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Micro- and nanoscale ZnO tetrapods provide an attractive support for metallic nanostructures since they can be inexpensively produced using the flame transport method and nanoparticle synthesis schemes can take advantage of a coupled response facilitated by the formation of a semiconductor-metal interface. Here, we present a light-mediated solution-based growth mode capable of decorating the surface of ZnO tetrapods with nanostructures of gold, silver, copper, platinum, palladium, ruthenium, iridium, and rhodium. It involves two coupled reactions that are driven by the optical excitation of electron-hole pairs in the ZnO semiconductor by ultraviolet photons where the excited electrons are used to reduce aqueous metal ions onto the ZnO tetrapod as excited holes are scavenged from the surface. For the most part, the growth mode gives rise to nanoparticles with a roundish morphology that are uniformly distributed on the tetrapod surface. Larger structures with irregular shapes are, however, obtained for syntheses utilizing aqueous metal nitrates as opposed to chlorides, a result that suggests that the anion plays a role in shape determination. It is also demonstrated that changes to the molarity of the metal ion can influence the nanostructure nucleation rate. The catalytic activity of tetrapods decorated with each of the eight metals is assessed using the reduction of 4-nitrophenol by borohydride as a model reaction where it is shown that those decorated with Pd, Ag, and Rh are the most active.
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INTRODUCTION

As a wide bandgap (3.37 eV) semiconductor exhibiting high electron mobility, room temperature luminescence, and piezoelectricity, ZnO has garnered intense interest (Kumar et al., 2017; Laurenti and Valentina, 2017; Chaudhary et al., 2018; Vishnukumar et al., 2018). Its relevance has been further heightened by the ability to synthesize intricate geometries on both the nanoscale and microscale (Janotti and Van de Walle, 2009). A geometry of particular interest is the ZnO tetrapod, which has four arms connected to a central core. Tetrapods are typically formed using a non-catalytic growth mode that sees the nucleation of a zinc blende crystal core from which four wurtzite crystal arms emerge, a growth mode that is common to II–VI semiconductors (Newton and Warburton, 2007). Such structures are of intense interest due to potential applications in electronics, sensing, biomedicine, catalysis, and composites (Bai et al., 2008; Abdulgafour et al., 2012; Castillejos et al., 2012; Papavlassopoulos et al., 2014; Naghizadeh-Alamdari et al., 2015; Picciolini et al., 2015; Alsultany et al., 2016; Gröttrup et al., 2017a; Mishra and Adelung, 2017). With a high Young's modulus, the ability to withstand high temperatures, and the capability to be produced in bulk quantities from earth abundant materials, ZnO tetrapods can also act as inexpensive structural backbones (Newton and Warburton, 2007; Janotti and Van de Walle, 2009; Mecklenburg et al., 2012; Silva et al., 2017). Decorating micro- and nanoscale ZnO tetrapods with metal nanostructures is a particularly intriguing prospect in the respect that the tetrapod provides a retrievable support for use in liquid-phase heterogeneous catalysis while simultaneously providing the potential for a coupled response at the semiconductor-nanometal interface.

