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Abstract:



Noble metal/metal oxide nanostructures are an efficient system in photocatalysis. Continuous and scalable production of advanced particle systems will be a requirement for commercial-scale deployment for many applications, including photocatalysis. In this work, Au/ZnO structures were synthesized in a continuous flow micro-reactor at room temperature and the detailed characteristics of the product indicate a specific cotton ball-like core-shell microstructure that showcases specific advantages compared to traditional batch synthesis methods. The formation pathway of the core-shell Au/ZnO structures is discussed with the pH-dependent speciation diagram, and photocatalytic activity was assessed under simulated sunlight, demonstrating the enhanced performance of the cotton ball-like Au/ZnO microstructures in photocatalytic dye degradation. This work describes the application of microreaction technology in the continuous production of metal/metal oxide photocatalysts.
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1. Introduction


Incorporating noble metal nanoparticles (NPs) into semiconducting metal oxides, such as TiO2 and ZnO, is a good approach for enhancing the catalytic activity in photocatalysts because it promotes interfacial charge-transfer processes [1,2,3,4,5,6,7,8]. In particular, many efforts have studied the controlled synthesis of core/shell structured composites, which can significantly enhance the photocatalytic activity by decreasing the recombination rate of the photogenerated electron-hole pairs (or excitons) within the semiconductor particles [9,10,11]. These NPs are generally synthesized in small batch reactors with low production rates. The demand for large-scale production of these advanced structures is increasing due to several factors, including for use in commercial applications. However, large-scale syntheses have difficulty in precisely controlling reaction conditions. Especially, continuous synthesis is very challenging for core/shell structured photocatalysts, without losing their unique properties [12,13,14].



Nanomaterial synthesis in a micro-reactor with precisely controlled reaction conditions (i.e., minimize heat/mass transfer by instantaneous mixing) has become a versatile approach in modern synthetic chemistry [15,16] and been developed for producing metals (Au, Ag) [17,18,19,20,21], metal oxides (ZnO, TiO2, Fe3O4, SiO2) [22,23,24,25], chalcogenides (CdSe, PbSe, CuInSe2) [26,27,28], and core-shell (Fe2O3/SiO2, CdSe/ZnS) NPs [29,30]. These methods should be amenable to developing an industrially-relevant large-scale synthesis method by arraying many micro-reactors in parallel (hundreds to millions) [31]. Furthermore, micro-reactor synthesis is considered a simple, convenient, low cost, and environmentally friendly synthetic method under mild conditions [32].



Au NPs embedded in ZnO (Au/ZnO), which is regarded as a representative photocatalytic material due to its efficient absorption of light in the visible region, was used as a model system in this work to demonstrate the viability of micro-reactor synthesis for technological applications. There are many works that have reported core-shell [33,34,35] or hierarchical [36,37,38,39,40] Au/ZnO structures; none of these attempted a continuous process for scalable synthesis.



To the best our knowledge, this is the first report that produces a cotton ball-like, core-shell Au/ZnO photocatalyst using a micro-reactor under hydrothermal conditions, which would provide a convenient means to increase production rates to commercial scales. Detailed characteristics of the product are discussed with various techniques, thereby providing a possible mechanism regarding the formation of a core-shell Au/ZnO structure in a micro-reactor. Furthermore, the photocatalytic activities of Au/ZnO were investigated for dye degradation under visible-light irradiation.




2. Materials and Methods


2.1. Synthetic Procedure


Au/ZnO photocatalyst was synthesized in a micro-reactor, which consisted of feeding, nucleation, and heating zones [41]. The precursors, a mixture solution of Zn(NO3)2·6H2O (0.05 M, Sigma-Aldrich, St. Louis, MO, USA) and HAuCl4·6H2O (4.2 × 10−4 M, STREM Chem., Newburyport, MA, USA), were initially pumped into the Tygon tubing (1.59 mm i.d., Upchurch Scientific, Silsden, UK) individually at a flow rate of 6.5 mL·min−1 via a peristaltic pump (REGLO Digital, Ismatec, Wertheim, Germany), then mixed with Na2CO3 (0.1 M) as an agent for pH control in a micro T-mixer (0.50 mm i.d., Upchurch Scientific, Silsden, UK). The resulting mixture, with a 6620 cm·min−1 of linear velocity, was passed through a growing zone of 1 m long coil and kept immersed in an oil bath maintained at 80 °C. The resulting precipitate was collected in a beaker. After 1 h, the supernatant was decanted, filtered (No. 1, Whatman, Maidstone, UK), and washed with warm deionized water 5 times. The product was dried at room temperature for 24 h and aged at 100 °C for 12 h, followed by calcination in air at 500 °C for 5 h. For comparison, Au-ZnO with similar Au contents was also prepared using the co-precipitation method (Au-ZnO-CP), according to our previous work [42]. Briefly, an aqueous solution of 1 M Na2CO3 solution was slowly dropped into the mixture solution of Zn(NO3)2·6H2O and HAuCl4·6H2O with continuous stirring at 80 °C. The resulting precipitate was filtered, washed, dried, and calcined.




2.2. Characterization


Scanning electron microscope (SEM) analysis was conducted by Quanta 600 (FEI, Hillsboro, OR, USA) using 15–20 kV accelerating voltage in conjunction with energy dispersive spectroscopy (EDS). The crystalline phases were identified by D8 Discover X-ray diffraction (XRD, Bruker, Billerica, MA, USA) operating at 40 keV and a current of 40 mA with Cu kα radiation (0.154 nm) in the 2θ scan range from 30° to 70° with a step size of 0.05°. X-ray photoelectron spectroscopy (XPS) was performed on a ESCALAB 250 (Thermo Scientific, Grand Island, NY, USA) with a monochromatized Al Kα X-ray source (1486.6 eV) and with a 500 μm spot size. The binding energy was calibrated using the C 1s signal located at 284.8 eV. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) spectrum was collected using an ION TOF IV instrument (ION TOF, Heisenbergstraße, Münster, Germany) with 25 keV pulsed Bi3+ primary ion gun at a 10 kHz repetition rate and an average in the current of 0.5 pA. High resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field scanning TEM (HAADF-STEM) were performed by a FEI Titan FEG-TEM (FEI, Hillsboro, OR, USA) at an accelerating voltage of 300 keV. The loading content of Au in the Au/ZnO was observed by using a D-TIME 3000 DC inductively coupled plasma-atom emission spectrometry (ICP-AES, Perkin Elmer, Waltham, MA, USA). The BET specific surface areas were measured at −196 °C using an ASAP 2010 analyzer (Micromeritics, Norcross, GA, USA). The ultraviolet-visible (UV-Vis) absorption spectrum was obtained by using a V-670 UV-Vis-NIR spectrophotometer (Jasco, Easton, MD, USA).




