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Abstract

:

Polyaniline/Au nanocomposites were synthesized by a novel method. Aniline monomers were loaded in the hydrophobic cavities of beta-cyclodextrin, and a polymerization reaction occurred at the interface of the beta-cyclodextrin cavities and the liquid phase of chloroauric acid. UV-vis absorbance indicated that the nanocomposite covered the range of visible light and NIR (near infrared). The photo-excitation experiment was carried out with typical wavelengths in the visible light (405 nm, 532 nm, and 650 nm) and NIR (780 nm, 808 nm, 980 nm, and 1064 nm) regions (10–200 mW) based on Au inter-digital electrodes on flexible polymer substrates casting a thick film. The nanocomposites exhibited photo-current switching behavior in visible light and NIR. The ratio of on/off was enormously dependent on the power and wavelength of incident light. The robust interface coupling between Au and PANi of the nanocomposite promoted the separation and transfer of electron/hole. The mechanism of carrier generation, separation, and transfer at interfaces of Au/conjugated polymer/non-conjugated small organic molecules by light inducement was discussed at the electron level. The results illustrate that the nanocomposites quickly produced free electrons and holes by low-power incident light, could prevent the recombination of electron/hole pairs to a certain extent, and could overcome the interface barriers between metal, conjugated polymer, and small organic molecules for transfer. This provides a simple and practical approach for developing multi-functional nanocomposites that have the potential act as intelligent nano-carriers, photo-current switches, NIR detectors, and for information storage.
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1. Introduction


Polyaniline-based nanocomposites have been extensively studied and widely applied in various fields due to their outstanding controlled physical properties and simple synthesis. Some important applications include dye-sensitized solar cells [1,2], fuel cells and fuel generation [3,4,5], energy storage [6,7,8], lithium–ion batteries [9,10,11], high-performance super-capacitors [12,13,14,15,16,17,18,19,20,21,22], flexible photo-detectors [23,24], photo-catalytic hydrogen evolution [25,26], actuation and smart devices [27,28], organic devices and microelectronic circuits [29,30,31,32,33,34,35,36], chemical sensors and biosensors [37,38,39,40,41,42,43], photo-catalytic degradation of organic pollutants [44,45], antibacterial and antimicrobial applications [46,47], and so on. In recent years, although good progress on the study of polyaniline (PANI) and its nanocomposites has been obtained, there are still a lot of papers published on the synthesis, properties, and applications of PANi and its nanocomposites.



To tailor performance, PANi is often synthesized in nano/micro-structures or composited with other material. Nano/micro-structured PANi can be synthesized through various chemical methods or electrochemical preparations using several soft or hard templates to control morphology and properties [48,49,50,51,52,53,54]. A series of studies of low-dimensional structured PANi and its organic–inorganic nanocomposites have been carried out in our previous reports [55,56,57,58,59]. Among methods to synthesize PANI, dilute aniline aqueous solution polymerization and interface polymerization are simple, low-cost, and effective approaches for obtaining low-dimensional PANi [49,50,51,52,53,54]. Among PANi-based nanocomposites, noble metal–PANi nanocomposites generally exhibit some enhanced optical and electrical properties due to surface plasmon resonance and the free electrons of metal nanostructures [60,61,62,63]. The electronic interaction between metal nanomaterials and PANi can be controlled or enhanced by interface contact and hybridization.



Among noble metals, Au nanoparticles have received considerable attention in chemical sensors, biosensors, and catalysis because the surface plasmon resonance of Au nanoparticles strongly depends on the size and distance [60,61,62,63,64,65,66,67]. Further, Au nanoparticles have excellent bio-compatibility and low toxicity. Enhancing the surface plasmon resonance of Au nanomaterials in NIR generally requires synthesis of low-dimensional Au nanomaterials with a high aspect ratio. The degree of red-shift to NIR of optical absorbance is enormously dependent on the high aspect ratio of Au low-dimensional materials. This requires a large amount of surfactant as a soft template and Ag+ as a direction-controlling agent for growth of low-dimensional Au, and the post-treatment process to remove surfactant is very complex and time-consuming [68,69,70]. Another method is to prepare low-dimensional Au nanomaterials with a hard template, but this process is also time-consuming. Adding a small amount of Au components in PANi would integrate the multi-functionality of materials and widen applicability in interdisciplinary fields. The synthesis of Au nanoparticles is much more straightforward and low-cost than that of low-dimensional Au nanomaterials. The critical issue is how to widen optical response with a straightforward approach. Generally, a Au precursor (such as chloroauric acid) is reduced with appropriate reducing agents, and then synthesis of the conductive polymer is carried out using various oxidizing agents or different metal precursors. Therefore, a mixture of chloroauric acid and aniline can automatically form Au/PANi nano-composite since chloroauric acid acts as the oxidizing agent and aniline as the reducing agent. Sajid Fazal and coworkers [71] reported gold nanoparticle synthesis aqueously with a cocoa extract that served both as a reducing and stabilizing agent. The resulting product exhibited good absorbance in NIR for photo-thermal treatment and bio-imaging in biomedical fields. It provides a green and simple way to synthesize metal nanomaterials.