ZnO tetrapods decorated with noble metal nanostructures (e.g., Au, Ag, and Pt) and metal-oxides are known to enhance various sensing modalities and optoelectronic responses (Ammari et al., 2004; Zhang et al., 2007; Tan et al., 2008; Wang et al., 2011b; Rackauskas et al., 2015; Bertoni et al., 2016; Sun et al., 2016; Schütt et al., 2017; Wu et al., 2017). In particular, methods for synthesizing Au nanostructures on the ZnO tetrapod surface have been successfully demonstrated through liquid-phase deposition-precipitation (Castillejos et al., 2012), light-mediation (Picciolini et al., 2015), and physical vapor phase techniques (Silva et al., 2017). Coupled with Au nanostructures, ZnO tetrapods have been shown to increase the sensitivity of SERS (surface-enhanced Raman spectroscopy) surfaces (Picciolini et al., 2015). ZnO tetrapods decorated with noble metals have also been investigated as a tool in the assessment of plasma concentrations, food processing, biomolecular sensing, high energy imaging, and radiation detection (Tarrago-Trani et al., 2006; Podila et al., 2011; Castillejos et al., 2012; Picciolini et al., 2015; Sun et al., 2016). Ag-decorated ZnO tetrapods are valued because of the intense plasmonic resonances exhibited by Ag nanoparticles in the visible spectrum. Such structures have been demonstrated as highly efficient photocatalysts in model reactions such as the degradation of methylene blue and methylene orange (Wang et al., 2011a; Li et al., 2013; Naghizadeh-Alamdari et al., 2015; Rackauskas et al., 2015; Bertoni et al., 2016). There have also been demonstrations employing thin film evaporation to produce surface structures and even hybrid synthesis techniques that introduce metallic precursors during the tetrapod assembly stage (Giorgio et al., 1995; Ammari et al., 2004; Fouad et al., 2011; Gröttrup et al., 2017b). These techniques, however, rarely produce high nanostructure number densities, monodisperse metal nanoparticles, or consistent nanostructure geometries.

Solution-based chemistry provides the most versatile route for forming supported noble metal nanostructures on oxide supports (Lee et al., 2014; Li and Tang, 2014; Munnik et al., 2015; Neretina et al., 2016). Such routes can, however, prove challenging when using ZnO tetrapods since the chemical environments used in many of these liquid-phase syntheses attack the ZnO surface. Light-mediated solution-based growth modes present a possible means for mitigating this concern since they can be carried out at room temperature under relatively mild reaction conditions. While light-mediated growth modes have been successfully demonstrated for Au (Castillejos et al., 2012; Picciolini et al., 2015; Bertoni et al., 2016) and Ag (Wang et al., 2011b; Wu et al., 2017), a single-step light-driven synthesis has not yet been demonstrated for decorating ZnO tetrapods with a wide variety of metallic nanostructures. Here, we demonstrate the surface decoration of ZnO tetrapods with Au, Ag, Pt, Cu, Pd, Ir, Rh, and Ru using a liquid-phase UV light-mediated synthetic pathway. The so-formed structures are then assessed as catalysts using the model reaction that sees 4-nitrophenol (4-NP) reduced to 4-aminophenol (4-AP) by borohydride.

RESULTS AND DISCUSSION

Synthesis

Figure 1 schematically shows the chemical processes used to generate ZnO tetrapods decorated with metal nanostructures. The synthesis was adapted from a previously reported optically-driven growth mode (Picciolini et al., 2015; Bertoni et al., 2016). It is reliant on ZnO tetrapods being suspended in liquid reactants that support two coupled reactions that are driven by UV photons. The reaction is initiated by the optical excitation of electron-hole pairs in the ZnO semiconductor. With electrons excited above the band gap into the conduction band and Au3+ ions in the adjacent solution, the conditions exist for a reaction that sees the ions reduced to Au0, a neutral species which deposits on the surface and acts as a favorable nucleation site for continued deposition. The reduction of each Au3+ ion leaves behind three holes in the valence band and the overall Au/ZnO structure with a charge of 3+. At the same time, the adjacent solution has a corresponding negative charge. Such a charge build-up would ultimately prevent the reduction and deposition of further Au3+ ions due to Coulombic repulsion. This situation is, however, remedied by a second reaction that sees the oxidative reduction of isopropyl alcohol to acetone (Ait-Ichou et al., 1984; Yamakata et al., 2002, 2003). In this reaction, electrons are injected into the ZnO while positive H+ ions enter the liquid phase. With this reaction giving rise to a charge imbalance that is opposite to the Au3+ reduction reaction, the electro-neutrality of both the structure and the solution is preserved. (Picciolini et al., 2015) The various chemical processes occurring at the ZnO surface are illustrated in Figure 1A.
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FIGURE 1. (A) Schematic representation of the light-mediated growth mode used to decorate ZnO tetrapods with Au nanoparticles. The incident UV light excites electron-hole pairs in the ZnO. The electrons excited to the conduction band reduce Au3+ ions which leads to Au deposition. The holes in the valence band are scavenged through recombination with electrons derived from a reaction which sees the oxidative reduction of isopropyl alcohol to acetone as well as the release of H+ ions into the solution. (B) Schematic showing the synthesis process in which (i) ZnO tetrapods are added to isopropyl alcohol and stirred, (ii) the reaction is initiated through the addition of aqueous HAuCl4 and the application of UV light, and (iii) Au nanoparticles (NPs) form on the ZnO tetrapods.



