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Abstract

:

There are extensive studies on the development of composite solutions involving various types of materials. Therefore, this works aims to incorporate two polymers of nanocrystalline cellulose (NCC) and poly(3,4-ethylenethiophene) (PEDOT) to develop a composite thin film via the spin-coating method. Then, Fourier transform infrared (FTIR) spectroscopy is employed to confirm the functional groups of the NCC/PEDOT thin film. The atomic force microscopy (AFM) results revealed a relatively homogeneous surface with the roughness of the NCC/PEDOT thin film being slightly higher compared with individual thin films. Meanwhile, the ultraviolet/visible (UV/vis) spectrometer evaluated the optical properties of synthesized thin films, where the absorbance peaks can be observed around a wavelength of 220 to 700 nm. An optical band gap of 4.082 eV was obtained for the composite thin film, which is slightly lower as compared with a single material thin film. The NCC/PEDOT thin film was also incorporated into a plasmonic sensor based on the surface plasmon resonance principle to evaluate the potential for sensing mercury ions in an aqueous medium. Resultantly, the NCC/PEDOT thin film shows a positive response in detecting the various concentrations of mercury ions. In conclusion, this work has successfully developed a new sensing layer in fabricating an effective and potential heavy metal ions sensor.
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1. Introduction


To achieve success in research or experiment, the selection of materials and methods is very significant to ensure the project will be able to accomplish its objectives at the end of the process. Therefore, until recently. researchers have always sought the novelty of materials as a fundamental property to verify the quality of research. Hence, nanocrystalline cellulose (NCC) is one of the novel materials that has been intensively studied in recent years. This biopolymer is a cellulose nanocrystal that has a diameter of 1–5 nm and a length of 150–300 nm [1,2]. As the highlight, it can be synthesized from a variety of natural resources via an acid hydrolysis process [3,4]. Owing to many beneficial properties such as biodegradability, biocompatibility, and low toxicity [5,6,7,8], this material has great potential to be applied in various fields including industrial sectors, drug delivery systems, pharmaceutical industries, and sensors [9,10,11,12,13,14,15,16]. However, the potential of NCC can be seen to be further developed through incorporation with other materials to enhance the effectiveness and usefulness in certain fields.



On the other hand, conducting polymers have gained tremendous attention from researchers owing to their unique characteristics. Although there are several examples of conducting polymers, for instance, polyaniline and polypyrrole, poly(3,4-ethylenedioxythiophene) (PEDOT), which is selected for this work [17,18], has additional properties. Compared with other conducting polymers, PEDOT possesses excellent properties thanks to its good conductivity, excellent chemical and electrochemical properties, and high transparency [19,20,21,22,23,24,25,26,27]. Therefore, in light of these advantages, this polymer has been largely explored for a wide range of applications including batteries, transistors, light-emitting diodes (LEDs), and optical sensors [28,29,30,31]. Ravit et al. (2019) had successfully investigated the combination of NCC and PEDOT film using the electrochemical polymerization method to develop a supercapacitor [32]. However, as far as we are aware, there is no published work on this synthesized thin film as a sensing layer for the plasmonic sensor for metal ions’ detection. In addition, optical spectroscopy including photoluminescence, inductively coupled plasma mass spectroscopy (ICP-MS), optical metasurfaces-based sensor, and surface-enhanced Raman spectroscopy (SPR) is hampered by some drawbacks [33,34,35,36]. Surface plasmon resonance (SPR) is a simple and sensitive plasmonic-based sensor, where it is considered as one of the complementary sensors that offer excellent potential sensing. Furthermore, it has advantageous characteristics such as inexpensive, rapid response time, label-free technique, high sensitivity, and the ability to detect the analyte at very low concentrations. In this plasmonic-based sensor, several configurations have been introduced include grating coupler [37], optical fiber-based [38,39], optical waveguide system [40], and prism coupler [41,42]. The Kretschmann configuration in a prism-based system is commonly used because the metal thin film is attached directly to the prism without any gap. This sensor has been applied in numerous studies for various kinds of detection such as dengue viruses [43,44,45], glucose [46,47], heavy metal ions [48,49,50,51,52,53,54], and phenol [55,56].