2.3. Photocatalytic Test


Photocatalytic activities of samples were evaluated by the degradation of methylene blue (MB) solution under simulated sunlight. A 500 W Xe lamp (UXL-16B, Ushio, Tokyo, Japan) was used as a light source, with a maximum intensity of 494 nm. The spectrum of incident light was obtained by USB 2000 fiber optic spectrometer (Ocean Optics, Dunedin, FL, USA). The reactor was set 20 cm away from the output beam. In a typical experiment, 0.1 g of the sample was added into 100 mL of 10 mg·L−1 MB solution.



Prior to photocatalytic testing, the solution was stirred for 30 min in darkness to reach the adsorption-desorption equilibrium of MB to avoid any error from the initial adsorption effect, then irradiated with stirring. At different irradiation time intervals, solutions were taken from the reaction suspension, filtered through a 0.45 µm Millipore filter to remove the particles, and then analyzed for MB content using a UV-Vis-NIR spectrophotometer (V-670, Jasco, Oklahoma City, OK, USA) at 664 nm. The rate of degradation was calculated by assuming pseudo-first-order kinetics and, hence, the rate constant for the degradation, k, was obtained from the first-order plot, according to the following equation: ln(C/C0) = kt, where C0 is the initial absorbance of MB, C is the absorbance of MB after a time (t), and k is the first-order rate constant.





3. Results and Discussion


3.1. Characteristics of Au/ZnO


The morphology of samples was observed by SEM. As shown in Figure 1a, Au-ZnO-CP shows popcorn ball-like Au-ZnO particles. In contrast, the Au/ZnO synthesized in a micro-reactor reveals a cotton ball-like structure with a diameter of 1–4 micrometers (Figure 1b), which is assembled by a large number of interconnected nanosheets. From the EDS spectrum (Figure 1c), only Zn and O were detected, while no Au was detected within the detection limits over the Au/ZnO sample synthesized in a micro-reactor. The atomic ratio of O/Zn is 1.168, revealing the Zn deficiency in the Au/ZnO surface structure. The Zn deficiencies are presumably attributed to the hydroxyl groups and adsorbed water on the ZnO surface.


Figure 1. SEM images of (a) Au-ZnO-CP and (b) Au/ZnO synthesized in a micro-reactor. (c) EDS spectrum of Au/ZnO synthesized in a micro-reactor (arrow at ~2.2 keV represents the X-ray signals of the Au-L1).
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Texture properties were characterized by the nitrogen adsorption-desorption process at −196 °C, as shown in Figure 2a. The Au/ZnO presents a type II isotherm, which is characteristic of macroporous structures. Au/ZnO presents a larger specific surface area of 21.7 m2·g−1, compared with that of the flower-like pure ZnO (16.6 m2·g−1) synthesized in a micro-reactor in similar synthesis conditions [41]. Typically, low dimensional nanostructures, such as nanoparticles, nanorods, nanosheets, etc., were found to have a small surface area of <10 m2·g−1 [43], indicating that the cotton ball-like Au/ZnO particles would provide more active surface area as photocatalysts. Figure 2b shows the XRD pattern of Au/ZnO. The diffraction peaks for Au/ZnO can mainly be indexed as the hexagonal phase ZnO (JCPDS No. 05-0664). The XRD results showed that the formation of a new alloy form was not observed in Au/ZnO. The strongest Au peak should be located at 38.2° for the Au (111) plane, but there is only an extremely small intensity peak at this location (inset of Figure 2b). This may be due to extremely small Au NPs in the ZnO macrostructure or because the peak is obscured by the tail of the ZnO (101) peak at 36.5°. From the Scherrer equation, the crystallite size of Au NPs was estimated to be ~3.4 nm. It is a possibility that Au NPs are surrounded by ZnO with a thickness of more than 1 um, which may exceed the penetration depth of X-rays, resulting in the missing signals of Au in the XRD patterns.


Figure 2. (a) Adsorption-desorption isotherm and (b) XRD pattern of Au/ZnO synthesized in a micro-reactor (Inset of magnified XRD pattern for Au (111) and JCPDS No. 05-0664 of hexagonal ZnO crystal).
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Therefore, material composition, as a function of depth, is a key factor in getting the elemental information needed to help us to understand the structure of Au/ZnO synthesized in a micro-reactor. The ideal tool for analyzing surface composition is XPS, which is only sensitive to the first 10 nm or less. The Au 4f, Zn 3p, and O 1s of XPS spectra are presented in Figure 3. The most intense peak of Au arises from the Au 4f spectrum, but this energy region partially overlaps with that of the Zn 3p spectrum [44], as shown in Figure 3a. For this reason, we considered the Au 4d peaks (insert in Figure 3a), which are not as strong as the Au 4f peaks, but are stronger than the other Au peaks. The strongest Au 4d peaks must appear at around 334 eV, but were not detected in this region.


Figure 3. XPS spectra of (a) Zn 3p (insert of Au 4d) and (b) O 1s, and (c) negative ToF-SIMS spectrum of cotton ball-like Au/ZnO synthesized in a micro-reactor. Insert in Figure 3c shows negative Au species for reference.
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In addition, the chemical state of O is very important for photocatalytic materials. The XPS spectrum of O 1s for Au/ZnO is shown in Figure 3b. The peak deconvolution of the O 1s lines also gives more information about the relative amount of different surface oxygen species. The O 1s peak can be fitted into three Gaussian peaks located at 532.2 eV, 531.4 eV, and 530.1 eV, respectively, indicating three different kinds of O species in Au/ZnO. The higher O peak at 530.1 eV can be ascribed to the lattice O (OL) in ZnO and the medium O peak at 531.4 eV is associated with O2− ions in O vacancy (OV) regions within the matrix of ZnO. The lower O peak at 532.2 eV is usually attributed to chemisorbed oxygen (OA) species, such as CO3, adsorbed H2O, or adsorbed O2 [45,46,47,48]. The atomic ratio of total O (OT) to Zn on the surface of Au/ZnO is 1.163, which is in very good agreement with the EDS analysis (Figure 2b). On the other hand, the calculated OL/Zn ratio is 0.805, which reveals an O vacancy on the crystal lattice on the surface of the sample. This O vacancy could promote the visible-light absorption of the sample, leading to high photocatalytic activities towards the degradation of organic dyes.