Cyclodextrins are typical macro-cycles with unique structure, good bio-compatibility, and recognition and self-assembly ability, and are endowed with fascinating hydrophobic cavities and a hydrophilic surface, which enable the encapsulation of diverse small organic molecules by forming inclusion complexes. The hydrophobic cavities of cyclodextrins can be used as reactive raw material containers for the synthesis of nanomaterials. Cyclodextrins and their derivatives have successfully been applied in recognition [72,73], intelligent sensing [74,75,76,77,78,79,80], solid-phase extraction [81,82,83], construction of intelligent surfaces, sustained drug and gene release [84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104], removal of organic pollutants [105,106,107,108,109,110], supra-molecular assemblies, and smart devices. To obtain PANi functionalized with cyclodextrins, aniline was loaded in the hydrophobic cavities of beta-cyclodextrin as a reservoir of polymer monomer so that the polymerization occurred at the interface of cavities of beta-cyclodextrin and the liquid phase of oxide agents to avoid exothermic effects. This study focused on measuring the physical response of the nanocomposites to external stimuli, especially photo-current generation in response to weak and different wavelengths of visible light and NIR. In one experiment, cyclodextrins were functionalized with a nanocomposite to enhance their physical properties; in another case, interface optimization between metal nanostructure and organic layers, including conjugated polymers and non-conjugated small organic molecules, was performed to explore the mechanism of the contribution of micro-structure on physical properties. From a material physics point of view, we focused on carrier generation and transfer by light excitation, avoiding the recombination of electron/hole and energy dissipation by scattering effects of electron/electron (or phonon) based on the state of aggregation, chemical state, and interface of nanocomposites at the electronic level. The relationship between microstructure and properties of nanocomposites was discussed. Photo-thermal effects of nanomaterials contribute to locative heat production by scattering effects. In the fields of devices controlled by light, some references report [111,112,113,114,115,116,117,118,119,120,121,122] conductance switching, light-induced switching of single-molecule junctions, and charge transport mechanisms. Some molecules, such as azobenzenes, diarylethenes, and spiropyrans, overcrowded alkenes, and so were widely used in light-induced switching of single-molecule devices. This work is especially interesting for designing molecule switching at the atomic or molecular level. However, most materials are composite, containing multiple components and multiple phases. The contributions of component, phase, interface, surface, grain boundary, defects, chemical state, doping, and impurity energy level on the properties are excellent. This study aimed to develop light-controlled nanocomposites, tailoring their behaviors and widening their multi-functional or intelligent properties based on the state of aggregation and interface of nanocomposites at the electronic level. The mechanism of carrier transfer across different interfaces of organic/inorganic hybrid was discussed.



Although the study of polyaniline and its nanocomposite has continued for many years, over the last several years, a large amount of research has continued to emerge, along with new energy and energy storage devices [123,124,125,126,127,128,129,130,131]. For the construction of chemical sensors and biosensors [132,133,134,135,136,137] and the development of multi-functional nanocomposites, conjugated conductive polymers are still the crucial material system. For example, Arpit Verma and coworkers [138] studied ZnS nanosheets in a polyaniline matrix as metallopolymer nanohybrids for flexible and bio-friendly photodetectors. Mu-Yi Hua and coworkers [139] focused on the synthesis and characterization of soluble n-doped polyaniline. Han and coworkers [140] prepared polyaniline–silver composite by glucose reduction and examined its properties. Ryo Miyashita and coworkers [141] developed an electro–magneto–optically active polyaniline/hydroxypropyl cellulose composite. Additionally, ultrafiltration membranes, membranes for CO2 separation, wastewater treatment, and oil/water separation, etc., are also applications for polyaniline-based nanocomposites [142,143,144]. We focused on separating photo-generated carriers by using the interface interaction between Au nanoparticles and an organic layer in this paper.




2. Materials and Methods


2.1. Materials


Aniline (analytical reagent (AR)), HAuCl4 (AR), ammonium persulfate (AR), ammonia (CP) (25% purity), hydrochloric acid (AR), and hydroxypropyl-β-cyclodextrin were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Deionized filtered water was used in all studies.




2.2. Loading of Aniline in The Hydrophobic Cavities of Beta-Cyclodextrin


A total of 1 mL aniline was added to 3 g hydroxypropyl-β-cyclodextrin, and the mixture was left standing for 24–72 h at room temperature. Then, 300 mL deionized filtered water was added, and the mixture was left standing for 24–72 h at room temperature. During these periods, hydroxypropyl-β-cyclodextrin dissolved in the water, and the oil droplet of aniline disappeared very slowly. The concentration of hydroxypropyl-β-cyclodextrin was about 10mg/mL.




