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Abstract

:

Plasmonic nanostructures can be employed for performing photocatalytic reactions with visible-light illumination involving two different possible mechanisms, namely, the near-field enhancement and/or direct hot-electron transfer to the conduction band of an active catalyst. In this study, we demonstrate the significant contribution of a graphene interface layer present between plasmonic nanoparticles and active catalysts (Pd nanodots) in enhancing the photocatalytic efficiency of Pd nanodots through an accelerated electron transfer process. The well-defined Pd-nanodot-modified gold nanoparticles with or without a graphene interface layer were prepared using a wet-chemical synthetic method. The role of the graphene interface was investigated by performing wavelength-dependent reduction studies using potassium hexacyanoferrate (III) in the presence of Pd-nanodot-modified cysteamine-modified AuNPs (Pd-cys-AuNPs), Pd-nanodot-modified graphene oxide (GO)-coated AuNPs (Pd-GO-AuNPs), and Pd-nanodot-modified reduced GO (rGO)-coated AuNPs (Pd-rGO-AuNPs). The fastest rate for the reduction of Fe3+ to Fe2+ was obtained with Pd-rGO-AuNPs because of the fast electron transfer achieved in the presence of the reduced graphene oxide layer. The highest catalytic activity for the visible-light induced C-C coupling reaction was obtained with Pd-rGO-AuNPs, indicating the role of the graphene interface layer. These results indicate that the design and use of engineered interfaces are of importance to achieve enhanced catalytic activity with plasmonic hybrid nanomaterials.
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1. Introduction


The Suzuki-Miyaura cross-coupling reaction, which is a powerful one-step pathway of catalytic C-C bond formation, involves the coupling of an organoboron reagent and an organic halide employing thermal activation energy in the presence of a palladium (Pd) catalyst and a base [1,2,3,4]. Homogeneous catalysts with a high efficiency have been used in typical Suzuki-Miyaura cross-coupling reactions, but the difficulty in separating homogeneous catalysts has been regarded as a main limitation [1,5]. On the contrary, heterogeneous catalysts (i.e., Pd nanoparticles) can be easily separated from the reaction mixture after the reaction [6,7,8], but the limitation of the heterogeneous catalyst is attributed to its low activity at room temperature, thereby requiring the use of elevated temperatures or higher amounts of catalysts as compared with a homogeneous catalyst [9]. The development of visible-light-responsive heterogeneous catalysts is one of the feasible ways to overcome the low catalytic efficiency of heterogeneous catalysts [10,11,12,13,14]. In this regard, the incorporation of plasmonic nanoparticles with active catalysts is an interesting strategy to utilize visible-light and subsequently improve the catalytic activity of the active catalyst [15,16,17,18]. Two different mechanisms are known to be involved in this process. The local electromagnetic field generated on the plasmonic nanoparticle surface accelerates the production of e−–h+ pairs in the active photocatalyst, or the hot electrons of plasmonic nanoparticle generated by light absorption can be directly transferred to the conduction band of active photocatalysts [10,19,20,21]. In the hot electron transfer mechanism, the intrinsic ultrafast relaxation of hot electrons in the plasmonic nanoparticle can compete with the electron transfer process occurring from the plasmonic nanoparticle to active sites because of the extremely transient lifetime of hot electrons (<50 fs) [19,22,23]. The possible physical and intrinsic energy barrier at the junction between plasmonic nanoparticles and active catalysts is also a critical barrier in the hot electron transfer process [10,15,24,25]. Due to the complex nature of plasmonic-induced photocatalysts and the limitation of the methods for investigating the role of the interface layer between the plasmonic nanoparticle and the active catalyst, the role of an interface layer in determining the photocatalytic activity has not yet been thoroughly investigated [26].



In this study, we used a graphene layer as the interface engineering material between plasmonic nanoparticles and active catalysts, owing to its variable band gap and exceptional electron mobility of 2 × 105 cm2·V–1s–1, which depend on the oxidation state of grapheme [27,28]. We hypothesized that the use of graphene as an interface material would facilitate the transfer of hot electrons from plasmonic nanoparticles to the active catalyst by minimizing the energy barrier between heterogeneous elements (Au vs. Pd). We used a wet-chemical synthetic method to prepare Pd-nanodot-modified AuNPs with or without the graphene layer and compared the photocatalytic activity and performance for the Suzuki C-C coupling reaction at various reaction parameters (Figure 1).




