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Abstract

:

High-intensity ultrasonic waves have great potential for the green synthesis of various nanomaterials under mild conditions and offer an excellent alternative for hazardous chemical methods. Herein a facile approach for the eco-friendly synthesis of Au-ZrO2 nanocatalyst with a high catalytic activity using a facile ultrasonic method is presented. Gold (Au) in the nanosize regime was successfully deposited on the surface of solvothermally synthesized monodispersed ZrO2 nanoparticles (ZrO2 NPs) in a very short period of time (5 min) at room temperature. Spherical shape small size Au nanoparticles that are uniformly dispersed on the surface of ZrO2 nanoparticles were obtained. Notably, in the absence of ZrO2 nanoparticles, HAuCl4 could not be reduced, indicating that nano-sized ZrO2 not only acted as support but also helped to reduce the gold precursor at the surface. The as-prepared Au-ZrO2 nanocatalyst was characterized by various techniques. The Au-ZrO2 nanocatalyst served as a highly efficient reducing catalyst for the reduction of 4-nitrophenol. The reaction time decreased with increasing the amount of catalyst.
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1. Introduction


Recently, heterogeneous catalysis based on gold nanoparticles (Au NPs) supported on various metal oxides has become popular due to their high catalytic activities [1]. Bulk gold is chemically inert and often regarded as an ineffective catalyst due to its poor affinity towards most molecules [2]. However, when gold in the nano-size regime is dispersed on suitable supports such as metal oxides, it has displayed excellent catalytic activities towards various important reactions including hydrogenation, oxidation, and reduction etc. [3]. Since the discovery of exceptionally high catalytic activity of small size Au NPs towards CO oxidation, the interest in oxide-supported Au nanocatalysts has increased significantly [4,5]. Particularly, the type of support plays an important role in increasing the catalytic activity of gold-based catalysts [6].



Therefore, the selection of proper support is decisive in enhancing the interaction between Au NPs and support, which eventually improves the catalytic properties of the resulting material [7]. Au nanoparticles deposited on metal oxide domains resulted in enhanced applications [8,9,10,11]. Metal oxides based supports with large surface areas and porosities are known to enhance the catalytic activity and selectivity of gold-based catalysts [12,13]. In this regard, zirconia (ZrO2) is of particular interest due to its tunable porosity and surface area, high thermal stability, unique amphoteric character and redox properties [14,15]. Traditionally, the metal oxide supported Au based nanocatalysts were often prepared by impregnation, deposition-precipitation, physical blending or chemical precipitation followed by surface adsorption methods [16,17,18]. However, these methods usually yield insoluble materials with little control over the size, morphology and dispersion of the metal component. Furthermore, most of these methods also require high temperatures, rigorous reaction conditions, post-reaction treatment, long durations, and toxic reducing and stabilizing chemicals [19]. Therefore, due to environmental concerns, these methods have limited applications and the development of the non-toxic, facile, and green method is highly required to prepare supported gold-based nanocatalyst [20].



Recently, sonochemical methods are considered as effective techniques for the preparation of different types of nanomaterials [21]. The dissociation of water molecules under ultrasonic conditions produces respective H and OH radicals from water vapors, that act as active species, which facilitates the oxidation and/or reduction of precursors [22]. Herein, we successfully prepared the Au-ZrO2 nanocatalyst under ultrasonic irradiation using ZrO2 support (cf. Scheme 1). The ZrO2 nanoparticles were prepared to employ a solvothermal approach [23]. The reaction was performed under facile conditions at room temperature within a very short time period (i.e., 5 min). The preparation of Au-ZrO2 was confirmed by various characterization techniques. The as-prepared Au-ZrO2 sample was tested as a reduction catalyst for the conversion of 4-nitrophenol to 4-aminophenol under stirring at room temperature, and the progress of catalytic conversion was monitored using UV-Vis analysis.




2. Materials and Methods


2.1. Materials


All chemicals, such as benzyl alcohol (99.0%), tetrachloroauric (III) acid trihydrate (HAuCl4.3H2O, 99%), Zirconium (IV) isopropoxide (99.9%), and 4-nitrophenol were of reagent grade and were purchased from Sigma Aldrich.




