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Abstract
    This work aims to develop a rapid and efficient strategy for preparing supported metal catalysts for catalytic applications. The sonication-assisted reduction-precipitation method was employed to prepare the heterogeneous mono- and bi-metallic catalysts for photocatalytic degradation of methyl orange (MO) and preferential oxidation (PROX) of CO in H2-rich gas. In general, there are three advantages for the sonication-assisted method as compared with the conventional methods, including high dispersion of metal nanoparticles on the catalyst support, the much higher deposition efficiency (DE) than those of the deposition-precipitation (DP) and co-precipitation (CP) methods, and the very fast preparation, which only lasts 10-20 seconds for the deposition. In the AuPd/TiO2 catalysts series, the AuPd(3:1)/TiO2 catalyst is the most active for MO photocatalytic degradation; while for PROX reaction, Ru/TiO2, Au-Cu/SBA-15 and Pt/-Al2O3 catalysts are very active, and the last one showed high stability in the lifetime test. The structural characterization revealed that in the AuPd(3:1)/TiO2 catalyst, Au-Pd alloy particles were formed and a high percentage of Au atoms was located at the surface. Therefore, this sonication-assisted method is efficient and rapid in the preparation of supported metal catalysts with obvious structural characteristics for various catalytic applications.

1. Introduction 
  In preparation of heterogeneous catalysts, the conventional methods such as impregnation method are usually difficult to control particle size, local composition, crystal phase and morphologies. The recent developments in nanoscience and nanotechnology may offer better possibility for designing and preparing heterogeneous catalysts with control at even atomic level. For example, recently designed bimetallic Pt-M electrocatalysts (M = V, Ti, Co, Fe, Ni, ...) were reported to show improved resistance to poisonous substances in comparison with the conventional Pt catalysts [1], and the so-called “oxide-on-metal inverse catalysts” were prepared with more active coordinatively unsaturated (CUS) centers confined at the interface between a transition metal oxide (TMO) particle and a noble metal (NM) particle for catalytic applications [2]. In addition, although the DP and CP methods work quite well for preparation of some catalysts, particularly for the supported gold catalysts [3], the deposition efficiency (DE, which is defined as the percentage of real metal loading to the theoretic metal loading) is usually below 30% except the case using urea as the precipitation agent [4], which means majority of Au is washed off in most of the catalyst preparations.
  It has been demonstrated that sonication is an effective tool to generate and facilitate the deposition of metal particles onto support surface. During the sonication process, extreme conditions such as high transient temperature ( 5000 K), pressure ( 20 MPa) and very high cooling rates ( 1010 KS-1) can be reached [7], which can be utilized to decompose some volatile compounds used in the sonochemical synthesis. Meanwhile, the collapse of the bubbles can generate high speed micro-jets in the liquid medium near the solid surface [8], which can propel the small particles to the solid surface. Gedanken et al. [5,6] did a systematic work on sonochemical synthesis of supported catalysts. However, most of the preparations need long-term sonication to decompose the precursor compounds and their deposition efficiency is still in doubt. 
    The deposition-reduction process is widely used for supported catalyst preparation [9-11], in which there is involvement of complicated interactions, e.g., the interaction between metal particle and capping agent when a capping agent is used, the particle-particle interaction and the particle-support interaction, etc. The former may involve chemical or hydrogen bond formation while the later are often related to the electrostatic interaction and/or chemical bonding formation [12]. The reduction step could be very fast but the deposition step probably not, or with low deposition efficiency. How to control the above mentioned interactions to realize a highly efficient deposition and dispersion of metal particles onto support is still a big challenge [13]. Previously we investigated the interaction of Au colloids with amino acids such as lysine, and found that, at low pH values, lysine molecules can crosslink Au colloids, and this crosslinking is stronger than the electrostatic repulsion among the Au colloids. In this case, large Au particles or linear Au aggregates will be obtained because of the crosslinking; however, at high pH values and under sonication, only isolated Au particles are obtained. At the high pH values, the amino acid capped Au colloids become more negatively charged on surface and their electrostatic repulsion is stronger than that at low pH values, preventing their fast aggregation. Meanwhile, the application of sonication can break the Au linear aggregates and drive the Au colloids to deposit on the support surface with high efficiency. In other words, in the case without sonication, large Au particles and low deposition efficiency will be obtained. In addition, when the solution pH value is close to the isoelectric point (IEP) of the catalyst support, the electrostatic repulsion between the Au colloids and the catalyst support such as TiO2 (with IEP about 6) becomes weak, which will facilitate deposition of Au colloids [14, 15]. Based on the finding, we invented a sonication-assisted precipitation-reduction for preparation of supported Au catalysts on a series of supports [16, 17]. This method is fast, suitable for the deposition of Au onto supports with isoelectric point (IEP) above 5 with very high dispersion. However, we still wondered whether this method could be extended to the preparation of other supported metal catalysts and in particular, bi-metallic catalysts, as the latter often lead to different catalytic behaviors from the mono-metal catalysts. Also, the influence of some preparation parameters on catalyst preparation and the metal deposition efficiency were still not studied. 