2.3. Synthesis of Au/Polyaniline Nanocomposite Functionalized with Beta-Cyclodextrin


In the experiment, appropriate chloroauric acid (0.02 M) was added to a 300 or 500 mL glass vessel, and the proper aniline solution containing hydroxypropyl-β-cyclodextrin (about 10mg/mL) was added dropwise; the mixture was left standing for 24 h at room temperature. After the products were washed with deionized water 5–6 times, the nanocomposites were obtained. The changes in the contents of chloroauric acid and hydroxypropyl-β-cyclodextrin are shown in Table 1. The synthesis scheme is shown in Figure 1.



For experiment comparison, 50 mL aniline solution (0.02 M) was added dropwise to 50 mL ammonium persulfate solution (0.02 M) to obtain a sample without hydroxypropyl-β-cyclodextrin, which was left standing for 24 h at room temperature. The products were washed with deionized water 5–6 times, and polyaniline without beta-cyclodextrin was obtained. This is also shown in Table 1.




2.4. Morphology Observations with SEM


Scanning electron microscopy (SEM) observation and energy dispersive spectroscopy (EDS) measurements were performed using a Hitachi S-4800 (HITACHI, Tokyo, Japan). The obtained sample was washed with deionized water, deposited on Al foils, dried at room temperature, and then sputtered with a thin layer of Pt on the surface for SEM observation. The sample for EDS measurements did not need to have a layer of Pt deposited on its surface.




2.5. Morphology Observation with TEM


Transmission electron microscopy (TEM) observation was carried out using a JEM-1011 (JEOL, Tokyo, Japan). The sample solutions were deposited on copper mesh coated with carbon film and dried at room temperature.




2.6. Measurement of UV–Vis Spectrum


Ultraviolet–visible spectroscopy (UV–vis) was performed by a TU-1810 spectrophotometer (Beijing, China) with the samples suspended in water.




2.7. Measurement of FTIR Spectra


Fourier transform infrared spectroscopy (FTIR) was taken with KBr and recorded on an IR Prestige-21 FTIR spectrometer (Beijing, China). The sample and KBr powders were mixed and pressed into a small slice and then dried at room temperature.




2.8. Photo-Responses of Nanocomposite to Visible Light and NIR


The nanocomposite suspension in water was cast on Au inter-digital electrodes on a flexible PET (polyethylene terephthalate) substrate and dried at room temperature. The photo-conductive responses to visible light (white light) (20–25 W; 405 nm, 532 nm, and 650 nm) and low-power NIR (10–200 mW; 780 nm, 808 nm, 980 nm, and 1064 nm) were determined with an LK2000A Electrochemical Work Station (LANLIKE Chemistry and Electron High Technology Co., Ltd., Tianjin, China) applied with 1 V DC bias. The schematic diagram is as follows in Figure 2.



In this study, the structural schematic diagram of a photo-detector prototype device consisting of organic/inorganic nanocomposite thick film on PET substrate and Au as electrodes was based on [145], who reported that quartz acts as the substrate and the Au gap as electrodes.





3. Results and Discussion


It is well known that cyclodextrins have an interesting structure of hydrophobic cavities and hydrophilic surfaces, which enables the encapsulation of diverse small organic molecules by forming inclusion complexes. Therefore, cyclodextrin cavities can be used as reactive containers. In the experiments, it was found that aniline monomers can be loaded into the hydrophobic cavities of beta-cyclodextrin. Still, the rate of loading was very slow (about 1–3 days) due to the small cavity of beta-cyclodextrin. To examine the morphological evolution of PANI nanocomposite, a series of PANI nanocomposites were synthesized under similar conditions for comparison. The representative SEM images of PANi prepared with dilute aniline aqueous solution polymerization are shown in Figure 3A. Representative SEM images of PANi functionalized with beta-cyclodextrin with novel interface polymerization are shown in Figure 3B,C (different magnification). Representative SEM images of Au/PANi nanocomposite functionalized with beta-cyclodextrin with novel interface polymerization are shown in Figure 4.



In comparison with Figure 3, it is found that the PANi morphology is different. Figure 3A shows that the morphology of PANi prepared by dilute aniline aqueous solution polymerization has a nanowire structure, which is consistent with a previous report [51]. Figure 3B,C show that PANi functionalized with beta-cyclodextrin is embedded in the polymer-like film, and the surfaces of PANi nanowires are not smooth but contain many porous structure and small particles. However, they still exhibit nanowire morphology. This illustrates that the formation of PANi nanowire is the result of aggregation of PANi particles due to slow release of aniline from cavities of beta-cyclodextrin compared with dilute aniline aqueous solution polymerization. It is favorable to remove the reactive heat in aniline polymerization. Figure 3A shows the relatively smooth surface of PANi prepared with dilute aniline aqueous solution polymerization. Regarding Au/PANi nanocomposite functionalized with beta-cyclodextrin with novel interface polymerization, Figure 4 shows that the morphology with different magnifications was a nanoparticle structure, and nanoparticles were interconnected with polymer because of Au’s specific gravity. This morphology was also supported by TEM examination. Representative TEM images with different magnifications of Au/PANi nanocomposite functionalized with beta-cyclodextrin by novel interface polymerization are shown in Figure 5.