2. Results and Discussion


2.1. Synthesis and Characterization of Pd-Modified-Au Nanoparticles with Graphene Interface


No graphene interface is present in the Pd-cys-AuNPs since the Pd precursor (K2PdCl4‧H2O) was reduced in the presence of cys-AuNPs, which has a positively charged surface. The positively charged surface is not desirable for preparing Pd-nanodot-decorated cys-AuNPs. Interestingly, we found that the addition of polyvinylpyrrolidone (PVP) into the reaction mixture resulted in the formation of Pd-nanodots on cys-AuNPs (Figures S2 and S3). On using citrate-AuNPs as a seed for Pd-nanodot decoration instead of cys-AuNPs, Pd-nanodots were successfully formed on the surface of citrate-AuNPs regardless of the presence of PVP as shown in Figure S3. This could be attributed to the preference of Pd2+ precursors for the negatively charged surface [29]. For comparison, we employed cys-AuNPs as a core to prepare Pd-nanodot-decorated GO-AuNPs and rGO-AuNPs. The addition of PVP also helped in the formation of Pd-nanodot-decorated GO-AuNPs and rGO-AuNPs. The prepared solutions of Pd-cys-AuNPs, Pd-GO-AuNPs, and Pd-rGO-AuNPs exhibit red wine, purple, and blue colors, respectively, with a slight broadening of the UV-vis spectra (Figure 2a and inset). Raman spectra analysis indicated the presence of a GO layer on GO-AuNPs and rGO-AuNPs with different chemical states [30]. The ratio of intensities of the D peak (1346.9 cm−1) to the G peak (1600 cm−1) in the Raman spectrum of Pd-GO-AuNPs (green line in Figure 2b) was 0.53, and this ratio was changed to 0.84 in the case of Pd-rGO-AuNPs (blue line in Figure 2b). Furthermore, transmittance electron microscope (TEM) analysis indicated the formation of Pd-nanodots (~2–3 nm in diameter) on the AuNPs, GO-AuNPs, and rGO-AuNPs (Figure 2c–e and ). The element mapping analysis based on TEM images clearly indicated the distribution of Pd (green) on AuNPs (blue) (Figure 2c–e). The presence of carbon (red) from GO or rGO could be clearly identified on or around the AuNPs (Figure 2d,e). X-ray diffraction (XRD) analysis revealed the presence of characteristic peaks of Au (111, 200, 220, 311) and Pd (222) (Figure S5). The amount of Pd on the AuNPs in the Pd-cys-AuNPs, Pd-GO-AuNPs, and Pd-rGO-AuNPs was quantified to be 7.69, 8.66, and 7.60 mg/kg, respectively, by employing the induced-coupled plasma analysis. These results indicate the formation of same amount of Pd-nanodots on AuNPs, GO-AuNPs, and rGO-AuNPs.




2.2. Time-Dependent Fe3+ Reduction Study with Visible Light and Near-Infrared Light Source


Initially, the efficiency of the photocatalytic activity of Pd-cys-AuNPs, Pd-GO-AuNPs, and Pd-rGO-AuNPs could be quantitatively compared by examining the reduction chemistry of Fe3+ into Fe2+ [31]. As shown in Figure 3a and Figure S6, the reduction of Fe3+ to Fe2+ can be monitored by observing the changes in the peak intensity at 420 nm, which is the characteristic peak of Fe3+. Two different light sources, namely, xenon (Xe)-lamp (400–700 nm, 5.24 W/cm2) and near-infrared (NIR) laser (808 nm, 11.4 W/cm2), were used to investigate the effect of the catalyst on the Fe3+ reduction efficiency while maintaining a solution temperature of 25 °C (Figure S1). With the Xe-lamp illumination, the slowest changes in the 420 nm peak intensity were observed using Pd-cys-AuNPs as the photocatalyst. Pd-rGO-AuNPs exhibited the fastest reduction rate, indicating the highest photocatalytic activity among the examined Pd-Au nanoparticles (Figure 3b and Figure S6). With the NIR laser (808 nm), no significant changes in the Fe3+ peak intensity was observed because of the presence of the non-resonant plasmonic band of AuNPs at 808 nm (Figure 3c and Figure S7). In a wavelength-dependent reduction study performed with three different excitation light sources (450, 500, and 630 nm), the fastest reduction rate could be obtained when illuminated at 500 nm because of the strong plasmonic absorption of AuNPs observed at 500 nm (Figure 3d and Figure S8), indicating the significant role of plasmonic contribution to the reduction of Fe3+ into Fe2+.