Hence, as part of this research, the NCC/PEDOT thin film was prepared via the spin-coating method, followed by its further characterization to analyze the structural and optical properties using atomic force microscopy (AFM), Fourier transform infrared (FTIR), and ultraviolet/visible (UV/vis) spectroscopy. Then, the composite material will be incorporated into a plasmonic sensor based on SPR to determine its potential as a sensing thin film. The potential sensing of the NCC/PEDOT thin film will be observed and proven based on the graph of reflectance against the incidence angle when in contact with various concentrations of the analyte.




2. Experimental Section


2.1. Materials and Reagents


Nanocrystalline cellulose (NCC) powder, mercury standard solution, and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT/PSS) were supplied by Sigma-Aldrich (St. Louis, MO, USA). All the chemicals used in this experiment were of analytical grade and were used without further purification. Then, a high refractive index prism of 1.77861 at 632.8 nm and glass coverslips (24 mm × 24 mm × 0.1 mm) were purchased from Menzel-Glaser (Braunschweig, Germany) and used as received.




2.2. Preparation of Thin Film and Analyte


To prepare the thin film, initially, 5 g of NCC was dissolved in 100 mL of deionized water and stirred for 24 h using a magnetic stirrer to ensure that the powered NCC was fully dissolved. Later, the composite solution of NCC/PEDOT was synthesized by mixing 1 mL of the prepared NCC solution with 1 mL of the commercially purchased PEDOT/PSS solution, and the resulting mixture was placed into a reagent bottle for storage purposes. Before depositing the composite solution onto the glass slip, the glass coverslips must be cleaned using acetone solution to eliminate any fingerprint marks or dirt. Then, the glass slip was coated with a 50 nm gold layer using the sputter coater model K575X with 20 mA of current and 2.2 kV of voltage. Eventually, another coating process was performed on the gold layer to accomplish the fabrication of the sensing thin film. Hence, the NCC/PEDOT solution was placed on the gold thin film and then spun for 30 s using the Spin Coating System, P-6708D, which operated at 3000 rpm, to ensure that a thin layer was coated and covered evenly on a gold film.



Continuing with the analyte, various concentrations of mercury ion were employed throughout the experiment. The deionized water and standard solution of mercury ion at a concentration of 1000 ppm were involved in the preparation of various analyte concentrations. To produce the concentrations of 0.01, 0.1, 1, and 10 ppm, the concentrated solution of mercury (Hg2+) was diluted using the M1V1 = M2V2 formula.




2.3. Thin Film Characterization


The characterizations began with the structural properties by Fourier transform infrared (FTIR). The spectra measurements of the composite material were performed using the FTIR spectrophotometer (Perkin-Elmer Spectrum 100, Waltham, MA, USA) within a range from 400 to 4000 cm−1. Then, the AFM images of the prepared thin films were examined by Bruker AFM (Multimode 8) in Scan Asyst mode, with scan sizes in a range of 1 μm × 1 μm. It will then proceed with the optical properties, where UV–vis spectroscopy (Shimadzu UV-3600) was utilized to measure the sample absorption spectra ranging from 220 to 700 nm. The absorption peak obtained from the UV–vis spectrophotometer can also be applied to evaluate the optical band gap energy. Meanwhile, for the potential plasmonic sensing properties, SPR spectroscopy was set up as depicted in Figure 1. Using an index matching liquid, the sensing layer was coated onto the gold layer, which was sandwiched between the cell and the prism on the optical stage. Next, the varied concentrations of Hg2+ solutions were instilled into the cell one at a time by a microsyringe during the analysis, and the O-ring was used for the sensing thin film to make contact with the targeted analyte. The cell and prism were attached on a rotational stage (Newport MM3000) operated by a stepper motor with a resolution of 0.001°. An He-Ne laser, as a light source, passed through the pin hole, filter, optical chopper, and polarizer, in order to allow p-polarized monochromatic light with a specific wavelength to strike the prism [57,58,59]. The reflected light is then recorded and captured by the sensitive photodiode connected by a lock-in amplifier [60,61,62].