The border of aggregated particles contained a transparent shell of polymer, which could be the core structure; isolated particles are also clear in this core/shell structure, and the Au nanoparticles are coated with a layer of the organic shell interconnecting with polymer. The thickness of the polymer shell is about 10–20 nm. The organic shell layer contains polyaniline and beta-cyclodextrin. Other morphology could be affirmed as nanomaterials dispersed in the polymer. Due to the formation of Au/PANi appearing at the interface of cavities of beta-cyclodextrin, the cavities of beta-cyclodextrin can be considered small reactors, similar to those of micro-emulsion polymerization in polymer fields. The presence of beta-cyclodextrin also acts to stabilize Au/PANi nanocomposite due to the hydroxy group of cyclodextrin. The dispersion solution of Au/PANi nanoparticles containing hydroxypropyl-β-cyclodextrin has excellent stability in water, and precipitation is challenging and takes a long time. The dispersion effects are very similar to that of our previous report adding a small amount of poly(sodium-p-styrene sulfonate) (PSS) [58]. PSS is a polymer surfactant and is extensively used in self-assembly nano/micro-structures or films, while hydroxypropyl-β-cyclodextrin is a small organic molecular, and its role is similar to that of surfactant with the loading and releasing hydrophobic drugs in biomedical fields. The hydroxy group of cyclodextrin and the H2O molecule have strong interaction because of the presence of hydrogen bonding, and the cyclodextrin unit also has good compatibility with Au/PANi nanoparticles. Hence, the Au/PANi nanocomposite has good dispersion stability in the water phase due to the presence of hydroxypropyl-β-cyclodextrin.



The FTIR of a series of PANi nanocomposites functionalized with beta-cyclodextrin is shown in Figure 6.



Figure 6 shows that there is no clear difference between the FTIR spectra of PANi/cyclodextrin and PANi/cyclodextrin/Au(50). Likewise, there is little difference between the FTIR spectra of PANi/cyclodextrin/Au (50) and PANi/cyclodextrin/Au (100). A clear difference is present in the samples with and without cyclodextrin. Most absorption bands of FTIR of Au/PANi nanocomposites functionalized with beta-cyclodextrin were located between beta-cyclodextrin and polyaniline. Some bands overlapped with those of beta-cyclodextrin, and others overlapped with those of polyaniline. As shown in Figure 6 of PANi/cyclodextrin/Au (50, 100), the bands at 3415.5 cm−1, 1646.24 cm−1, and 1252.7 cm−1 are attributed to the stretching vibration of the –OH group of cyclodextrin. The wavenumber of 1671.7 cm−1 is the stretching vibration of C-C, and 2924 cm−1 belongs to the stretching vibration of CH2. The 3436.4 cm−1 wavenumber is the stretching vibration of N-H; 1561.5 cm−1 and 1292.3 cm−1 are attributed to the stretching vibration of C-N of quinonoid and benzenoid rings; 1496.5 cm−1 and 1577.6 cm−1 belong to the stretching vibration of C=C of quinonoid and benzenoid rings. These characteristic bands preliminary illustrate that the nanocomposites contained polyaniline and beta-cyclodextrin components.



As shown in Figure 7, the firm absorbance peaks of PANi functionalized with beta-cyclodextrin at 345 nm or so, 431 nm, and 792 nm are very clear. These absorbance peaks are similar to those previously reported for PANi. The characteristic peaks at 345 nm or so are due to polyaniline benzene ring π-π* electronic transition, and the absorbance peaks at 431 nm and 792 nm result from polaron (polaron)-π* and polaron-π electron transition generation, respectively. The UV–vis curve of Au/PANi nanocomposite functionalized with beta-cyclodextrin is different from that of PANi functionalized with beta-cyclodextrin. Great blue-shift of the band edge of Au/PANi nanocomposite functionalized with beta-cyclodextrin was observed with increased content of Au (from 792 nm shifted to 556.2 nm and 664.7 nm, respectively) due to quantum confinement of Au nanoparticle depending on the added contents. These are mainly the results of strong plasma resonance properties and quantum confinement effects of Au nanoparticles. It is well-known that Au nanoparticles have a strong plasma resonance peak of about 523 nm in the visible region. Therefore, a great blue-shift of the band edge of Au/PANi nanocomposite functionalized with beta-cyclodextrin was observed because of quantum confinement of Au nanoparticles.



XRD of Au/PANi nanocomposites functionalized with beta-cyclodextrin was examined. The results are shown in Figure 8.