2.2. Preparation of Au-ZrO2


For the synthesis of Au-ZrO2, initially, ZrO2 was prepared via solvothermal method according to our previously reported method [23]. Briefly, 387.67 mg (1 mmol) of zirconium isopropoxide was dissolved in 30 mL of benzyl alcohol in a beaker (25 mL) under constant stirring. The benzyl alcohol solution of zirconium isopropoxide was transferred into a Teflon cup which was placed in a 50 mL stainless steel autoclave and heated up to 210 °C. The vessel was cooled down after 72 hrs. A white powder was obtained, which was separated by centrifugation and washed repeatedly with tetrahydrofuran (THF) and dried in vacuo. The as-obtained ZrO2 powder was used to prepare Au-ZrO2 employing typical ultrasonic method as follows: initially, 196.91 mg (0.5 mmol) of tetrachloroauric (III) acid trihydrate (HAuCl4.3H2O, 99%) was dissolved in 30 mL of ethanol (bright yellow solution obtained) in a 50 mL beaker. To this solution, 246.56 mg (2 mmol) of ZrO2 NPs was added (1:4 ratio with respect to gold precursor), the mixture was briefly stirred. Subsequently, the solution was kept in a probe sonicator (Biologics Inc, Model 3000 MP, 115 volts, Cary, NC, USA) with a supply of 25 kHz ultrasonic waves with an input power of 460 W. After 5 min, the mixture turned to light purple, the sonication was stopped, and the product was separated through centrifuge (9000 rpm). The product formed was confirmed with UV-Vis analysis. Notably, in the absence of ZrO2 NPs, the gold precursor did not reduce to form Au NPs even under the same conditions. Therefore, for the comparison of UV results, pristine Au NPs are prepared under similar conditions using citric acid as a reducing agent.




2.3. Reduction of 4-Nitrophenol Using Au-ZrO2 Catalyst


The reduction was performed according to the following method: Initially, stock solutions of 4-nitrophenol (2 mM) and NaBH4 (0.03 M) were prepared. Subsequently, 1.4 mL of DI water, 0.3 mL of 4-nitrophenol, and 1 mL of NaBH4 solutions were mixed in a 3 mL standard quartz cuvette. Thereafter, 0.25 mL of Au-ZrO2 catalyst (from 0.25 mg/mL dispersion) was added to the mixture, which was slowly stirred at room temperature. The color of the solution changed after several minutes. The formation of the product was confirmed by UV analysis. To investigate the effect of the concentration of the catalyst on the rate of reduction of 4-nitrophenol, four different samples were prepared by varying the amount of catalyst (0.25, 0.5, 0.75, and 1.0 mL). In order to perform the reusability tests for the catalysts, reactions were performed under similar conditions using a large number of substrates. For example, 50 mL of DI water, 15 mL of 2 mM stock solution of 4-nitrophenol, 15 mL of 0.03 M freshly prepared NaBH4 solution, and 25 mg of Au-ZrO2 catalyst are mixed in a 100 mL round bottom flask.




2.4. Characterization


For UV-Analysis including the reduction of 4-nitrophenol studies, PerkinElmer lambda 35 spectrophotometer (Waltham, MA, USA) was used. FT-IR spectra were measured using the Perkin Elmer spectrometer (1000), Waltham, MA, USA. XRD diffractograms are obtained from the D2 Phaser X-ray diffractometer equipped with Cu Ka radiation (k = 1.5418 A°) (Bruker, Germany). SEM, TEM and EDX were measured on Jeol, JED-2200 series (Japan) and Jeol TEM model JEM-1011 (Japan) at 100 keV, respectively.





3. Results and Discussion


The ZrO2 NPs required in this study were prepared by a solvothermal method as reported [23]. In this case, solvent benzyl alcohol was also acted as a stabilizing agent by physically adsorbing on the surfaces of the NPs. XRD diffractogram confirmed the preparation of ZrO2 NPs. For the preparation of Au-ZrO2, freshly prepared ZrO2 NPs together with gold precursor was dispersed in ethanol under slow stirring. Then, the resulting mixture was subsequently treated in a probe sonicator for a short time period (i.e., 5 min), which led to the change in color of dispersion milky white to light purple, indicating the formation of Au NPs on the surface of ZrO2 NPs.