2.3. Photocatalytic Suzuki-Miyaura Cross-Coupling Reactions at Various Conditions


Two contributions from the light absorption of plasmonic nanoparticles are mainly responsible for the enhanced photocatalytic coupling reactions [15]. As the Suzuki-Miyaura cross-coupling reaction could be accelerated by thermal activation energy, the strong photothermal effect of plasmonic nanoparticles might cause an enhancement in the photocatalytic reactions [32,33]. The electron-hole pair transfer to the active catalyst can also be a possible mechanism for the plasmonic photocatalytic reaction [34,35]. To clearly differentiate the significance of these two different contributions, we performed photocatalytic reactions with or without controlling the reaction temperature. The Pd-Au nanoparticle solution (5 mL, optical density (OD) at 540 nm = 0.33 or 0.4) containing iodobenzene (0.4 mmol), phenylboronic acid (0.4 mmol), K2CO3 (800 mM), and ethanol (6.25 mL) was placed in a reactor (Pyrex, window diameter = 11 mm) equipped with a water circulation jacket (Figure S1). The solution was irradiated with a Xe-lamp (power density: 5.24 W/cm2). Two different conditions, namely, (1) Xe-lamp illumination without controlling the reaction temperature, (2) Xe-lamp illumination by maintaining the reaction temperature of 25 °C, were employed, and the results are summarized in Figure 4 and Figure S9. The representative chromatogram for the reaction is displayed in Figure S10.



Figure 4a shows the results obtained from the condition (1). Pd-rGO-AuNPs (blue line) exhibited the fastest reaction progress with the yield reaching up to 66.4%. On the contrary, Pd-cys-AuNPs (red line) exhibited the slowest reaction progress by achieving the lowest yield of the coupling product (30%). The reaction attained with Pd-GO-AuNPs was faster than that with Pd-cys-AuNPs and slower than that with Pd-rGO-AuNPs. Pd-rGO-AuNPs exhibited a two times faster reaction as compared with Pd-cys-AuNPs, indicating the significant contribution of the graphene interface to the photocatalytic reaction. The final temperature of the reaction mixture after carrying out light illumination for 2 h was measured to be Pd-cys-AuNPs (50.3 °C), Pd-rGO-AuNPs (51.0 °C), and Pd-rGO-AuNPs (52.0 °C), respectively (Figure S11). In spite of the slightly higher final temperature of the reaction mixture containing Pd-rGO-AuNPs, the higher yield (>2 times) of the C-C coupling product achieved with Pd-rGO-AuNPs cannot be explained based on a simple photothermal effect-based mechanism. In order to exclude the thermal effect completely to the reaction progress, the temperature of the reaction solution was maintained at 25 °C during light illumination (condition (2)). In this condition (Figure 4b), although the overall yield is lower than that achieved with the reaction carried out without controlling the reaction temperature (condition (1)), Pd-rGO-AuNPs exhibited the highest yield among other Pd-Au nanostructures (Figure 4b and Figure S9; Pd-cys-AuNPs: 6.7%, Pd-GO-AuNPs: 30.9%, and Pd-rGO-AuNPs: 54.5%). This result indicates the significant contribution of electron-transfer mechanism from plasmonic nanoparticle to active Pd nanodot catalyst via graphene interface, which is further validated with a series of experiments in the next section.