As shown in Figure 8, spectrum C shows that PANi functionalized with beta-cyclodextrin was an amorphous structure due to no pronounced diffraction peaks. Figure 8 spectrum A and B show that Au/PANi nanocomposite functionalized with beta-cyclodextrin containing different contents of Au nanoparticles had some firm peaks of 2θ in 38.04 (111), 44.22 (200), 64.69 (220), and 77.50 (311). These peaks are the face-centered cubic of Au (PDF#04-0784).



To further confirm the presence of Au in the Au/PANi nanocomposites functionalized with beta-cyclodextrin, EDS of one microdomain containing Au nanoparticles of PANi/Au (100) nanocomposites functionalized with beta-cyclodextrin was determined. The results are shown in Figure 9.



Figure 9 shows that the Au/PANi nanocomposites functionalized with beta-cyclodextrin contained C, N, O, Au, Cl, etc. Further, C, N, and O came from PANi and beta-cyclodextrin; Cl was derived from the Au precursor (chloroauric acid). The contents of C, N, O, Au, and Cl from a microdomain containing Au nanoparticle in PANi/Au nancomposites containing beta-cyclodextrin are shown in the Table 2.



As shown in Table 2, the element with the highest content is C, which was derived from PANi and beta-cyclodextrin. Although the mass percent content of Au is relatively high (about 15.09 %), the atomic percent of Au is only 1.16 % due to the high molecular weight of Au. This illustrates that the Au/PANi nanocomposites functionalized with beta-cyclodextrin contained Au; as the matrix of Au/PANi nanocomposites functionalized with beta-cyclodextrin was still polymer, the Au nanoparticle only acted as a filler. As shown from TEM (Figure 5), Au/PANi nanocomposites functionalized with beta-cyclodextrin showed that regardless of the morphology of the core/shell structure or the nanoparticles dispersed in the polymer matrix, nanoparticles were separated by an organic layer containing polymer. This organic layer acted in a protective role, preventing the aggregation of Au nanoparticles and enhancing the stability of nanocomposites. However, the distance between Au nanoparticles heavily affected carrier transfer since beta-cyclodextrin as an organic spacer is an insulating material. If the content of beta-cyclodextrin is appropriate, photo-generated electrons can tunnel or hop onto the organic layer [121,122]. Otherwise, electrons are trapped by the organic layer. Some chemical groups, such as the OH− group of beta-cyclodextrin, can capture the electrons injected into the organic layer, breaking electron delocalization by the localized state and cutting the channel of carrier transfer.



Figure 7 shows that the absorbance of Au/PANi nanocomposite functionalized with beta-cyclodextrin covered the whole region of visible light and NIR. The band edge was from about 900 nm to over 1000 nm depending on the content of Au nanoparticles. Therefore, Au/PANi nanocomposites functionalized with beta-cyclodextrin should have a crucial prerequisite for holding visible light activity and NIR activity. When light (hν) triggers the surface of the nanocomposite, the process is complex and includes absorbance, scattering, transmission, light emittance, energy dissipation by scattering effects, free electron/hole production, and so on. The selection of a good physical process heavily depends on the microstructure and interface tailoring of the nanocomposite. Nanomaterials with external stimuli responses are one of the trends in intelligent materials and devices. External stimuli generally include pH, temperature, electric field, magnetic field, and light. Visible light activity is vital for energy and environmental demands, while NIR activity is favorable for biomedical and information areas. For biomedical applications, two wavelength windows are popular for accepting applications: 808 nm and 1064 nm. This study emphasizes photo-current responses to weak visible light and 808 nm NIR (10–200 mW). The results indicate that the Au/PANi nanocomposites functionalized with beta-cyclodextrin showed good photo-current switching behaviors to weak visible light and 808 nm NIR. Even after three years of storage, the photo-response of the sample still exhibited photo-current switching behavior. This illustrates that the Au/PANi nanocomposites functionalized with beta-cyclodextrin had good stability in water due to the Au nanoparticles being coated with an isolating layer. This stability is augmented by the core/shell structure of the nanocomposites. This shell layer acts in a protective role, preventing the aggregation of Au nanoparticles and also promoting the separation of electron/hole in the interface between Au and PANi due to the strong coupling of plasmon and exciton between Au and PANi. The presence of hydroxypropyl-β-cyclodextrin is another critical factor for the dispersion stability of nanocomposite. Its role is similar to that of surfactant in dispersing the Au/PANi organic/inorganic hybrid in water. After the nanocomposite samples had been stored for over five years at room temperature, we re-examined the activity of Au/PANi nanocomposites to weak visible light by determining their photoconductivity to visible light. The samples still exhibited photo responses to light. Representative results of nanocomposite samples that had been stored for over three years are shown in Figure 10.