To investigate the chemical composition of Au/ZnO in greater detail, we performed a ToF-SIMS analysis, which is about two orders of magnitude more sensitive than XPS and can, potentially, confirm a very small amount of Au species on the ZnO surface. Figure 3c shows the negative ToF-SIMS spectrum up to m/z = 300 amu. The mass spectra reveal no clear signals for Au clusters that should appear at above 200 amu (see the table in Figure 3c). This indicates that there is no presence of Au ions on the surface of ZnO. It is well known that the ToF-SIMS method is used to characterize the surface of the sample and the detectable penetration depth is less than 5 nm. Therefore, the presence of Au may not also be detected by XPS and ToF-SIMS when the Au is embedded in a thick ZnO shell. Nevertheless, the total amount of Au ions in Au/ZnO was confirmed by an ICP-AES and 2.4 wt % was obtained. This suggests that Au NPs are embedded into the ZnO, core-shell structure Au/ZnO. It is believed that this core-shell Au/ZnO could play a key role in the photocatalytic activity due to the presence of abundant metal-semiconductor interface that can effectively transfer the photo-excited electron from the valence band to the conduction band in ZnO more efficiently [49].



HRTEM, in conjunction with HAADF-STEM, which is a powerful technique for determining the structural composition of NPs and allows for direct correlation of the optical response with their structural composition, was used to see the Au particles in the cotton ball-like Au/ZnO. The pristine cotton ball-like Au/ZnO sample was dispersed in ethanol, followed by droplet deposition directly on a TEM grid. As shown in Figure 4a, the particles in the pristine sample were too thick to exceed the penetration depth of electrons in the TEM, making detailed imaging difficult. To obtain a specimen (typically less than 100 nm thick for good imaging), the pristine Au/ZnO particles were crushed via ultrasonication and then used for further TEM characterization. Clearly, nanosized particles can be seen as bright objects from the STEM image of the crushed sample (indicated by arrows in Figure 4b). Particles, with an average size of 4.6 nm, were obtained, which is in good agreement with the crystallite size obtained from the XRD (Figure 2b). From the HRTEM image (Figure 4c), the measured interplanar spacing for the lattice fringes was 0.241 nm, which is associated with the (111) plane of the cubic face-centered fcc gold crystals. This indicates clearly the presence of Au particles in the Au/ZnO synthesized in a micro-reactor. We also found that the lattice planes are not continuously extended to the gold at the central region of the particle, which could be due to the dislocations or stacking faults in the Au crystal structure. The corresponding fast Fourier transform analysis (for the dotted square in Figure 4c) indicates the coexistence of Au and ZnO in the central region, with a single crystalline nature. The nanosized particles were also determined to be monometallic from the EDS analysis (Figure 4e). The X-ray signals of the Au-L1 line were clearly observed at ~9.7 and 11.4 keV. Taken together, these results indicate that the Au NPs in the Au/ZnO are intercalated during synthesis in the micro-reaction system and that the Au NPs may interrupt the formation of larger ZnO structures. The formation pathway of the core-shell Au/ZnO structure is investigated in detail in Section 3.2.


Figure 4. (a) TEM image of pristine cotton ball-like Au/ZnO; (b) HAADF-STEM image of crushed cotton ball-like Au/ZnO; (c) HRTEM image (The inset shows the HRTEM image of the marked area by the square 1) of a single particle as indicated by arrow 1 in Figure 4b; (d) Fourier transform image; and (e) the EDS spectrum for the dotted square in Figure 4c, respectively.
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UV-Vis spectroscopy was used to study the absorption characteristics of Au/ZnO, and the results are shown in Figure 5. The UV-Vis absorption spectrum of the cotton ball-like Au/ZnO structure was analogous to that of pure ZnO [33,50]. We observed the color of the Au-ZnO-CP sample changed to purple, which is characteristic of the surface plasmon resonance (SPR) of metallic Au NPs. In contrast, the cotton ball-like core-shell Au/ZnO showed a white color (such as ZnO), with a slight yellow hue. The UV-Vis absorption spectrum indicates that no absorption arising from the Au NPs-related SPR peak [51,52] was observed in the visible region. This is probably due to the relatively low concentration of very small Au NPs embedded in the ZnO becoming too broad in the absorption spectrum or being lost in the background that they partly overlapped with the ZnO absorption bands. Broad absorption of Au/ZnO in the visible region demonstrates that Au NPs in ZnO exhibit good optical property and, therefore, can be used as an efficient photocatalyst under visible light irradiation. The Au/ZnO exhibits a peak absorption peak at 377 nm. Compared to bulk ZnO (367 nm, 3.3 eV), the cotton ball-like Au/ZnO structure red-shifted by 10 nm, which is associated to the existence of Au NPs and/or their unique microcrystalline morphology [53]. The estimated band gap energy of Au/ZnO is around ~3.1 eV (inset of Figure 5).


Figure 5. The UV-Vis absorption spectrum at room-temperature of Au/ZnO synthesized in a micro-reactor. Inset of (αhv)2 (eV)2 vs. photon energy (hv).
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3.2. Formation Pathway of Core-Shell Au/ZnO


Mechanistic understanding is needed to produce Au/ZnO of sufficient quality for applications. Figure 6a shows a comparison between the UV-Vis absorption spectra of the Zn(NO3)2 and HAuCl4 in the precursor solutions, and their mixed solutions. The UV-Vis absorption spectra characterizing the solution containing the Zn(NO3)2 and HAuCl4 species consisted of strong bands at 301 nm and 294 nm, which can be assigned to the NO3− [54] and AuCl4− [55] ions, respectively. The formation of a new chemical phase was not observed in the solutions during the mixing of the selected precursors.