3. Results


3.1. Structural Properties


Figure 2 shows the comparison of FTIR spectrum for NCC, PEDOT, and NCC/PEDOT with NCC as a base material. The FTIR spectra are recorded within wavenumbers ranging from 500 to 4000 cm−1. Based on the FTIR spectrum, the significant absorption peaks are assigned to identify the characteristics of the functional groups of each composite thin film.



The FTIR spectrum of NCC thin film showed the characteristic peak of alcohol with O–H stretching bonds representing 3366.29 cm−1. This characteristic peak is typically found in another previous study of NCC spectra [63]. The other peak at 1635.24 cm−1 represents the O–H bending of absorbed water, while the peak at 1059.71 cm−1 corresponds to C–O stretching bonds. Hence, this spectrum is in good agreement with previous studies of NCC [64,65].



Next, in the spectra of PEDOT thin film, the broad absorption peak that appeared at 3257.87 cm−1 can be indicated to the O–H stretching bond, which represents an alcohol group. Then, C=C stretching bond at 1634.70 cm−1 is attributed to the quinoidal structure of PEDOT [66]. Meanwhile, two peaks at 1298.82 cm−1 and 1194.73 cm−1 have explained the presence of ethylenedioxy and sulfonate groups in the PEDOT surface [67].



The spectrum of NCC/PEDOT and PEDOT thin film has displayed a few common properties, which the absorption bands at 3266.85 cm−1 referred to as O–H stretching vibration. Besides the absorption band displayed at 1634.91 cm−1 assigned to O–H bending of absorbed water, there are also characteristic absorbance bands centered at 1312.94 cm−1 and 1200.77 cm−1, which correspond to sulfonate and ether groups, respectively. Lastly, the C–O stretching bond is located at 1060.07 cm−1. The functional groups that exist match the spectra of the NCC/PEDOT thin film in a previous study by Ravit et al. (2019) [68].



The comparison of FTIR spectra of the NCC, PEDOT, and NCC/PEDOT thin film proved the combination band of NCC and PEDOT. In general, the peak around 3200 to 3400 cm−1 is assigned to the O–H group. Then, the O–H bending of absorbed water is located at around 1630 cm−1. Meanwhile, ether and sulfonate groups only existed in PEDOT and NCC/PEDOT spectra.




3.2. Surface Morphology


The morphology features of the spin-coated NCC, PEDOT, and NCC/PEDOT thin films were identified by atomic force microscope (AFM), and it was carried out in tapping mode. In this study, a scan size was fixed (1 µm × 1 µm), for the imaging of the topographical difference in the thin films. From AFM images, the root mean square (RMS) roughness was obtained, which indicates the relative roughness and the standard deviation of the surface height. Figure 3a–c and Figure 4a–c show the AFM images of the NCC, PEDOT, and NCC/PEDOT thin film, respectively. Then, the AFM results of NCC/PEDOT thin film after being in contact with the Hg2+ solution are depicted in Figure 3d and Figure 4d.



Based on the two-dimensional (2D) and three-dimensional (3D) images of the NCC, PEDOT, and NCC/PEDOT thin film, it can be observed that the composite materials are well distributed on the whole scanned surface, the gold thin film. In Figure 3a, the images of NCC thin films show a rod-like structure with an RMS value of 2.90 nm. This morphology was related to another study done by Elazzouzi-Hafraoui et al. (2008) and the rod structure could be attributed to the crystallinity properties of NCC [69]. On the other hand, a sharp and relatively rough surface with RMS roughness of 2.79 nm for the PEDOT thin film was obtained. Then, from Figure 3c, it can be observed that, with the presence of NCC on the sensor surface, the rod-like shape reappeared in the NCC/PEDOT thin film, which leads to agglomeration. The incorporation between NCC and PEDOT results in the surface roughness increasing to 8.32 nm.




3.3. Optical Properties


To identify the optical properties of composite materials, the absorption spectra of the NCC, PEDOT, and NCC/PEDOT thin film were recorded at different wavelengths, ranging from 220 nm to 700 nm. The UV/vis absorption spectrum of three composite thin films is presented in Figure 5.