The horizontal axis of Figure 10 is the response time (s). The vertical axis of Figure 8 is the value of the thick film current. As shown in Figure 8A,B, Au/PANi nanocomposites functionalized with beta-cyclodextrin still showed good photo-switching behaviors to weak visible light excitation. When the Au/PANi nanocomposites were exposed to visible light, the current of the film increased dramatically. On the contrary, the current of the film significantly decreased when the visible light was off. For PANi/beta-cyclodextrin/Au(50) nanomaterial thick film, the response time is approximately 33.42 s and the recovery time is approximately 11.15 s. Regarding PANi/beta-cyclodextrin/Au(100) nanomaterial thick film, the response time is approximately 50.56 s and the recovery time is approximately 16.29 s. Response and recovery are rapid to weak visible light. This also illustrates that the Au/PANi nanocomposites functionalized with beta-cyclodextrin produced photo-induced charges efficiently to weak visible light and possess good visible light activities. Therefore, free electron/hole were generated and separated with excitation of the low-power visible light sources. PANi/beta-cyclodextrin/Au nanocomposite’s exhibition of photo-current switching behavior in the visible light region is mainly a result of surface plasmon resonance of Au nanoparticles. Under visible light irradiation, Au nanoparticles produced “hot electrons”, and some of these electrons have sufficient energy to overcome the Schottky barrier (interface between Au and organic layer) and be injected into the LUMO level of PANi. The bandgap of PANi was narrowed (HOMO and LUMO energy level) [118,119,120,121,122]. Since PANi is a conjugated polymer, these carriers were transferred freely in the PANi layer. The presence of beta-cyclodextrin in nanocomposite also produces interface barriers of Au/beta-cyclodextrin interface and PANi/beta-cyclodextrin interface for carrier transfer. Figure 10 also shows that the baseline current after exposure was lower than before exposure to visible light. This phenomenon was caused by photo-doping effects producing an in-built field. The direction of the in-built field is reversed to that of applied bias, and resulted in the decrease of current to some extent.



Visible light is considered to be in the range of 400–700 nm. Some representative wavelengths, such as 405 nm, 532 nm, and 650 nm, with low power (50 mW), were selected for further photo-excitation experiments. The representative results are shown in Figure 11.



Figure 11 shows similar results between the Au/PANi nanocomposites functionalized with beta-cyclodextrin to 50 mW 405 nm, 532 nm, and 650 nm incident light (the vertical axis of Figure 9 is the film current). For PANi/beta-cyclodextrin/Au(50) nanomaterial thick film under 50 mW 405 nm, 532 nm, and 650 nm incident light, the response time is approximately 11.24 s, 43.09 s, and 15.93 s, respectively. The recovery time is approximately 22.48 s, 16.87 s, and 15.93 s. Regarding PANi/beta-cyclodextrin/Au(100) nanomaterial thick film under 50 mW 405 nm, 532 nm, and 650 nm incident light, the response time is approximately 32.79 s, 48.72 s, and 54.34 s, respectively. The recovery time is approximately 27.17 s, 22.49 s, and 32.80 s. Response and recovery are also rapid. The response rate of PANi/beta-cyclodextrin/Au(50) nanomaterial thick film is faster than that of PANi/beta-cyclodextrin/Au(100). The above results are only a preliminary examination, as whole free electron/hole pairs were easily generated and separated with excitation of 50 mW 405 nm, 532 nm, and 650 nm light resource for Au/PANi nanocomposite. Figure 11 also shows that the baseline current after exposure was lower than that before exposure. This phenomenon was caused by photo-doping effects producing an in-built field (as described previously). Another phenomenon is that the photo-current of the nanocomposite slowly decreased with extending exposure to light. This is the result of the imbalance between electrons injected into the organic layer and the detrapping process.



As shown from the UV–vis curve of Au/PANi nanocomposites, the Au/PANi nanocomposites functionalized with beta-cyclodextrin exhibited good absorbance in NIR. Therefore, 808 nm NIR at 100 mW was selected for studying the photoconductive response, due to 808 nm NIR having potential applications in the information and biomedical fields. The representative results are shown in Figure 12.



Figure 12 shows that the Au/PANi nanocomposites functionalized with beta-cyclodextrin exposed to 100 mW 808 nm NIR also exhibited good photo-current switching behavior (the vertical axis of Figure 10 is the film current). The response time is approximately 16.87 s, and recovery time is approximately 27.17s. These results are very exciting. It is well-known that Au nanoparticles generally have plasmon resonance properties in the range of the visible region. Enhancing surface plasmon resonance properties of Au nanomaterials in NIR requires synthesis of low-dimensional Au nanomaterials, which requires a large quantity of surfactants as soft templates and Ag+ as direction-controlling agents for the growth of low-dimensional Au, and the process is very complex and time-consuming. Although PANi has good absorbance in NIR, free electron/hole pairs are challenging to produce at excitation of weak light. The Au/PANi nanocomposites synthesized not only have good photoconductive response in visible light, but also show similar photocurrent response in NIR. This illustrates that strong interaction between Au and PANi was present; charge transfer between Au and PANi decreased the band gap of PANi (HOMO and LUMO energy level), as the photo-current of nanocomposite is caused by the energy level gap of PANi excitation. As shown from TEM of Au/PANi nanocomposites, this nanocomposite not only has core/shell-structured morphology, but also holds morphology of Au nanoparticles dispersed in the polymer matrix. Both morphologies exhibited good interface contacts between Au nanoparticles and organic layer. The strong coupling between PANi and Au nanoparticles promoted the charge separation to incident light exposure and decreased the power of excitation required. The effects of the power of incident light of 808 nm on the photocurrent responses are shown in Figure 13.