The tetrapods used in the light-mediated growth mode were synthesized using the flame transport method, the details of which can be found elsewhere (Mishra et al., 2013). Briefly, micrometer-scale metallic precursors, sacrificial polymer polyvinyl butyral (PVB), and ethanol in a specific weight ratio are heated in a muffle furnace (open-air) where the oxygen concentration required for ZnO tetrapod growth is tuned by adjusting the amount O2 consumed in the combustion of PVB and ethanol. Decreasing the concentration of these reactants, hence, results in greater quantities of oxygen available for the ZnO synthesis. As the reactants are transported through the furnace by convection, ZnO nanoparticles first nucleate and, with time, evolve into tetrapods with micro and nanoscale dimensions. The tetrapods are then collected on substrates or from the inside of the furnace. The as-synthesized tetrapods are then readied for nanoparticle decoration by suspending them in isopropyl alcohol that is rapidly stirred to inhibit their precipitation. The reaction is initiated by exposing the solution to 4 W 365 nm UV light as a small quantity of aqueous metal ions is injected. In addition to the ZnO tetrapod preparation method, the use of a low wattage UV light source marks a key difference between this work and the prior study (Bertoni et al., 2016) which utilized a broadband 300 W halogen lamp. Metal nanostructure growth is allowed to proceed over a 2 h interval where the metal ion supply is periodically replenished though additional injections. The reaction is terminated by turning off the UV light source. In the absence of stirring, the metal decorated ZnO tetrapods readily precipitate and are easily harvested. These structures are then cleaned and re-suspended in fresh isopropyl alcohol, and stored as such. The synthesis procedure is schematically depicted in Figure 1B.

Au Nanoparticle Decoration

Figure 2A shows an SEM image of ZnO tetrapods produced using the flame transport method. The structures, which vary widely in size, have tapered arms that can extend tens of micrometers in length and exhibit a solid or hollow interior. Figures 2B–E shows a series of SEM images of Au-decorated tetrapods derived from the light-mediated synthesis. For all cases, the ZnO tetrapods appear structurally intact, showing no indication of any chemical attack due to the light-mediated synthesis. The Au nanostructures that decorate the ZnO surface appear as unfaceted roundish nanoparticles. The separation and size of the nanostructures is dependent on the molarity of HAuCl4 used. Figures 2D–E compares ZnO tetrapods decorated with Au nanoparticles derived from HAuCl4 molarities of 1 and 0.5 mM, respectively. The lower molarity gives rise to a more densely decorated ZnO surface, a result that is highly reproducible. Histograms of the size distribution for the two cases (Figure 2F) indicate mean nanoparticle diameters of 47.5 and 31.8 nm for the 1 and 0.5 mM concentrations where, in both cases, the standard deviation is ~14 nm. At the lower concentration, the number density of Au3+ ions available at the ZnO tetrapod surface is a factor of two less. The number of available conduction band electrons, however, is the same since the incident light intensity is maintained at the same value for all syntheses. The result indicates that, under these conditions, a lower Au3+ concentration in the adjacent solution provides a more favorable condition for the nucleation of additional Au nanoparticles as opposed to continued deposition onto preexisting structures. While the higher density of nanoparticles gives the impression that more Au is deposited on the ZnO tetrapods for 0.5 mM concentration, this is not the case. An analysis of the volume of Au deposited per unit area over the course of the 2 h synthesis indicates that 1.7 × more Au is deposited when using the 1 mM concentration. This estimate was made by analyzing the size distribution over representative areas imaged in SEM from which the total volume of Au was calculated. XRD characterization of the Au-decorated ZnO tetrapods using the Bragg-Brentano Θ−2Θ configuration is shown in Figure 2G. With all reflections being attributed to ZnO or Au, the result confirms that no unexpected phases originate from the flame transport method or the light-mediated growth mode.
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FIGURE 2. SEM images showing (A) bare ZnO tetrapods (B–D), Au nanoparticles synthesized on ZnO tetrapods from 1 mM HAuCl4 (E), Au nanoparticles synthesized on ZnO tetrapod from 0.5 mM HAuCl4 (F), histograms showing the Au nanoparticle size distribution derived from 1 mM (blue) and 0.5 mM (red) HAuCl4. (G) XRD data showing the Au and ZnO reflections.