Initially, UV analysis confirmed the preparation of Au-ZrO2, as shown in Figure 1a. To compare the influence of Au in the absorption properties of Au-ZrO2 nanoparticles, we also measured the UV-Vis spectroscopy of pristine ZrO2 and Au nanoparticles respectively. Interestingly, it was observed that ZrO2 NPs also acted as a catalyst in the formation of Au NPs, since under similar conditions in the absence of ZrO2, Au precursor did not reduce to produce Au NPs. While, in the presence of ZrO2 nanoparticles, Au was deposited within 5 min, which was reflected by the color change of the solution (Figure 1b) and confirmed by UV-analysis. To compare the surface plasmon band, Au NPs are synthesized using the same concentration of Au precursor (HAuCl4) but using citric acid as a reducing agent. The UV spectrum of Au-ZrO2 exhibited a broad absorption peak centered at ~560 nm, which indicated the formation of smaller size Au NPs [24]. The citrate reduced Au nanoparticles showed surface plasmon band centered at ~523 nm. As expected, there was a redshift of about 27 nm in the plasmon bands of Au-ZrO2 nanoparticles as compared to pristine Au nanoparticles. The red-shift in the plasmon band can be attributed to the close contact of the Au and ZrO2 interface that results in the effective local dielectric function around the gold [10], which was found to be in line with the classical Mie theory [25]. Besides, the shift in surface plasmon band Au, the absorption band of ZrO2 also red-shifted from 280 nm to 320 nm. This could be due to surface defects created by the binding of Au NPs on the surface of the ZrO2 NPs [26].



These results are consistent with the evidence obtained from FT-IR analysis. The FT-IR spectrum of Au-ZrO2 is almost similar to the IR spectrum of pristine ZrO2 NPs containing benzyl alcohol as stabilizing ligands. The IR spectrum of Au-ZrO2 contains various characteristic peaks of benzyl alcohol including the peaks between 3600 to 2900 cm−1 corresponding to hydroxyl groups, C-H stretching of the aromatic ring, and C−H stretching of CH2 (methylene) groups. The vibrations of phenyl rings appeared in the regions of 1900 to 1600 cm−1. Whereas, the characteristic peaks of O−H, and C−O stretching occurred in the range of 1420 to 1330 cm−1 and 1080–1022 cm−1 respectively. The existence of benzyl alcohol on ZrO2 can be confirmed by comparing the IR spectra of ZrO2 and Au-ZrO2 (cf. Figure 2) indicate the presence of benzyl alcohol attached ZrO2 and Au-ZrO2 NPs. However, the concentration of benzyl alcohol is much reduced in the case of Au-ZrO2 NPs.



X-ray diffraction measurements are performed to establish the nature of the crystallographic phase of ZrO2 support and to confirm the occurrence of Au NPs in the Au-ZrO2 composite. The comparison of the XRD spectra of pristine ZrO2 NPs and the Au-ZrO2 are reported in Figure 3. XRD indicates the cubic phase of ZrO2 in Au-ZrO2, as diffraction peaks perfectly matched with the reported data (JCPDS No. 27-0997). For instance, several prominent peaks observed at 2θ values of 30.46°, 34.54°, 50.45°, 60.37°, 74.56°, and 81.55° correspond to the (111), (200), (220), (311), (400), and (331) planes of crystalline zirconia, respectively. In addition, due to the high loading of gold nanoparticles (25% of ZrO2), sharp and prominent peaks belonging to the cubic fcc phase of Au are also clearly visible in the XRD pattern of Au-ZrO2. The peaks at 2θ values of 38.31° (111), 44.46° (200), 64.67° (220), 77.45° (311), and 82.30° (222) are matched with the standard gold metal (Au°) with JCPDS data card No. 04-0784 [27].



Figure 4 shows the corresponding SEM and TEM images of Au-ZrO2 nanoparticles. Figure 4a shows a representative electron micrograph. Although it is difficult to conclude the exact size of gold domains, a dark contrast could be due to the presence of high-density metal (Au) present on the surface of ZrO2 nanoparticles. Figure 4b shows the SEM micrographs which demonstrated that the Au NPs are deposited on the ZrO2 NPs in the Au–ZrO2 hybrid and shows the distribution of elements present therein, while the EDX elemental mapping spectra confirm the presence of representative elements (Figure 4c).