Figure 13 shows that the ratio of on/off was decreased clearly with reducing the power of incident light (the vertical axis of Figure 11 is the film current). There was still a slight photocurrent response of Au/PANi nanocomposites functionalized with beta-cyclodextrin under 808 nm at 10 mW. The response time to 10, 50, 100, and 200 mW 808 nm NIR is approximately 21.71 s, 16.87 s, 17.14 s, and 6.27 s, respectively. The recovery time is approximately 43.42 s, 27.17 s, 11.14 s, and 7.32 s. This shows that the response rate and recovery rates are faster with increasing power of incident light.



To study the effects of different wavelengths of incident light on the photocurrent responses of Au/PANi nanocomposites, several representative wavelengths of incident light in NIR, such as 780 nm, 808 nm, 980 nm, and 1064 nm, were selected. The representative results are shown in Figure 14.



Figure 14 shows that the Au/PANi nanocomposites functionalized with beta-cyclodextrin under 50 mW 780 nm, 808 nm, 980 nm, and 1064 nm NIR exhibited good photoconductivity responses at different ratios of on/off (the vertical axis of Figure 12 is the logarithm of film current (Lg[I])). The ratio of on/off to 808 nm NIR is much higher than that of other wavelengths. The photocurrent responses to 980 nm and 1064 nm are almost similar. For PANi/beta-cyclodextrin/Au(50) nanomaterial thick film under 50 mW 780 nm, 808 nm, 980 nm, and 1064 nm NIR, the response time is approximately 15.93 s, 16.87 s, 21.55 s, and 22.48 s, respectively. The recovery time is approximately 10.31 s, 27.17 s, 5.63 s, and 15.93 s, respectively. Regarding PANi/beta-cyclodextrin/Au(100) nanomaterial thick film under 50 mW 780 nm, 808 nm, 980 nm, and 1064 nm NIR, the response time is approximately 43.10 s, 71.21 s, 21.55 s, and 11.24 s, respectively. The recovery time is approximately 32.80 s, 21.55 s, 21.55 s, and 27.17 s, respectively. Response and recovery are also rapid. As shown in Figure 12, the photo-current switching ratio of PANi/beta-cyclodextrin/Au(50) nanomaterial thick film is higher than that of PANi/beta-cyclodextrin/Au(100). This illustrates that the gap distance between Au nanoparticles also affected the photo-current switching ratio because the surface plasmon resonance of Au nanoparticles depends on gap distance. Interestingly, the Au/PANi nanocomposites functionalized with beta-cyclodextrin to 1064 nm NIR of 50 mW still showed a good photo-current response. NIR at 1064 nm has promising applications in bio-imaging, information fields, etc. Another exciting result is that the photosensitivity of nanocomposites was decreased with the increasing content of Au nanoparticles. This illustrated that the surface plasmon resonance of Au nanoparticles heavily depends on gap distance, and the strong interaction between PANi and Au nanoparticles promoted the separation of charges induced with incident light since the Au nanoparticles have good absorbance in the range of visible light (523 nm or so) due to surface plasmon resonance. To improve the optical properties in NIR of Au nanomaterials, low-dimensional controlled Au growth is often used. Therefore, this study provided a simple method to synthesize Au/PANi nanocomposite with good activity in NIR. This is promising for application in light detectors, photo-current switching, electrophotography, NIR-driven nano-carriers, photo-remote nanocomposites, information storage, bioimaging, etc.



For nearly 20 years, Ma and his coauthors have been very interested in organic/inorganic functional nanocomposites and their properties. The materials involved have included metal oxides, metal sulfides, carbon nanomaterials, conjugated polymers, non-conjugated polymers, conjugated organic small molecules, organic/inorganic hybrid nanostructures, and heterostructures [56,146,147,148]. Some exhibited good photo-current switching behaviors from the visible light region to NIR by tailoring interface engineering and defect engineering. The transfer of photo-generated carriers depends on the different interfaces for nanocomposites; the relationship between the interface of metal nanostructure/conjugated polymers/non-conjugated small organic molecules and photo-electric properties was the focus of this paper. Other material systems also show similar and unique responses.