Nanoparticle Decoration With Pt-Group Metals

Light-mediated syntheses of Pt-group metals were carried out in an analogous manner using aqueous K2PtCl4, Na2PdCl4, RuCl3, H2IrCl6, and Na3RhCl6, to obtain Pt-, Pd-, Ru-, Ir-, and Rh-decorated tetrapods, respectively. Figure 3 shows SEM images of the Pt-, Pd-, Ru-, and Ir-decorated tetrapods and their corresponding size distributions. For all cases, the nanoparticles have a roundish geometry similar to that observed for Au. The structures are, however, smaller in size, more densely spaced, show greater monodispersity, and grow at a slower rate. For the Pt, Pd, Ru, and Ir nanoparticles the size distribution histograms indicate mean particle diameters of 20.91, 17.29, 25.34, and 14.12 nm with standard deviations of 7.03, 4.67, 6.99, and 4.68 nm, respectively. These characteristically smaller and more monodisperse nanoparticles form at a high density which indicates a greater propensity for the reduced metallic ions to nucleate at a new site on the ZnO tetrapod surface as opposed to their deposition onto pre-existing nanoparticles—an effect similarly seen for Au nanoparticle syntheses employing lower HAuCl4 concentrations (Figure 2E). The Ir synthesis is unique in that nanostructures preferentially nucleate on the tetropod arms as opposed to the core (Supplementary Figure 1). The Rh synthesis was also unique in that it was difficult to resolve a significant number of nanoparticles on the tertrapod surface with SEM. A small Rh signature was, however, obtained using Energy-dispersive X-ray spectroscopy (EDS). Moreover, the Rh-decorated tetrapods showed significant catalytic activity (vida infra). Together these results suggest that Rh nanoparticles are present on the tetrapod in numbers of significance, but where their size is below the resolution limit of the SEM. Characterization of the Rh-decorated tetrapods is presented as Supplementary Material (Supplementary Figure 2) along with EDS data for the other metals (Supplementary Figure 3).


[image: image]

FIGURE 3. (A) SEM images of ZnO tetrapods decorated with Pt, Pd, Ru, and Ir nanoparticles and (B) their corresponding size distribution histograms.