Catalytic Properties of Au-ZrO2


The catalytic efficiency of Au-ZrO2 was tested for the reduction of 4-nitrophenol, which is a highly toxic pollutant, typically derived from industrial wastes [28]. 4-nitrophenol is typically removed from the wastewater by various processes including adsorption, degradation, and electrochemical treatment, and so on [29]. On the other hand, the catalytic reduction of 4-nitrophenol and other nitro-aromatics to amino-phenols has gained significant interest in the scientific community [30]. The catalytic reduction of nitrophenols to amino-phenols is an important class of reaction due to the significance of amino-phenols as intermediates in various processes [31]. Particularly, 4-aminophenol has several applications such as a starting material and intermediate for various drugs, as a corrosion inhibitor, etc. [32,33]. Additionally, the 4-nitrophenol reduction is widely used as a model catalytic reaction, due to its well-controlled process which usually yields a single product at mild temperature and ideally requires a catalyst to proceed [34,35]. The reduction of 4-nitrophenol is usually carried out in the presence of NaBH4 as a reductant and various metal nanoparticles such as Pd, Pt, Ni, Ag, and Au as catalysts [36]. Among several metal NPs, Au NPs often exhibit superior catalytic properties for this type of reaction due to their unique properties. For instance, the catalytic properties of Au NPs are dependent on their particle size, where smaller size NPs show higher catalytic activities and also are active under mild conditions [37,38]. For example, gold aryl based core-shell nanoparticles demonstrated high catalytic activity under mild conditions towards the reduction of 4-nitrophenol in short reaction time (5 min) [39].



Usually, the catalytic property of smaller size, naked Au NPs is adversely affected by the aggregation of NPs [3]. To address this issue, different types of ligands are applied as stabilizers and/or the NPs are dispersed on various supports to prevent the aggregation and to enhance the surface area of the catalysts [40]. Recently, activated coke was used as a support for anchoring the Au NPs to prepare Au/AC catalysts, which exhibited high catalytic properties during 4-nitrophenol reduction [39]. Very recently, a trace amount of Pd was used to improve the catalytic properties of Au@ZrO2 nanocatalyst. The Pd1/Au20@ZrO2 composite consists of gold nuclei surrounded by zirconia shell which is decorated with Pd. The composite was prepared using a distinct ratio of Au:Pd. Although, the as-prepared catalyst demonstrated superior catalytic activity and strong stability towards the reduction of 4-nitrophenol, however, the catalyst was prepared by a complicated process which requires several steps [41]. However, in this study, smaller sizes Au NPs are uniformly distributed on the ZrO2 surface in a single step which enhanced the catalytic properties of the resulting composite.



The reaction can be easily tracked by the change in the characteristic absorption peak of 4-nitrophenol at ~400 nm. In the presence of NaBH4 and catalyst, the absorption band of 4-nitrophenol at ~400 nm, disappear and a new band emerges at a lower wavelength at ~300 nm, which indicates the successful transformation of 4-nitrophenol to 4-aminophenol [42]. Although, the transformation of nitro to amino phenol is thermodynamically favored in the presence of NaBH4, still, a catalyst is required to clear the kinetic barrier caused by the difference of potential between donor and acceptor [43]. The Au-ZrO2 nanocatalyst may facilitate the transfer of an electron from BH4− ions to the nitro group of 4-nitrophenol and reduce it to 4-aminophenol with improved reaction rate. Upon addition of Au-ZrO2, the intensity of the absorption band of 4-nitrophenol at ~400 nm gradually decreased with the emergence of a new band at ~300 nm indicating the formation of 4-aminophenol. The reaction was completed within a short period of time between 5 to 30 min depending upon the amount of catalyst used. With increasing the amount of Au-ZrO2 nanocatalyst from 0.25 mL to 1 mL the reaction time decreased from 30 min to 5 min, respectively, as shown in Figure 5. Notably, in the absence of catalyst, the peak at the 400 nm decreased slightly even after a long reaction time (several hours). This clearly depicts the inefficiency of NaBH4 towards the reduction of 4-nitrophenol and the importance of Au-ZrO2 during this process.