2.4. Suzuki-Miyaura Cross-Coupling Reaction under Three Different Wavelengths


To investigate the plasmonic contributions for the enhanced photocatalytic activity, we performed wavelength-dependent Suzuki-Miyaura cross-coupling reactions in the presence of Pd-rGO-AuNPs (OD 0.4 at 530 nm, Xe-lamp, 25 °C) and with three different light sources (460, 575, and 630 nm, 0.06 W/cm2) using a band pass filter (20 nm band width) as shown in Figure 5a. The fastest reaction rate was achieved with the 575 nm light illumination (green line in Figure 5b, final yield: 59%) as compared with that achieved with 460 nm (blue line in Figure 5b, final yield: 41%) and 630 nm light illuminations (red line in Figure 5b, final yield: 39%). This could be attributed to the presence of the plasmonic absorption peak of Pd-rGO-AuNPs at 530 nm. The results indicate that the plasmonic light absorption is the most critical factor determining the enhancement in the photocatalytic activity of Pd-rGO-AuNPs.




2.5. Mechanism Study


We performed the Suzuki-Miyaura cross-coupling reaction (Xe-lamp, 25 °C) with Pd-rGO-AuNPs to investigate the effect of a well-known electron scavenger, KBrO3, and a hole scavenger, triethanolamine (TEA), on the reaction progress (Figure 5c). The Pd-rGO-AuNP solution was mixed with phenylboronic acid (48.8 mg, 0.4 mmol), ethanol (6.25 mL), iodobenzene (44.5 μL, 0.4 mmol), K2CO3 (1.25 mL, 1 mmol), and electron and hole scavengers, KBrO3 (0.4 mmol) and TEA (1 mL), respectively. We found that the addition of 0.4 mmol KBrO3 caused a significant decrease in the yield from 67% to 39%. The addition of TEA (1.0 mL) caused the complete quenching of the reaction as shown in Figure 5c (red line). Both the results indicate that the generation of electron-hole pairs more strongly affects the photocatalytic Suzuki-Miyaura cross-coupling reaction as compared to the photothermal contributions.




2.6. Suzuki-Miyaura Cross-Coupling Reaction under Sunlight


The ultimate goal of using a visible-light induced photocatalyst is to employ sunlight as the energy source. The series of experiments performed indicated the interface-controlled Pd-Au nanostructures (Pd-rGO-AuNPs) to be the most efficient photocatalyst. We investigated the capability of Pd-rGO-AuNPs for Suzuki-coupling reactions with sunlight. The Pd-rGO-AuNP solution (OD 0.4, 5.0 mL) mixed with phenylboronic acid (97.6 mg, 0.8 mmol), ethanol (6.25 mL), iodobenzene (44.5 μL, 0.4 mmol), and K2CO3 (1.25 mL, 1 mmol) was exposed to sunlight at daytime (10:00–16:00, South Korea, Seoul) and stirred at ambient temperature by monitoring the reaction progress with high performance liquid chromatography (HPLC). In spite of the lower intensity of sunlight (6.0 mW/cm2) as compared with that of the Xe lamp (5.24 W/cm2), the coupling reaction was completed within 3 h of sunlight illumination. The final yield of the reaction was found to be 99% (analytical yield), and the solution temperature after 3 h was measured to be 37.1 °C. Exactly same reaction carried out with Pd-cys-AuNPs only resulted in the formation of the C-C coupling product with a low yield (31%), which indicates the strong potential of interface engineering between the Pd-Au nanostructure in obtaining improved photocatalytic activity.




2.7. Photocatalytic Performance of Pd-rGO AuNPs for Various Aryl Halides and Substituted Phenyobronic Acid


To investigate the photocatalytic performances of Pd-rGO-AuNPs to the different substrates for Suzuki-Miyaura C-C coupling reactions, a substituted phenylboronic acid and bromobenzene, chlorobenzene were reacted in the presence of Pd-rGO-AuNPs and Xe-lamp illuminations. The same reaction conditions performed in Section 2.6, but without controlling temperature, was used in this study and the results are summarized in Figure S12. The reaction between iodobenzene and phenylboronic acid containing an electron-donating group (CH3) (p-tolylboronic acid) showed an excellent conversion yield (99.2%) with a slightly decreased selectivity (95.3%) for biphenyl product (Entry 2 in Figure S12). This is because of intrinsic self-coupling reaction of aryl boronic acid [36,37]. The self-coupling reaction in current conditions is more significant in the case of phenylbronic acid compared with that of iodobenzene (Figure S13). The cross-coupling reaction is not significant in the absence of Pd-rGO-AuNP catalyst (Figure S13). When a methyl group is present in the para-position of iodobenzene, there was also a slight decrease of conversion yield (94.2%) and selectivity (96.5%) (Entry 3 in Figure S12). Instead of iodobenzene, aryl halides such as bromobenzene and chlorobenzene were investigated for the coupling reactions. Similar to the reported low reactivity of bromo, chloro substituents, the photocatalytic reactions with Pd-rGO-AuNPs also showed decreased conversion yield (75.5%, 31.1%, respectively). These results are well matched with the recent results performed with heterogeneous visible-light induced photocatalysts.