Figure 6. (a) UV-Vis spectra of Zn(NO3)2 and HAuCl4 solutions as precursors. Speciation diagram of (b) HAuCl4 and (c) Zn(NO3)2 precursors in solution with pH.
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The possible mechanism of core-shell Au/ZnO formation in the micro-reactor under hydrothermal conditions was investigated by using the Visual MINTEQ equilibrium speciation program, where pH adjustment is critical. Figure 6b,c shows the pH-dependent speciation diagram of Au and Zn complexes in the solution, respectively. Again, at room temperature, Zn(NO3)2 and HAuCl4 ions exist in Zn2+ + NO3− and AuCl4− + 2H+ forms in the precursor solution, which are transformed to [Zn(OH2)4−n(OH)n]2−n and [Au(OH)n+1Cl3−n]−, respectively, with an increase in pH. The pH of the solution is 9.5 when 0.1 M of Na2CO3 and 0.05 M of Zn(NO3)2 and 4.2 × 10−4 M of HAuCl4 are mixed at 25 °C.



In principle, the crystal growth process includes nuclei and growth. The micro-reaction system allows for precise control of reaction conditions and even allows for the separation of nucleation and growth stages, which enables the formation pathway for these Au/ZnO structures. The separation of nucleation and growth, which cannot be achieved in conventional batch reactors, would control the formation pathway of the crystal growth due to the precise controllability of reaction conditions. At the early stage in a micro-reactor (mixing zone), we observed that a turbid white color was immediately/consistently formed in the tubing at room temperature. This is an insoluble Zn(OH)2 species and it has been used as a seed to grow ZnO as we discussed in the prior work [41]. This also indicates that a larger quantity of Zn(OH)2 and a smaller quantity of the growth unit, Zn(OH)4−2, are formed. At the same time, AuCl4− ions are fully hydrolyzed to Au(OH)4− ions. The isoelectric point of Zn(OH)2 is at a pH of 7.8, which indicates that the positively charged species (i.e., Zn(OH)2+) dominates because of the protonation of the surface hydroxyl group. Thus, electrostatic adsorption of the anionic Au(OH)4− ions occurs at the surface of the Zn(OH)2 seed as a direct anion exchange, and is continuously delivered to the growth zone. The reaction at an elevated temperature can take place sequentially:


Zn(OH)2 + 2OH− ↔ Zn(OH)4−2











This implies that a smaller quantity of Zn(OH)2 and a larger quantity of the growth unit, Zn(OH)4−2, are formed in the solution at the growth zone. Thus, in the hydrothermal process, there is enough growth unit to make ZnO grow from the circumference of the complex, Zn(OH)2-Au(OH)4−, resulting in the core-shell Au/ZnO structure after calcination (Figure 7). The more obvious white color in the growth zone as compared to the nucleation zone indicates the growth of ZnO.


Figure 7. Schematic growth diagram of the core-shell Au/ZnO structure synthesized in a micro-reactor in this study.
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On the other hand, when using the CP synthesis method, the precursor solution is a mixture of zinc hydroxides with Au(OH)3, which was formed by the neutralization of metal salts with alkali and deposited on the support surface at a growth temperature. After calcination, hydroxides of the supports are converted to metal oxides (ZnO), and Au(OH)3 is reduced to metallic Au, where Au NPs supported on the ZnO are obtained [42]. Therefore, the advantage of the micro-reactor in the synthesis of Au/ZnO is in the ability to mix the precursor solution with the alkali solution instantly, leading to Zn(OH)2 as ZnO nuclei uniformly in the solution.




3.3. Photocatalytic Activity of Methylene Blue Degradation


Photocatalytic activities of the cotton ball-like Au/ZnO were investigated by the degradation of MB solution under simulated sunlight. The evolution of the absorption spectra during the photocatalytic degradation of MB with Au/ZnO is shown in Figure 8a. It is well-known that pure ZnO with a wide band gap (3.3 eV for anatase and 3.0 eV for rutile) can be excited mostly by UV light. Hence, little to no photon-induced electron-hole pairs can be generated on the ZnO band-gap under visible light irradiation, leading to the fact that the photo-degradation of MB over ZnO is negligible. In contrast, it can be clearly seen that fast degradation of MB is achieved by adding a cotton ball-like Au/ZnO, indicating an existence of Au NPs in ZnO. Interestingly, a cotton ball-like core-shell Au/ZnO shows a higher photocatalytic activity than the Au-ZnO synthesized by the co-precipitation method (where most Au NPs exist on the surface of ZnO) [42], as shown in Figure 8b. This indicates that the interaction between the Au NPs and ZnO at the interfaces plays an important role in the photocatalytic activity. The kinetic linear fitting results (Figure 8c) reveal that the kinetic data of the photocatalytic degradation of MB match the first-order reaction kinetic model well. The reaction rate constant (k) values corresponding to various photocatalysts are summarized visually in Figure 8c. Specifically, the reaction rate constant catalyzed by the Au/ZnO synthesized in a micro-reactor is 1.6-fold of that of the reaction catalyzed by the Au-ZnO synthesized by the co-precipitation method.


Figure 8. Photocatalytic activities under simulated sunlight of the MB solution without sample, with Au-ZnO by CP, and with Au/ZnO by micro-reactor; (a) absorption spectra of the MB solution (10 mg·L−1) with irradiation time in the presence of Au/ZnO (The insert shows the used solar spectrum); (b) photocatalytic degradation of MB with irradiation time; and (c) a plot of ln (C/C0) versus irradiation time. First-order degradation rate constants were obtained by plotting the natural logarithm of the absorbance versus irradiation time.
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It is widely regarded that Au NPs in metal oxides absorb strongly in the visible light region due to the SPR effect, and this SPR effect has a strong influence on visible-light driven photocatalysis with noble metal NPs on semiconducting materials [56,57,58]. However, no obvious SPR is observed with the cotton ball-like core-shell Au/ZnO photocatalyst synthesized in a micro-reactor, indicating that SPR does not affect the photocatalytic activities for the core-shell Au/ZnO in this work; Au NPs, which could efficiently act as a sink for photo-induced charge carrier separation, also promote interfacial charge-transfer processes [2,3].