As shown in the figure, there is a distinction in the absorbance value for the absorption spectrum of each thin film. The spectra for NCC show the highest absorbance value of 3.90 at 268 nm and 280 nm, whereas the absorption band is around 260 nm to 280 nm. Then, PEDOT also shows the same value of highest absorbance as NCC at 269 nm, which can be assigned to the substituted phenyl groups of PEDOT [70]. Meanwhile, the NCC/PEDOT thin film exhibits the highest absorbance value among the others, of approximately 4.19 at the wavelength of 279 nm. Meanwhile, from the absorption spectra of UV/vis analysis, the relationship between the absorption coefficient and the energy of a photon can be studied via the Tauc equation, as expressed in the following equation [71]:


  α =   k    (  h v −  E g   )     1 2      h v    



(1)







Further, it can be rearranged into


     (  α h v  )   2  = k  (  h v −  E g   )  ,  



(2)




where α is the absorption coefficient, hv is the energy of a photon, k is a proportionality constant, and Eg is the optical band gap. Then, an intersection from extrapolation of the plot of (αhv)2 against hv will determine the optical energy band gap of the NCC, PEDOT, and NCC/PEDOT thin film, as illustrated in Figure 6, Figure 7 and Figure 8, respectively [72]. Thus, the achieved values of the optical band gap, Eg, were obtained from the extrapolation of the straight plot on the x-axis from Tauc’s relation.



From Figure 6, Figure 7 and Figure 8, the energy band gaps were experimentally obtained and plotted using linear fitting techniques. The plot of (αhv)2 versus hv for NCC, PEDOT, and NCC/PEDOT displayed a slight difference in the value of the energy band gap, Eg, whereas PEDOT exhibit the highest optical band gap among all three thin films at 4.122 eV. Next, the energy band gap for the NCC thin film was found to be 4.101 eV, and the mixture of NCC and PEDOT produced a slight decrease in the band gap to 4.082 eV.




3.4. Potential Plasmonic Sensing Properties


The plasmonic sensing of the NCC/PEDOT thin film was investigated and tested with deionized water and various concentrations of analyte (0.001 ppm, 0.01 ppm, and 0.1 ppm of Hg2+) via SPR. When the analyte was injected separately into the cell, the graph of reflectance against the incidence angle for each concentration was recorded and compared with deionized water (0 ppm) as the baseline. This SPR-based plasmonic sensor works by monitoring the shift in the resonance angle, which can be influenced by any changes in the refractive index of the sensing layer attached to the gold thin film [73,74,75]. Figure 9 reveals a clear trend of an increase in the resonance angle shift of the NCC/PEDOT thin film in contact with 0 ppm to 0.1 ppm of mercury ion. This sensor is very sensitive to any changes near the metal surface. The attachment of metal ions on the layer of the NCC/PEDOT thin film appears to have contributed to the changes in the refractive index as well as the resonance angle [76,77,78,79]. The SPR signals were shifted to a higher incidence angle from 54.0099°, 54.3782°, and 54.4086° for 0.001 ppm, 0.01 ppm, and 0.1 ppm respectively. Because there is an interaction between the NCC/PEDOT thin film and the analyte, the existence of more active sites on the surface of the thin film may lead more mercury ions to occupy and access these sites [80].





4. Discussions


In the characterization process, the structural and optical properties were observed based on three different thin films, NCC, PEDOT, and NCC/PEDOT. From the FTIR spectra, it is noticed that the functional groups of the NCC/PEDOT thin film have resulted in the incorporation between the biopolymer and conducting polymer solution. The presence of a C–O stretching band of alcohol in the NCC thin film reoccurred in the spectra of NCC/PEDOT. Moreover, the absorption peak of the S=O stretching band and C–O–C bond, marked at 1312.94 and 1200.77 cm−1, clearly indicates the formation of two main functional groups of conducting polymers in the composite solution [81,82]. Thus, overall characteristic peaks exist in the NCC/PEDOT thin film, corresponding to the identical functional groups in both spectra of NCC and PEDOT.



Meanwhile, the NCC/PEDOT thin film was observed before and after contact with the analyte solution. The morphology surface of the NCC/PEDOT thin film prepared by the spin-coating technique showed a significant change after being in contact with mercury ions. This revealed a similar thin rod-like structure as the thin film before being exposed to the analyte solution. Despite that, there are changes in surface roughness where the value decreased from 8.32 nm to 6.88 nm. This indicated that the changes are probably affected by the formation of a pair of shared electrons between the thin film and the mercury solution. Anyway, the surface roughness of the thin film does not have any significant effect on the plasmonic performance, as the rough surfaces less than 20 nm do not influence the excitation of propagating surface plasmon along the metal surface [83].