3. Materials and Methods


3.1. Materials


Ethanol and acetonitrile were purchased from DAEJUNG (Siheung, South Korea). All other chemical reagents, HAuCl4, cysteamine, sodium borohyride (NaBH4), K2PdCl4, L-ascorbic acid, sodium hydroxide (NaOH), polyvinylpyrrolidone (PVP), phenylboronic acid, iodobenzene, biphenyl, potassium carbonate (K2CO3), triethanolamine (TEA), potassium bromate (KBrO3), tetraethyl orthosilicate (TEOS), isopropyl alcohol, and sodium dodecylsulfate (SDS) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received without further purification.




3.2. Synthesis of Cysteamine-Modified AuNPs (cys-AuNPs)


To the aqueous solution of HAuCl4 (40 mL, 1.42 mM), 400 μL cysteamine (213 μM) and 10 μL cold (~0–4 °C) sodium borohyride (NaBH4, 10 mM) solutions were added with gentle stirring, and the mixture was then stirred for 12 h at room temperature [38]. The obtained purple solution was centrifuged at 2000 rcf for 15 min to obtain the purified cys-AuNP solution (30 nm).




3.3. Preparation of Nanosized Graphene Oxide (GO)


GO was prepared using a modified Hummer’s method [39]. A 9:1 mixture of concentrated H2SO4/H3PO4 (360:40 mL) was added to graphite flakes (3.0 g). KMnO4 (18.0 g) was added carefully while stirring, and the reaction mixture was then cooled in an ice bath at a temperature of 35–40 °C. The reaction mixture was then heated to 50–55 °C and stirred for 12 h. The reaction mixture was cooled to room temperature and poured into iced-water (400 mL) containing 30% H2O2 (3.0 mL). The solution color changed to yellow. The solution was then filtered through a metal US Standard testing sieve (W.S. Tyler, 300 μm). The filtrate was centrifuged (3000 rcf for 30 min) and the supernatant was decanted. The obtained gel-like product was then washed in succession with water (200 mL), HCl (30%, 200 mL), ethanol (200 mL), and water until the pH of the solution was 5.0–6.0, and the solution was lyophilized for 3 days. GO powder (5.0 mg) was dissolved in distilled water and exfoliated using probe sonication (35% amplitude, 500 W, 2.0 h). The solution was centrifuged several times until no precipitate was observed (15,000 rcf, 20 min). The size of the GO sheet was found to be less than 100 nm [38].




3.4. Preparation of GO-Coated or rGO-Coated Gold Nanoparticles


Firstly, 10 mL of the positively charged AuNPs (cys-AuNPs, particle size 30 nm, optical density (OD) 1.0 at 530 nm) were mixed with 10 mL of the negatively charged GO (<100 nm) solution (0.25 mg/mL), and the mixture was shaken for 12 h at room temperature. The mixture was centrifuged twice at 15,000 rcf for 15 min to remove excess GO from the precipitate (it should be noted that the nano-sized GO was not settled down at such conditions (15,000 rcf, 15 min) because of its small size). The precipitated GO-coated AuNPs (GO-AuNPs) were then dispersed in distilled water (10 mL) [38]. To prepare rGO-coated AuNPs (rGO-AuNPs), the GO-AuNP solution (10 mL) was reacted at 95–100 °C with ammonia solution (250 μL, 28%), hydrazine monohydrate (50 μL, NH2NH2-H2O), and 1 μL 1% SDS. The solution color changed from pale yellow brown to dark brown as the reaction progressed. To purify rGO-AuNPs from the reaction mixture, the solution was centrifuged twice at 15,000 rcf for 15 min and dispersed in distilled water [38].