4. Conclusions


Here, we have introduced a simple and scalable method to synthesize noble metal/metal oxide particle systems for efficient photocatalysts. From various measurements, it is demonstrated that a cotton ball-like Au/ZnO with a core-shell structure was synthesized in a continuous-flow micro-reactor. The existence of Au NPs in the cotton ball-like core-shell Au/ZnO structure was confirmed by HRTEM, XRD, and ICP-AES analysis. The formation pathway of the core-shell Au/ZnO structures was discussed with the pH-dependent speciation diagram. Compared to conventional Au-ZnO systems, higher photocatalytic performance was observed for the cotton ball-like core-shell Au/ZnO structure, where no SPR effect on the photocatalytic activity of dye degradation was observed. Taken together, such micro-reactor-based processes could provide a scalable platform for synthesizing higher-order nanostructures, such as metal/metal oxide core/shell or metal and alloy NPs systems under ambient conditions.







Author Contributions


K.-J.K. and P.B.K. conceived and designed and performed the experiments; K.-J.K. analyzed the data and wrote the paper. H.-G.A. supported and analyzed the BET and ICP-AES work. C.-H.C. supervised the work.




Acknowledgments


This work was financially supported by the Oregon Nanoscience and Microtechnologies Institute (ONAMI) and Oregon Built Environment & Sustainable Technologies (BEST) center. The authors would like to thank Changho Choi for his help with the experimental apparatus set-up and speciation diagram of precursor solutions. The authors also thank Paravee Vas-Umnuay for her help with the solar simulator set-up. We are thankful to Stephen Golledge at CAMCOR, University of Oregon, for his valuable assistance in obtaining, analyzing, and interpreting XPS and TOF-SIMS data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Kochuveedu, S.T.; Kim, D.-P.; Kim, D.H. Surface-plasmon-induced visible light photocatalytic activity of TiO2 nanospheres decorated by Au nanoparticles with controlled configuration. J. Phys. Chem. C 2012, 116, 2500–2506. [Google Scholar] [CrossRef]

	2. 
Li, P.; Wei, Z.; Wu, T.; Peng, Q.; Li, Y. Au−ZnO hybrid nanopyramids and their photocatalytic properties. J. Am. Chem. Soc. 2011, 133, 5660–5663. [Google Scholar] [CrossRef] [PubMed]

	3. 
Udawatte, N.; Lee, M.; Kim, J.; Lee, D. Well-defined Au/ZnO nanoparticle composites exhibiting enhanced photocatalytic activities. ACS Appl. Mater. Interfaces 2011, 3, 4531–4538. [Google Scholar] [CrossRef] [PubMed]

	4. 
Pawinrat, P.; Mekasuwandumrong, O.; Panpranot, J. Synthesis of Au–ZnO and Pt–ZnO nanocomposites by one-step flame spray pyrolysis and its application for photocatalytic degradation of dyes. Catal. Commun. 2009, 10, 1380–1385. [Google Scholar] [CrossRef]

	5. 
Wang, Q.; Geng, B.; Wang, S. ZnO/Au hybrid nanoarchitectures: Wet-chemical synthesis and structurally enhanced photocatalytic performance. Environ. Sci. Technol. 2009, 43, 8968–8973. [Google Scholar] [CrossRef] [PubMed]

	6. 
Wu, Y.; Liu, H.; Zhang, J.; Chen, F. Enhanced photocatalytic activity of nitrogen-doped titania by deposited with gold. J. Phys. Chem. C 2009, 113, 14689–14695. [Google Scholar] [CrossRef]

	7. 
Lee, M.-K.; Tu, H.-F. Au–ZnO and Pt–ZnO films prepared by electrodeposition as photocatalysts. J. Electrochem. Soc. 2008, 155, D758–D762. [Google Scholar] [CrossRef]

	8. 
Wu, J.-J.; Tseng, C.-H. Photocatalytic properties of nc-Au/ZnO nanorod composites. Appl. Catal. B Environ. 2006, 66, 51–57. [Google Scholar] [CrossRef]

	9. 
Yang, T.-T.; Chen, W.-T.; Hsu, Y.-J.; Wei, K.-H.; Lin, T.-Y.; Lin, T.-W. Interfacial charge carrier dynamics in core−shell Au-CdS nanocrystals. J. Phys. Chem. C 2010, 114, 11414–11420. [Google Scholar] [CrossRef]

	10. 
Wang, W.; Zhang, J.; Chen, F.; He, D.; Anpo, M. Preparation and photocatalytic properties of Fe3+-doped Ag@TiO2 core–shell nanoparticles. J. Colloid Interface Sci. 2008, 323, 182–186. [Google Scholar] [CrossRef] [PubMed]

	11. 
Hirakawa, T.; Kamat, P.V. Charge separation and catalytic activity of Ag@TiO2 core−shell composite clusters under UV−Irradiation. J. Am. Chem. Soc. 2005, 127, 3928–3934. [Google Scholar] [CrossRef] [PubMed]

	12. 
Zhao, C.-X.; He, L.; Qiao, S.Z.; Middelberg, A.P.J. Nanoparticle synthesis in microreactors. Chem. Eng. Sci. 2011, 66, 1463–1479. [Google Scholar] [CrossRef]

	13. 
Tao, S.; Yang, M.; Chen, H.; Zhao, S.; Chen, G. Continuous synthesis of Ag/AgCl/ZnO composites using flow chemistry and photocatalytic application. Ind. Eng. Chem. Res. 2018, 57, 3263–3273. [Google Scholar] [CrossRef]

	14. 
Tao, S.; Yang, M.; Chen, H.; Ren, M.; Chen, G. Continuous synthesis of hedgehog-like Ag–ZnO nanoparticles in a two-stage microfluidic system. RSC Adv. 2016, 6, 45503–45511. [Google Scholar] [CrossRef]

	15. 
Wojnicki, M.; Luty-Blocho, M.; Hessel, V.; Csapo, E.; Ungor, D.; Fitzner, K. Micro droplet formation towards continuous nanoparticles synthesis. Micromachines 2018, 9, 248. [Google Scholar] [CrossRef]