Based on the absorption spectrum of three thin films, the results pointed out that the NCC/PEDOT thin film has the lowest optical band gap compared with the other two films. The results showed that a slight decrement in the energy band gap may be caused by the highest occupied molecular orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) gap interaction. There is an interaction between two opposite surface charges carried by the NCC and PEDOT/PSS solution; therefore, this will influence the excitation of the electrons to be promoted from the valence band to the conduction band [84]. Hence, the incorporation process of the NCC and PEDOT solution reduces the band gap between the HOMO and LUMO band. The changes in the energy band gap of the thin films can also be attributed to the recrystallization of atoms in the crystal lattice when there is an addition of NCC into the composite material [85]. Then, the conducting properties of PEDOT/PSS are also believed effect to this outcome.



Importantly, the sensing potential of the NCC/PEDOT thin film toward mercury ions was observed by the changes in the resonance angle. As the concentrations increased, the reflectance curves were increased and shifted to the right. The deposited sensing layer on the gold thin film plays an important role in detecting the analyte. When the mercury ions are attached to the sensing layer, the analyte may interact with the NCC/PEDOT thin film owing to the formation of a pair of shared electrons between the positive charge from the mercury ion and the negative charge from the PEDOT. Thus, the NCC/PEDOT thin film showed a response in detecting mercury ions using surface plasmon resonance spectroscopy. Based on the response, the sensitivity of the sensors can also be evaluated by plotting a graph of resonance angle shift against concentration, and the slope of the linear regression plotting will define the sensitivity value [86,87,88,89]. In future work, it would be interesting to identify the sensitivity of other heavy metal ions as compared with mercury ions. The selectivity of the sensor towards mercury ion in the presence of various heavy metal ions could also be an interesting future study.




5. Conclusions


In a nutshell, the structural and optical properties of the nanocrystalline cellulose/poly(3,4-ethylenethiophene) (NCC/PEDOT) sensing thin film were synthesized and studied. Furthermore, the thin film was developed as an SPR sensing layer for the detection of mercury ions in an aqueous solution. Analysis from the characterization techniques of the prepared thin films by FTIR, AFM, and UV/vis showed the presence of functional groups in the composite materials, followed by the surface morphology and the rough mean standard of the NCC/PEDOT thin film after being in contact with mercury ions, which confirmed the interaction between the thin films and the analyte. The absorption peaks of UV/vis spectra reveal that the NCC/PEDOT thin film exhibits the lowest energy band gap and the PEDOT thin film has the highest value. As the main objective, the detection of mercury ions using the NCC/PEDOT thin film indicated a positive response according to the reflectance curves of the thin film in contact with various concentrations of mercury ions. Besides, this paper is the first report on the incorporation between two types of polymers, nanocrystalline cellulose and poly(3,4-ethylenethiophene), to detect heavy metal ions using an optical sensor. This study has extended the opportunity of developing biopolymers and conducting polymer-based materials as a sensing layer in sensor applications.
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Figure 1. Experimental setup for exploring plasmonic sensing of the NCC/PEDOT thin film. 
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Figure 2. FTIR spectrum of NCC, PEDOT, and NCC/PEDOT thin film. 
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Figure 3. AFM topographic images in 2D of (a) NCC, (b) PEDOT, (c) NCC/PEDOT (before), and (d) NCC/PEDOT (after) thin films. 
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Figure 4. AFM topographic images in 3D of (a) NCC, (b) PEDOT, (c) NCC/PEDOT (before), and (d) NCC/PEDOT (after) thin films. 
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Figure 5. Absorbance spectrum of the NCC, PEDOT, and NCC/PEDOT thin film. 
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Figure 6. Energy band gap of the NCC thin film. 
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Figure 7. Energy band gap of the PEDOT thin film. 
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Figure 8. Energy band gap of the NCC/PEDOT thin film. 
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Figure 9. Reflectance as a function of the incidence angle for deionized water and various concentrations of mercury ion solution. 
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