3.5. Synthesis of Pd-Nanodot-Modified cys-AuNPs (Pd-cys-AuNPs), Pd-Nanodot-Modified GO-AuNPs (Pd-GO-AuNPs), and Pd-Nanodot-Modified rGO-AuNPs (Pd-rGO-AuNPs)


Pd precursor (K2PdCl4‧H2O) was reduced with ascorbic acid in the presence of cys-AuNPs, GO-AuNPs, or rGO-AuNPs. cys-AuNPs (10 mL, OD 1.0 at 530 nm), GO-AuNPs (10 mL; OD 1.0 at 530 nm), or rGO-AuNPs (10 mL; OD 1.2 at 530 nm) were initially mixed with 5.0 mL 1% PVP (5 mL), ascorbic acid (1.136 mL, 0.1 M), and K2PdCl4‧H2O (100 μL, 0.01 M). The solutions were mixed by repeated gentle inversion for 10 s and left undisturbed at room temperature for 12 h. The resulting solutions were centrifuged at 10,000 rcf for 15 min to purify the prepared nanoparticles, followed by re-dispersing the particles in distilled water (10 mL).




3.6. Experimental Conditions for Kinetic Study


The catalytic activity of the Pd-Au catalyst with or without the graphene interface was quantitatively compared using a potassium hexacyanoferrate (III) (Fe3+, 500 μM) reduction model in the presence of Pd-cys-AuNPs (10 mL, OD at 530 nm = 0.33 or 0.40) at room temperature [31]. The solution was purged with N2 and then irradiated with an Xe-lamp (power density: 5.24 W/cm2) or an NIR laser (808 nm, 11.4 W/cm2).




3.7. Experimental Setup for Suzuki-Miyaura Cross-Coupling Reactions


The Suzuki-Miyaura cross-coupling reaction between phenylboronic acid and iodobenzene was employed [40]. The nanoparticle solution (10 mL, OD at 540 nm = 1.0) was placed in a reactor (Pyrex, window diameter = 11 mm) equipped with a water circulation jacket (Figure S1). The solution was irradiated with an Xe lamp (power density: 5.24 W/cm2) for 2 h, and the amount of the product (biphenyl) obtained with Pd-rGO-AuNPs was monitored by employing HPLC analysis.




3.8. Suzuki-Miyaura Cross-Coupling Reaction with Sunlight


The Pd-rGO-AuNP solution (OD 0.4, 5.0 mL) was mixed with phenylboronic acid (97.6 mg, 0.8 mmol), ethanol (6.25 mL), iodobenzene (44.5 μL, 0.4 mmol), and K2CO3 (1.25 mL, 1 mmol) [40]. The mixture was exposed to sunlight on sunny days from 10:00 to 16:00 in February 2017 at ambient temperature.




3.9. Analytical Conditions to Monitor the Suzuki C-C Coupling Reaction


An HPLC system equipped with a UV detector (210 nm) was used to monitor the reaction progress (150 mm × 3.0 mm, 3.5 µm ZORBAX Eclipse AAA column, eleuent: 70% acetonitrile aqueous solution, flow rate: 1.0 mL/min) [41]. The peak areas were calculated using a data analysis program (OpenLab ChemStation Edition for LC and LC/MS Systems, Agilent Technologies, Santa Clara, CA, USA).




3.10. Characterization


Transmission electron microscopy (TEM; H-7100, Hitachi, Tokyo, Japan) measurements were employed using the formvar/carbon coated copper grid (Ted Pella Inc., Redding, CA, USA). TEM (Titan, FEI Company, Eindhoven, The Netherlands) measurements using the holey copper grid (C-flat®, Electron Microscopy Science, Hartfield, VA, USA) were employed for elemental mapping. Extinction spectra were obtained with a UV-visible spectrophotometer (Agilent, Santa Clara, CA, USA). Raman spectra analysis was carried out with a home-built Raman spectroscope equipped with a 532 nm laser system. Hydrodynamic size distribution was obtained with a particle size analyzer (ELSZ-1000, Otsuka Electronics, Osaka, Japan). An Xe lamp (Ceramaxs, Waltham, MA, USA) was used as the visible light (400–780 nm) source. In addition, a near-infrared (NIR) laser (Sanctity Laser SSL-808-6000-10TM-MF, Shanghai, China; 808 nm) was used. The light intensity for all the light sources was measured using a laser power meter (THORLABS, Newton, NJ, USA). The amount of elements in the samples was measured with an induced coupled plasma (ICP)-mass instrument (Varian 820-MS, Victoria, Australia).