	16. 
Lummiss, J.A.M.; Morse, P.D.; Beingessner, R.L.; Jamison, T.F. Towards more efficient, greener syntheses through flow chemistry. Chem. Rec. 2017, 17, 667–680. [Google Scholar] [CrossRef] [PubMed]

	17. 
Duraiswamy, S.; Khan, S. Droplet-based microfluidic synthesis of anisotropic metal nanocrystals. Small 2009, 5, 2828–2834. [Google Scholar] [CrossRef] [PubMed]

	18. 
Cabeza, V.S.; Kuhn, S.; Kulkarni, A.; Jensen, K. Size-controlled flow synthesis of gold nanoparticles using a segmented flow microfluidic platform. Langmuir 2012, 28, 7007–7013. [Google Scholar] [CrossRef] [PubMed]

	19. 
Hartlieb, K.; Saunders, M.; Jachuck, R.; Raston, C. Continuous flow synthesis of small silver nanoparticles involving hydrogen as the reducing agent. Green Chem. 2010, 12, 1012–1017. [Google Scholar] [CrossRef]

	20. 
Ravi Kumar, D.V.; Prasad, B.L.V.; Kulkarni, A.A. Segmented flow synthesis of Ag nanoparticles in spiral microreactor: Role of continuous and dispersed phase. Chem. Eng. J. 2012, 192, 357–368. [Google Scholar] [CrossRef]

	21. 
Du Toit, H.; Macdonald, T.J.; Huang, H.; Parkin, I.P.; Gavriilidis, A. Continuous flow synthesis of citrate capped gold nanoparticles using uv induced nucleation. RSC Adv. 2017, 7, 9632–9638. [Google Scholar] [CrossRef]

	22. 
Li, S.; Gross, G.A.; Günther, P.M.; Köhler, J.M. Hydrothermal micro continuous-flow synthesis of spherical, cylinder-, star- and flower-like ZnO microparticles. Chem. Eng. J. 2011, 167, 681–687. [Google Scholar] [CrossRef]

	23. 
Takagi, M.; Maki, T.; Miyahara, M.; Mae, K. Production of titania nanoparticles by using a new microreactor assembled with same axle dual pipe. Chem. Eng. J. 2004, 101, 269–276. [Google Scholar] [CrossRef]

	24. 
Song, Y.; Henry, L. Nearly monodispersion CoSm alloy nanoparticles formed by an in-situ rapid cooling and passivating microfluidic process. Nanoscale Res. Lett. 2009, 4, 1130–1134. [Google Scholar] [CrossRef] [PubMed]

	25. 
He, Y.; Kim, K.-J.; Chang, C.-H. Continuous, size and shape-control synthesis of hollow silica nanoparticles enabled by a microreactor-assisted rapid mixing process. Nanotechnology 2017, 28, 235602. [Google Scholar] [CrossRef] [PubMed]

	26. 
Yen, B.; Günther, A.; Schmidt, M.; Jensen, K.; Bawendi, M. A microfabricated gas-liquid segmented flow reactor for high-temperature synthesis: The case of CdSe quantum dots. Angew. Chem. 2005, 117, 5583–5587. [Google Scholar] [CrossRef]

	27. 
Hostetler, E.B.; Kim, K.-J.; Oleksak, R.P.; Fitzmorris, R.C.; Peterson, D.A.; Chandran, P.; Chang, C.-H.; Paul, B.K.; Schut, D.M.; Herman, G.S. Synthesis of colloidal PbSe nanoparticles using a microwave-assisted segmented flow reactor. Mater. Lett. 2014, 128, 54–59. [Google Scholar] [CrossRef]

	28. 
Kim, K.-J.; Oleksak, R.P.; Hostetler, E.B.; Peterson, D.A.; Chandran, P.; Schut, D.M.; Paul, B.K.; Herman, G.S.; Chang, C.-H. Continuous microwave-assisted gas-liquid segmented flow reactor for controlled nucleation and growth of nanocrystals. Cryst. Growth Des. 2014, 14, 5349–5355. [Google Scholar] [CrossRef]

	29. 
Abou-Hassan, A.; Bazzi, R.; Cabuil, V. Multistep continuous-flow microsynthesis of magnetic and fluorescent γ-Fe2O3@SiO2 core/shell nanoparticles. Angew. Chem. 2009, 121, 7316–7319. [Google Scholar] [CrossRef]

	30. 
Chang, J.-Y.; Yang, C.-H.; Huang, K.-S. Microfluidic assisted preparation of CdSe/ZnS nanocrystals encapsulated into poly(dl-lactide-co-glycolide) microcapsules. Nanotechnology 2007, 18, 305305. [Google Scholar] [CrossRef]

	31. 
Chang, C.-H.; Paul, B.K.; Remcho, V.T.; Atre, S.; Hutchison, J.E. Synthesis and post-processing of nanomaterials using microreaction technology. J. Nanopart. Res. 2008, 10, 965–980. [Google Scholar] [CrossRef]

	32. 
Kim, K.-J.; Pan, C.; Bansal, S.; Malhotra, R.; Kim, D.-H.; Chang, C.-H. Scalably synthesized environmentally benign, aqueous-based binary nanoparticle inks for Cu2ZnSn(S,Se)4 photovoltaic cells achieving over 9% efficiency. Sustain. Energy Fuels 2017, 1, 267–274. [Google Scholar] [CrossRef]

	33. 
Haldar, K.K.; Sen, T.; Patra, A. Au@ZnO core−shell nanoparticles are efficient energy acceptors with organic dye donors. J. Phys. Chem. C 2008, 112, 11650–11656. [Google Scholar] [CrossRef]

	34. 
Sun, L.; Wei, G.; Song, Y.; Liu, Z.; Wang, L.; Li, Z. Solution-phase synthesis of Au@ZnO core-shell composites. Mater. Lett. 2006, 60, 1291–1295. [Google Scholar] [CrossRef]

	35. 
Han, X.; Qin, W.-J.; Sun, J.; Yang, J.; Niu, K.-Y.; Wang, H.-L.; Du, X.-W. Surfactant-assisted synthesis of ZnO–Au nanostructure with good dispersibility. J. Alloys Compd. 2009, 477, 661–664. [Google Scholar] [CrossRef]

