temperature leads to the decrease of the PL intensity. Additionally, one may observe the small shift of the PL peak position that is explained by electron–phonon interactions [35]. We also observed the drop of PL intensity at 420 K that can be explained by melting of the polymer fiber, and as consequence, structural changes of 1D ZnO/PVDF nanofibers took place. This value of the temperature determines the critical point of the fibers application.



It is well-known that the quenching of the PL intensity (I) can be described by the following equation [35]:


  I ~  1  1 + C × exp  (     E A    k T    )     



(4)




where EA is the activation energy, and k, C, and T are the Boltzmann constant, proportional coefficient, and absolute temperature, respectively. The obtained dependences I(T) were plotted in semi-logarithmic scale and then fitted by an exponential function (Figure 6b) to calculate activation energies. One can observe two slopes of the line meaning two different activation energies can be estimated. The values of the EA for 1D PVDF/ZnO nanofibers were found to be 0.032 and 0.37 eV. Those values of EA correlate with similar values detected for ZnO nanostructures and corresponds to energetic distances between radiative and nonradiative transitions [35,39]. The values of activation energy correspond to bulk (0.37 eV) and surface (0.032 eV) nonradiative defects.





4. Conclusions


In summary, 1D ZnO-polymer (PVDF, PLLA, PVA, PA6) nanofibers were fabricated using electrospinning and ALD techniques. Their structural and optical properties were determined. It is demonstrated that polymer fibers are covered by ZnO heterogeneously, and ZnO is presented in the form of nanoparticles with an average size of 7 nm (for PVDF/ZnO and PVA/ZnO samples). Comparing the proposed results with our previous experiments with ZnO/PAN nanofibers, one may conclude that an additional chemical treatment of nanofibers should be performed in order to produce a conformal ZnO layer over the whole surface of the polymer. The most promising PL properties demonstrate ZnO/PVDF nanofibers. The mechanisms of PL and activation energies for ZnO/PVDF nanofibers were established.
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Figure 1. SEM images of the top view of PVA (a), PA6 (b), PVDF (c), PLLA (d), PVA/ZnO (e), PA6/ZnO (f), PVDF/ZnO (g), PLLA/ZnO (h) nanofibers. Inset tables are EDX measurements for each sample. 
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Figure 2. HR-SEM images of (a) PVA/ZnO, (b) PA6/ZnO, (c) PVDF/ZnO, and (d) PLLA/ZnO nanofibers. Inset image is the EDX mapping of PVDF/ZnO nanofiber. (green—Zn; red—C). 






Figure 2. HR-SEM images of (a) PVA/ZnO, (b) PA6/ZnO, (c) PVDF/ZnO, and (d) PLLA/ZnO nanofibers. Inset image is the EDX mapping of PVDF/ZnO nanofiber. (green—Zn; red—C).



[image: Coatings 10 01199 g002]







[image: Coatings 10 01199 g003 550] 





Figure 3. XRD patterns of the PVDF/ZnO, PVA/ZnO, PA6/ZnO, and PLLA/ZnO nanofibers (symbols: black rhomb—PLLA, stars—PA6, black circles—PVA and crossed circles—PVDF; dot lines—ZnO). 
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Figure 4. Tauc plots of (a) the PLLA and PLLA/ZnO nanofibers, (b) PVA and PVA/ZnO nanofibers, (c) PA6 and PA6/ZnO nanofibers, (d) PVDF and PVDF/ZnO nanofibers. 
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Figure 5. Room temperature PL of the pristine polymers nanofibers and (a) PVA/ZnO, PA6/ZnO, and PLLA/ZnO nanofibers; and (b) PVDF/ZnO (λexcitation = 325 nm). 
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Figure 6. (a) PL power-dependence spectra and (b) the peak position vs. excitation power; (c) PL temperature dependence; and (d) logarithmic approximation for the PVDF/ZnO sample. 






Figure 6. (a) PL power-dependence spectra and (b) the peak position vs. excitation power; (c) PL temperature dependence; and (d) logarithmic approximation for the PVDF/ZnO sample.



[image: Coatings 10 01199 g006]







[image: Table] 





Table 1. Electrospun nanofibers.
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	Full Name
	Short Name
	Parameters and Specification





	Polyvinylidene fluoride
	PVDF
	Sigma Aldrich, Mw: 180,000 g/mol, melting temperature ca. 170 °C



	Polyamid 6
	PA6
	Ultramid, Mw: 66,000 g/mol, melting temperature ca. 215 °C



	Polylactic acid
	PLLA
	Sigma Aldrich, Mw: 60,000 g/mol, melting temperature ca. 170 °C



	Polyvinyl alcohol
	PVA
	Sigma Aldrich, Mw: 130,000 g/mol, melting temperature ca. 200 °C
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