Nanoparticle Decoration With Cu and Ag

Aqueous solutions of CuCl2 and Cu(NO3)2 were both investigated as a means to decorate ZnO tetrapods with Cu nanoparticles. The CuCl2 results, shown in Figure 4A, were largely in line with those obtained for other metals in that it yielded a rounded nanoparticle geometry with an average diameter of 11.53 nm. In stark contrast, Cu(NO3)2 yielded a distinct morphology characterized by micrometer-scale plates that extend radially outward from the arms of the ZnO tetrapod (Figure 4B). It is noted that Wei et al. (2014) observed markedly different morphologies when depositing Cu nanostructures on ZnO nanowires using the same two salts, yielding small nanoparticles for CuCl2 and leaf-shaped structures for Cu(NO3)2. The growth of large plate-like structures off preexisting structures is not unprecedented. It has, for example, been observed for both Cu and Ag when deposited on Au templates (Gilroy et al., 2014; Mettela and Kulkarni, 2015; Zhu et al., 2018). Markedly different morphologies are also observed when the light-mediated growth mode is used to decorate the tetrapods with Ag using aqueous AgNO3. For this case, Ag structures form with a jagged shape (Figure 4C). It is conceivable that the [image: image] counterion derived from Cu(NO3)2 and AgNO3 is crucial to the formation of these anomalously shaped structures since all the chloride-based salts used in this study give rise to small rounded nanostructures.
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FIGURE 4. (A) SEM images of Cu-decorated ZnO tetrapods derived from aqueous CuCl2 and the corresponding nanoparticle size distribution histogram. SEM images of (B) Cu- and (C) Ag-decorated ZnO tetrapods derived from aqueous Cu(NO3)2 and AgNO3, respectively.



Catalysis

The catalytic reduction of 4-NP is widely recognized as a trusted model reaction for gauging the catalytic efficacy of nanoscale materials (Hervés et al., 2012; Aditya et al., 2015; Zhao et al., 2015). In this reaction, aqueous 4-NP is reduced to 4-AP by borohydride on the surface of a catalyst. A 4-NP absorbance peak at 400 nm is used to spectroscopically monitor the progress of the reaction in real-time. In the presence of a catalyst, the time dependence of the 400 nm absorbance takes the form of an exponential decay. An apparent reaction rate constant, kapp, can be extracted from the data using the expression:

[image: image]

where A/A0 is the absorbance at time t normalized to its initial value. A plot of the natural logarithm of the normalized absorbance vs. time, therefore, yields a straight line with a slope of kapp where larger values indicate a better performing catalyst. When assessing catalytic performance, it is imperative that the dissolved oxygen be purged from all aqueous reactants since its presence (i) gives rise to an induction time (Menumerov et al., 2016), (ii) diminishes kapp values (Menumerov et al., 2017), (iii) can result in the oxidative etching of catalytically active sites (Menumerov et al., 2018), and (iv) lead to the misidentification of the true catalyst (Menumerov et al., 2018).

The catalytic activity of ZnO tetrapods decorated with metal nanostructures were assessed using solutions of 30 μM 4-NP and 3 mM NaBH4. Bare ZnO tetrapods (i.e., those without metallic decoration) exhibited no catalytic activity toward the reduction of 4-NP. Of the eight different metals tested, significant catalytic activity was observed for ZnO tetrapods decorated with Pd, Ag, and Rh. Figure 5 shows the time dependent absorbance obtained for these metals as well as the plot used to extract kapp. The kapp values determined for ZnO tetrapod decorated with Ag, Pd, and Rh are 5.9 × 10−3 s−1, 5.7 × 10−3 s−1, and 2.5 × 10−3 s−1, respectively. While Ag and Pd are well-known for their catalytic activity toward the reduction of 4-nitrophenol, Rh has received little attention. Sub 10-nm nanoparticles of Ag are particularly catalytic due to a high density of low coordination surface sites (Menumerov et al., 2016). The catalytic activity of the comparatively large Ag structures shown in Figure 4C is likely attributable to their jagged shape since such a morphology is characterized by surfaces with numerous steps, kinks, and terraces that inevitably express numerous undercoordinated sites from which the catalytic activity is likely derived (Menumerov et al., 2018).


[image: image]

FIGURE 5. The time-dependence of the 400 nm 4-NP absorbance when using Rh-, Ag-, and Pd-decorated tetrapods as catalysts. The inset depicts the linear region of the normalized logarithmic plot of the absorbance from which the reaction rate is extracted.