	36. 
Qin, Y.; Zhou, Y.; Li, J.; Ma, J.; Shi, D.; Chen, J.; Yang, J. Fabrication of hierarchical core-shell Au@ZnO heteroarchitectures initiated by heteroseed assembly for photocatalytic applications. J. Colloid Interface Sci. 2014, 418, 171–177. [Google Scholar] [CrossRef] [PubMed]

	37. 
Wang, Y.; Fang, H.-B.; Zheng, Y.-Z.; Ye, R.; Tao, X.; Chen, J.-F. Controllable assembly of well-defined monodisperse Au nanoparticles on hierarchical ZnO microspheres for enhanced visible-light-driven photocatalytic and antibacterial activity. Nanoscale 2015, 7, 19118–19128. [Google Scholar] [CrossRef] [PubMed]

	38. 
Ahmad, M.; Yingying, S.; Nisar, A.; Sun, H.; Shen, W.; Wei, M.; Zhu, J. Synthesis of hierarchical flower-like ZnO nanostructures and their functionalization by Au nanoparticles for improved photocatalytic and high performance Li-ion battery anodes. J. Mater. Chem. 2011, 21, 7723–7729. [Google Scholar] [CrossRef]

	39. 
Han, Z.; Wei, L.; Zhang, Z.; Zhang, X.; Pan, H.; Chen, J. Visible-light photocatalytic application of hierarchical Au-ZnO flower-rod heterostructures via surface Plasmon resonance. Plasmonics 2013, 8, 1193–1202. [Google Scholar] [CrossRef]

	40. 
Qu, X.; Yang, R.; Tong, F.; Zhao, Y.; Wang, M.-H. Hierarchical ZnO microstructures decorated with Au nanoparticles for enhanced gas sensing and photocatalytic properties. Powder Technol. 2018, 330, 259–265. [Google Scholar] [CrossRef]

	41. 
Kim, K.-J.; Kreider, P.B.; Choi, C.; Chang, C.-H.; Ahn, H.-G. Visible-light-sensitive Na-doped p-type flower-like ZnO photocatalysts synthesized via a continuous flow microreactor. RSC Adv. 2013, 3, 12702–12710. [Google Scholar] [CrossRef]

	42. 
Kim, K.-J.; Kreider, P.B.; Chang, C.-H.; Park, C.-M. Visible-light-sensitive nanoscale Au–ZnO photocatalysts. J. Nanopart. Res. 2013, 15, 1606. [Google Scholar] [CrossRef]

	43. 
Xia, Y.; Wang, J.; Chen, R.; Zhou, D.; Xiang, L. A review on the fabrication of hierarchical ZnO nanostructures for photocatalysis application. Crystals 2016, 6, 148. [Google Scholar] [CrossRef]

	44. 
Qian, K.; Huang, W.; Fang, J.; Lv, S.; He, B.; Jiang, Z.; Wei, S. Low-temperature CO oxidation over Au/ZnO/SiO2 catalysts: Some mechanism insights. J. Catal. 2008, 255, 269–278. [Google Scholar] [CrossRef]

	45. 
Deng, Z.; Chen, M.; Gu, G.; Wu, L. A Facile method to fabricate ZnO hollow spheres and their photocatalytic property. J. Phys. Chem. B 2008, 112, 16–22. [Google Scholar] [CrossRef] [PubMed]

	46. 
Hsieh, P.-T.; Chen, Y.-C.; Kao, K.-S.; Wang, C.-M. Luminescence mechanism of ZnO thin film investigated by XPS measurement. Appl. Phys. A Mater. Sci. Process. 2008, 90, 317–321. [Google Scholar] [CrossRef]

	47. 
Pandey, B.; Ghosh, S.; Srivastava, P.; Kabiraj, D.; Shripati, T.; Lalla, N.P. Synthesis of nanodimensional ZnO and Ni-doped ZnO thin films by atom beam sputtering and study of their physical properties. Phys. E 2009, 41, 1164–1168. [Google Scholar] [CrossRef]

	48. 
Chang, Y.; Xu, J.; Zhang, Y.; Ma, S.; Xin, L.; Zhu, L.; Xu, C. Optical properties and photocatalytic performances of Pd modified ZnO samples. J. Phys. Chem. C 2009, 113, 18761–18767. [Google Scholar] [CrossRef]

	49. 
Chen, W.-T.; Yang, T.-T.; Hsu, Y.-J. Au-CdS core−shell nanocrystals with controllable shell thickness and photoinduced charge separation property. Chem. Mater. 2008, 20, 7204–7206. [Google Scholar] [CrossRef]

	50. 
Wang, X.; Kong, X.; Yu, Y.; Zhang, H. Synthesis and characterization of water-soluble and bifunctional ZnO−Au nanocomposites. J. Phys. Chem. C 2007, 111, 3836–3841. [Google Scholar] [CrossRef]

	51. 
Yu, X.; Shavel, A.; An, X.; Luo, Z.; Ibáñez, M.; Cabot, A. Cu2ZnSnS4-Pt and Cu2ZnSnS4-Au heterostructured nanoparticles for photocatalytic water splitting and pollutant degradation. J. Am. Chem. Soc. 2014, 136, 9236–9239. [Google Scholar] [CrossRef] [PubMed]

	52. 
Eustis, S.; El-Sayed, M.A. Why gold nanoparticles are more precious than pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of different shapes. Chem. Soc. Rev. 2006, 35, 209–217. [Google Scholar] [CrossRef] [PubMed]

	53. 
Haase, M.; Weller, H.; Henglein, A. Photochemistry and radiation chemistry of colloidal semiconductors. 23. Electron storage on zinc oxide particles and size quantization. J. Phys. Chem. 1988, 92, 482–487. [Google Scholar] [CrossRef]

	54. 
Roig, B.; Theraulaz, F.; Thomas, O. UV recovery of organic pollution parameters: Mineral constituents. In UV-Visible Spectrophotometry of Water and Wastewater, 1st ed.; Thomas, O., Burgess, C., Eds.; Elsevier: Amsterdam, The Netherland, 2007; Volume 27, pp. 115–144. ISBN 9780444530929. [Google Scholar]