Furthermore, the stability of the Au-ZrO2 nanocatalyst was tested by repeated use of the same catalyst for the reduction of 4-nitrophenol several times. The reusability of the catalyst has significant importance from both academic and commercial aspects. In this case, to evaluate the reusability of Au-ZrO2, the reduction of 4-nitrophenol was performed five times using the same catalyst. After every reaction, the catalyst is isolated by centrifuge and reused for another reaction. All the reusability tests are carried out using 0.25 mL concentration of catalyst; however, the substrates and catalysts are taken in large amounts to recover a sufficient amount of catalyst required for further reactions. The results of the recycling of Au-ZrO2 are shown in Figure 6. The results revealed that the catalytic activity of Au-ZrO2 was only slightly affected even after five cycles. During the reusability tests, the conversion of 4-nitrophenol was slightly decreased in each reaction which could be due to the weight loss of catalyst while recovery (during filtration). For instance, during the first reaction using fresh catalyst, 4-nitrophenol was completely converted to 4-aminophenol in 30 min, however in subsequent reactions conversion was slightly reduced after every reaction during the same reaction time, as reflected by the decrease in the intensity of the absorption peak of 4-aminophenol at ~300 nm (cf. Figure 6).





4. Conclusions


Herein, we have successfully prepared Au-ZrO2 nanocatalyst using a facile ultrasonic method at room temperature. Using this method, the Au-ZrO2 nanocatalyst preparation was completed in a very short period of time (5 min) under mild conditions in the absence of any additives or surfactant. Au in the nano-size regime was found to be uniformly deposited on the surface of ZrO2 NPs. The formation of a nanocatalyst was confirmed using UV–Vis, XRD, FT-IR spectroscopy along with TEM, and SEM analysis. The as-prepared Au-ZrO2 nanocatalyst demonstrated excellent catalytic activity towards the reduction of 4-nitrophenol to 4-aminophenol in the presence of NaBH4. The reduction was completed in a very short period of time (between 5–30 min) under mild conditions, and with increasing the amount of catalyst, the conversion time decreased accordingly. Therefore, this approach i.e., ultrasonic method, can be potentially extended for the green synthesis of various other nanoparticles based composite materials. Additionally, the Au-ZrO2 nanocatalyst can be further tested for various other reactions as a potential reduction catalyst.
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Scheme 1. Schematic representation of the preparation of Au-ZrO2 nanocatalyst via the sonochemical method and its application towards the reduction of 4-nitrophenol. 
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Figure 1. (a) Comparison of the UV-Vis spectra of Au-ZrO2 with pristine ZrO2 nanoparticles (NPs) stabilized with benzyl alcohol (b) digital photos of the dispersion of ZrO2 nanoparticles, HAuCl4 and Au-ZrO2 in ethanol. 
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Figure 2. Comparison of the FT-IR spectra of Au-ZrO2 with pristine ZrO2 NPs stabilized with benzyl alcohol. 
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Figure 3. XRD diffractograms of Au-ZrO2 and pristine ZrO2 NPs depicting the cubic phase of both Au and ZrO2 nanoparticles in Au-ZrO2. 
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Figure 4. TEM, SEM, and EDX analysis of Au-ZrO2. (a) The dark contrast in the TEM image indicates the presence of gold nanoparticles (b) the color mapping of the sample under SEM analysis clearly indicates the presence of Zr and gold in the sample. (c) EDX also points towards the presence of Au and Zr in The Au-ZrO2 Sample. 
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Figure 5. UV spectra of 4-nitrophenol reduction by the addition of different volumes of Au-ZrO2 nanocatalyst: (a) 0.25 mL, (b) 0.5 mL, (c) 0.75 mL, (d) 1.00 mL, and (e) digital photos of the color transformation during the conversion of nitrophenol to aminophenol the amount of nanocatalyst was taken from freshly prepared dispersion of Au-ZrO2 with a concentration of 0.25 mg/mL. 
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Figure 6. Reusability of Au-ZrO2 nanocatalyst for the reduction of 4-nitrophenol. All the reactions are performed for 30 min using the same catalyst which was recovered by centrifugation. 
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