CONCLUSION

In summary, we have demonstrated a light-mediated growth mode for decorating ZnO tetrapods with nanostructures of eight different elemental metals. By employing a room temperature reaction under relatively mild reaction conditions, we have avoided pitfalls associated with practicing common solution-based protocols that show chemical incompatibility with the ZnO surface. This study has, hence, forwarded the use of ZnO tetrapods as a support for metal nanostructures, with the potential to motivate new light-mediated synthesis schemes and provide a new platform for advancing applications in sensing, optoelectronic, catalysis, and photocatalysis that are reliant on a coupled response at the semiconductor-nanometal interface.

MATERIALS AND METHODS

Chemicals

Solution-based syntheses were carried out using 99.99% hydrogen tetrachloroaurate(III) trihydrate (Alfa Aesar), 99.9999% silver nitrate (Sigma-Aldrich), 99.99% copper (II) nitrate trihydrate (Sigma-Aldrich), 99.99% potassium tetrachloroplatinate(II) (Sigma-Aldrich), 99.999% sodium tetrachloropalladate(II) (Sigma-Aldrich), 99.98% ruthenium(III) chloride hydrate (Sigma-Aldrich), 99.98% hydrogen hexachloroiridate(IV) hydrate (Sigma-Aldrich), 99.98% sodium hexachlororhodate(III) (Sigma-Aldrich), and 100% isopropyl alcohol (Honeywell). Solutions for catalysis were prepared using 4-NP (Fluka), NaBH4 (Fluka), and DI water with a resistivity of 18.2 MΩ cm− 1. All chemicals were used as received.

Tetrapod Synthesis

ZnO tetrapods were prepared in bulk by the flame transport synthesis method (Mishra et al., 2013). Micrometer-scale (typically 3–10 μm) Zn precursor particles, polymer polyvinyl butyral, and ethanol are heated in a muffle-type furnace, in air, above 800°C at a rate >100°C min−1. The heated atmosphere within the furnace results in laminar convection that is utilized for the transportation and oxidation of the metallic particles and provides the emerging tetrapods with enough local space for uninterrupted growth as they continue to transit upward through the furnace. The size and geometry of the ZnO structure is dependent on the time spent in transit as well as the component material ratios and oven temperature, granting tunablility to the procedure. Once the reaction is complete, the ZnO tetrapods are collected from the inside the furnace.

Light-Mediated Growth Modes

Ten milligrams of ZnO tetrapods were weighed and added to a 50 mL polypropylene tube into which 48.8 mL of isopropyl alcohol was added and stirred at 680 rpm using a magnetic stirrer. A 100 μL of aqueous 1 mM metallic salt was added every 10 min for 2 h (for a total of 1.2 mL) while under a 365 nm, 4 W mercury vapor lamp. After 2 h the tetrapods were allowed to precipitate out of solution, where they were then rinsed twice with isopropyl alcohol. For SEM imaging, the decorated ZnO tetrapods were then dropcast onto sapphire heated to 90°C.

4-Nitrophenol Reduction

The catalytic reduction of 4-NP to 4-AP was carried out in a 3 mL quartz cuvette with a 1 cm path length and monitored using a UV-Vis spectrometer. The metal decorated ZnO tetrapods were first dried and then 2 mg were added to the empty cuvette. A 2 mL aqueous solution of 3 mM NaBH4 and 30 μM 4-NP was then prepared and purged with N2 gas for 10 min to remove dissolved oxygen. The cuvette was then filled with the purged solution and covered with Parafilm such that two small openings allowed for N2 gas to be flowed over the solution (Menumerov et al., 2016) to further prevent oxygen from dissolving into the reactants during data collection. The time dependent absorbance was measured at 400 nm for metal-decorated tetrapods investigated.

INSTRUMENTATION

SEM and EDS measurements were carried out using a Magellan 400 FEI field emission scanning electron microscope. XRD scans were obtained using a Bruker D8 Advance Davinci diffractometer using Cu Kα1 radiation. Absorbance spectra were acquired with a Jasco V-730 UV-Vis Spectrophotometer. The nanoparticle size distributions presented in Figures 2F, 3B, 4A were processed with ImageJ software using 312, 215, and 215 nanoparticles, respectively.
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