	55. 
Ivanova, S.; Pitchon, V.; Petit, C.; Herschbach, H.; Dorsselaer, A.V.; Leize, E. Preparation of alumina supported gold catalysts: Gold complexes genesis, identification and speciation by mass spectrometry. Appl. Catal. A Gener. 2006, 298, 203–210. [Google Scholar] [CrossRef]

	56. 
Chen, X.; Zhu, H.-Y.; Zhao, J.-C.; Zheng, Z.-F.; Gao, X.-P. Visible-light-driven oxidation of organic contaminants in air with gold nanoparticle catalysts on oxide supports. Angew. Chem. 2008, 47, 5353–5356. [Google Scholar] [CrossRef] [PubMed]

	57. 
Primo, A.; Corma, A.; García, H. Titania supported gold nanoparticles as photocatalyst. Phys. Chem. Chem. Phys. 2011, 13, 886–910. [Google Scholar] [CrossRef] [PubMed]

	58. 
Wilson, R. The use of gold nanoparticles in diagnostics and detection. Chem. Soc. Rev. 2008, 37, 2028–2045. [Google Scholar] [CrossRef] [PubMed]

























© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
efMholuz

Zn? + AuCly
Na,C0,





media/file4.png
—
Q)

—
N
o

Y
)]
]

(9]
]

—&— Adsorption
—O— Desorption

Volume adsorbed (mmol g'1)
o

0 | T ' '

0.0 0.2 0.4 0.6 0.8
Relative pressure (P/P )

1.0

=

Intensity (a.u.)

Au(111)

Intensity (a.u.)

736 37 38 39740
2Theta~(deg

JCPDS # 05-0664
| |

30

40 50

2 Theta (deg.

60 70

)





nav.xhtml


  micromachines-09-00322


  
    		
      micromachines-09-00322
    


  




  





media/file16.png
)

Intensity (a.u.)

—
=
o

35

s

>

et

W

=

8]

£
1.0 l T‘E

3

[=8

w

300 400 500 600 70O 800
0.5 4 Wavelength (nm)

500
Wavelength (nm)

600

0 mim
20 min
40 min
60 min
100 min
140 min
180 min

C/C, (a.u.)

06— o .

0.8

0.0

B —8— without sample

—&— Au-ZnO by CP

¢ —h— AU/ZNnO by micro-reactor

0 50

100 150
Irradiation time (min)

200

® without sample
®  Au-ZnO by CP (k=0.0118 min™")
A AWZnO by micro-reactor (k=0.0183 min™')

EY

1 I 1
S0 100 150
Irradiation time (min)

200





media/file2.png
=1.168

O/Zn

"

10

Energy (keV)





media/file5.jpg
6 nersty 0.0

XPS intensity (cps)
XPS intensity (cps)

O

Intensity (a.u.)

ey
—

=

o xes e

" Geevongen 0)
Orgen cancy 0,

T cramasrned mgen 0)

B 0

s






media/file3.jpg
(a)20 (b)

>

i N e

s ~ v

3 !

20 z

1 2

& 2

g -

5 o Adpion

3 S Beion | oo o6
° L1 . L
0 02 o4 o0s 08 10 % o s s

Relative pressure (P/P) 2 Theta (deg.)





media/file1.jpg
Intensity (a.u.)

0/zn=1.168

s e 8 w0
Energy (keV)





media/file7.jpg





media/file10.png
Absorbance (a.u.)

300

400

500 600
Wavelength (nm)

700

800





media/file12.png
—
Q

Adsorbance (a.u.)

— Zn(NO,),

—— HAuCI,

— 2Zn(NO,), + HAuCI,

297

5
s
2 (294
e
8
o 301
7]
o
<

1 1 1
300 320 340
Wavelength (nm)

T

300

I I 1 I

350 400 450 500
Wavelength (nm)

550

—

(o)

N—
a8

Concentration (a.u.)

—o— Au”
—&— Au(OH)*
—A— AU(OH)”

—
O
N

Concentration (a.u.)

—o— Zn"”
—8— ZnOH’

—aA— Zn(OH), (aq.)
—w— Zn(OH)*
—&— Zn(OH),”






media/file9.jpg
Absorbance (a.u.)

(ahv)? (eVy

300

400

500 600
Wavelength (nm)

700

800





media/file0.png





media/file14.png
-"(HO)uz

®
©






media/file8.png
/
4
>y,
i’/

iy

r fFv ‘T4

;//,'.' , oy iy 0:262 nm
;, /;/// // n 74 S ads ’ *Z-n.o (002)
g - /

) g 4
,"""’/”r,ﬁ

¢)ﬂ//l, ,,/ ,’/ 4

iy
W/// L 4

dddddadde

nQ (32) B % ZnO (110)
ono (103) By e A C(K) : 69.74wt%

O(K) : 5.58wt%
Zn(K) : 15.27wt%
Cu(K): 3.89wt%
Au(L) : 5.51wt%

% (100
,,;;m Au 1)
(o8 Zno (101)

Intensity (a.u.)

8
Energy (keV)






media/file11.jpg





media/file6.png
—
Q
S—

XPS intensity (cps)

g,
@)
S—

(a.u.)

Intensi

g Au 4d ( b)
O XPS spectrum %' O XPS spectrum
— Fitted curve S | — Fitted curve
= ) Lattice oxygen (O,)
0 8 —— Oxygen vacancy (O,)
x — | —— Chemisorbed o
: | : | .B‘ emisorbed oxygen (O,)
339 336 333 330 ‘O
[
Binding energy (eV) Q9
=
1))
o
<
| I I | | I I T T
95 90 85 80 536 534 532 530 528
Binding energy (eV) Binding energy (eV)
Au” 198
AuO- 213
AuOH 214
AuCN 223
CNO- AuCl 232
o | NO; o Au(CN), 249
CN o AuCOy 257
2
cr 55 Zn,0 Zn,0; AuCHO; 258
ZnOy AuCly 267
ZnO
‘ { n £nd02 Zn, 04
ul .lIn " .I.lu‘l‘
Y | I T T
0 50 100 150 200 250

m/z

300





media/file15.jpg