4. Conclusions


In summary, Au/PANi nanocomposites containing beta-cyclodextrin were prepared by an interface polymerization approach. The nanocomposites exhibited good photo-current responses to weak visible light and low-power NIR, leading to many potential applications, such as light-sensitive nanocomposites, photo-current switches, photo-detectors, and information storage. The effects of different wavelengths and the power of incident light on the photocurrent responses of nanocomposites are clear. The Au/PANi nanocomposite’s good activity in NIR was mainly attributed to the strong interaction between PANi and Au nanoparticles, promoting the charge separation of the interface of PANi/Au nanoparticles. Meanwhile, the resulting nanocomposites have good film-forming properties and long-term dispersing stability in water, which allows their use solution-processing technology for different applications. Therefore, this study provided a simple approach to preparing multi-functional organic/inorganic nanocomposites for broadband spectrum light-driven properties.
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Figure 1. Synthesis scheme of PANi/Au/Beta-cyclodextrin nanocomposite with improved dispersion stability and multi-functionality. 
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Figure 2. The schematic diagram of the structure of Au electrodes on a flexible polymer substrate. 
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Figure 3. Representative SEM images of series of PANI nanocomposites ((A) Sample 4; (B,C) Sample 1). 
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Figure 4. Representative SEM images of Au/PANi nanocomposite functionalized with beta-cyclodextrin with novel interface polymerization (Sample 2) (different magnification). 






Figure 4. Representative SEM images of Au/PANi nanocomposite functionalized with beta-cyclodextrin with novel interface polymerization (Sample 2) (different magnification).



[image: Coatings 12 01401 g004]







[image: Coatings 12 01401 g005 550] 





Figure 5. Representative TEM images of Au/PANi nanocomposite functionalized with beta-cyclodextrin with novel interface polymerization (Sample 2). 
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Figure 6. FTIR of a series of Au/PANi nanocomposites functionalized with beta-cyclodextrin, and a local enlargement. 
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Figure 7. Representative UV–vis spectroscopy of a series of Au/PANi nanocomposites functionalized with beta-cyclodextrin. 
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Figure 8. Representative XRD of a series of Au/PANi nanocomposites functionalized with beta-cyclodextrin (A: PANi/cyclodextrin/Au (100); B: PANi/cyclodextrin/Au (50); C: PANi/cyclodextrin). 
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Figure 9. EDS results of one microdomain containing Au nanoparticles of Au/PANi nanocomposites functionalized with beta-cyclodextrin. 
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Figure 10. Photo-responses of Au/PANi nanocomposites functionalized with beta-cyclodextrin to weak visible light (A: Sample 2–chloroauric acid (50 mL); B: Sample 3–chloroauric acid (100 mL)). 
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Figure 11. Photo-responses of Au/PANi nanocomposites functionalized with beta-cyclodextrin to 50 mW 405 nm, 532 nm, and 650 nm light (A: Sample 2–chloroauric acid (50 mL); B: Sample 3–chloroauric acid (100 mL)). 
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Figure 12. Photo-responses of Au/PANi nanocomposites functionalized with beta-cyclodextrin to 100 mW 808 nm NIR (Sample 2–chloroauric acid (50 mL)). 






Figure 12. Photo-responses of Au/PANi nanocomposites functionalized with beta-cyclodextrin to 100 mW 808 nm NIR (Sample 2–chloroauric acid (50 mL)).



[image: Coatings 12 01401 g012]







[image: Coatings 12 01401 g013 550] 





Figure 13. Photo-responses of Au/PANi nanocomposites functionalized with beta-cyclodextrin to 10, 50, 100, and 200 mW 808 nm NIR (Sample 2–chloroauric acid (50 mL)). 
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Figure 14. Photo-responses of Au/PANi nanocomposites functionalized with beta-cyclodextrin to 50 mW 780 nm, 808 nm, 980 nm and 1064 nm NIR. (A: 780 nm; B: 808 nm; C: 980 nm; D: 1064 nm) (a: Sample 3–chloroauric acid (100 mL); b: Sample 2–chloroauric acid (50 mL)). 
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Table 1. Composition of experimental PANi/Au nanocomposite containing beta-cyclodextrin.
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	Sample No.
	Loading Aniline Solution
	Loading Chloroauric Acid (0.02 M)
	Hydroxypropyl-β-cyclodextrin (about 10mg/mL)
	Loading Persulfate Solution (0.02 M)





	1
	50 mL(0.036 M)
	-
	0.5 g
	50 mL



	2
	50 mL(0.036 M)
	50 mL
	0.5 g
	-



	3
	100 mL(0.036 M)
	100 mL
	1.0 g
	-



	4 (for comparison)
	50 mL(0.02 M)
	-
	-
	50 mL
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Table 2. EDS results of one microdomain containing Au nanoparticle in PANi/Au nanocomposite containing beta-cyclodextrin.
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	Element
	C
	N
	O
	Au
	Cl, etc.
	Total





	Mass percent (%)
	62.61
	7.47
	9.96
	15.09
	4.87
	100



	Atomic percent (%)
	79.11
	8.09
	9.45
	1.16
	2.19
	100
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