4. Conclusions


Interface-controlled Pd-nanodot-decorated AuNPs were easily synthesized using a wet-chemical reduction method by employing a Pd precursor in the presence of positively charged AuNPs or GO-coated AuNPs. We found that the presence of a graphene interface layer between the Pd-Au hetero-element is critical for obtaining the C-C coupling product with a high yield with visible-light. The mechanistic study indicates that the electron-hole pair generated by the absorption of light energy is responsible for the enhanced photocatalytic activity. Although the photothermal effect could be a possible factor causing an increase in the yield of the C-C coupling product, the experimental results show the efficient hot electron transfer from plasmonic nanoparticles to the active catalyst to be the key factor determining the plasmonic hybrid photocatalyst activity. The colloidal stability of the Pd-nanodot-modified AuNPs containing the graphene interface was excellent, and the photocatalytic activity of Pd-nanodot-modified AuNPs with graphene interface was maintained after performing the C-C coupling reactions (Figure S14). This new finding highlights the potential of interface engineering in the design of plasmonic nanoparticle-based visible-light-induced photocatalysts.
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Figure 1. (a) Schematic representation of the Suzuki-Miyaura cross-coupling reaction of Pd-nanodot-decorated AuNPs with graphene interface, (b) synthetic scheme of Pd-cys-AuNPs, Pd-GO-AuNPs, and Pd-rGO-AuNPs. 
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Figure 2. UV-visible spectra (inset: photograph of the solutions of as prepared catalysts), Raman spectra, and TEM images of ① Pd-cys-AuNPs, ② Pd-GO-AuNPs, and ③ Pd-rGO-AuNPs. (a) UV-Visible Spectra and (b) Raman spectra of Pd-cys-AuNPs (red line), Pd-GO-AuNPs (green line), and Pd-rGO-AuNPs (blue line). (c–e) TEM images and energy dispersive X-ray mapping of (c) Pd-cys-AuNPs, (d) Pd-GO-AuNPs, and (e) Pd-rGO-AuNPs. 
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Figure 3. Kinetic study of Fe3+ reduction with Pd-modified AuNPs performed with two different light sources (Xe-lamp and NIR (808 nm)) and three different wavelengths. (a) UV-Visible spectra of potassium hexacyanoferrate (III) (orange line, 500 μM) in the presence of Pd-cys-AuNPs, Pd-GO-AuNPs, and Pd-rGO-AuNPs (Abs 1.0 or 1.2 at 540 nm). (b,c) Time-dependent transformation of Fe3+ to Fe2+ monitored at 420 nm by illuminating with (b) Xe-lamp or with (c) NIR laser (808 nm). (d) Wavelength-dependent transformation of Fe3+ to Fe2+ in the presence of Pd-rGO-AuNPs (purple square, 450 nm; green circle, 500 nm; red triangle, 630 nm). 
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Figure 4. Comparison of the catalytic performances of Pd-cys-AuNPs, Pd-GO-AuNPs, and Pd-rGO-AuNPs for the Suzuki C-C coupling reaction at various conditions. (a) Xe-lamp illumination without controlling the reaction temperature, (b) Xe-lamp illumination by maintaining the reaction temperature of 25 °C. 
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Figure 5. Catalytic performances of Pd-rGO-AuNPs for the Suzuki C-C coupling reaction at various conditions. (a) UV-Vis spectrum of Pd-rGO-AuNPs for excitation wavelength-dependent Suzuki-coupling reaction, (b) Wavelength-dependent Suzuki-coupling reaction (blue square, 460 nm; green circle, 575 nm; red triangle, 630 nm), (c) Mechanism study in the presence of Pd-rGO-AuNPs with TEA, KBrO3 under Xe-lamp, 25 °C, (d) Suzuki-Miyaura cross-coupling reaction under sunlight illumination (black line: Changes of light intensity with time (mW/cm2)). 
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