    In this work, we employ the novel sonication method [16, 17] to prepare various mono- and bi-metallic catalysts supported on several supports at varied experimental conditions, and apply the catalysts for two types of important reactions: (i) the photo-degradation of methyl orange (MO) and (ii) the preferential oxidation (PROX) of CO in H2-rich gas. The first reaction is related to the treatment of industrial wastewater and the second to H2 gas purification for industrial applications.
2. Materials and methods 
2.1. Reagents.  
  Metal precursors such as hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O; 99 %), palladium(II) chloride (PdCl2, 99.99 %), rhodium chloride, and sodium borohydride (NaBH4; 99 %), L-Lysine (≥98 %),  sodium hydroxide (NaOH ≥98 %), tetraethylammonium hydroxide (TEAOH), aluminum nitrate, zinc oxide and cerium oxide and other chemicals such as  methyl orange were purchased from Sigma Aldrich, and titanium (IV) dioxide P25 (TiO2 ≥99,5 %)  and -Al2O3 (Puralox, UR-160, with a surface area of ca 160 m2/g) were the gifts of Degussa and  SASOL, respectively. 
2.2. Preparation of the one dimensional (1D) Al2O3 and CeO2 nanorods 
  The synthesis of Al2O3 and CeO2 nanorods followed the hydrothermal method for the synthesis of 1D Fe2O3 except using Al(NO3)3 or Ce(NO3)4 as the precursor. Typically, 5.0 g of Al(NO3)3.9H2O was added to 30 ml of 20 wt. % aqueous TEAOH solution in an autoclave, which was then heated in an oven at a temperature of 80 oC for 10 h. After the reaction, the precipitate was washed with DI water for four times, dried in a vacuum oven at 100 oC overnight and calcined at 500 oC for 3 h [18, 19].  
2.3. Sonication preparation of the supported catalysts. 
  All glassware were cleaned with aqua regia (HCl/HNO3, 3:1 v/v), followed by thoroughly rinse with double distilled MilliQ water prior to use. The sonication-assisted catalyst preparation followed our previous report [16,17] using lysine as the capping agent and NaBH4 as the reducing agent, and the used catalyst supports were TiO2-P25, -Al2O3 and CeO2 nanorods, the commercial -Al2O3 from SASOL, ZnO, CeO2, etc. In a typical catalyst preparation, 0.5 g of TiO2 was put in 10 ml deionized water, and 5.08 ml of 0.01 M HAuCl4 and 5.08 ml of 0.01 M lysine (Lys) were added subsequently. The pH of the suspension was adjusted to 5–6 with 0.1 M NaOH. The suspension was subjected to sonication (Vibracell 500 Watt Ultrasonic processor, 20 kHz, 39 % energy efficiency) for 20 s, and during the sonication freshly prepared NaBH4 (0.1 M, 5–10 times the Au molar number) was injected instantly and the pH value at the end point was measured. The suspension immediately turned dark in color and was washed with deionized water for 4 times by using centrifuge. In the case of Pd catalysts, PdCl2 was used as precursor and a low pH value below 3 was used because PdCl2 was not dissolved well in water at high pH values.
2.4. Photocatalytic and PROX reactions 
  The photocatalytic degradation of methyl orange (MO) was carried out at 25 oC using 10 ml MO solution (40 mg/l) and 20 mg of solid catalyst under irradiation of the visible light (400-800 nm) with a chiller. The MO concentration was measured by a UV-vis spectrophotometer by comparing the peak intensity at 465nm. Prior to the reaction, the solution containing the photocatalyst was stirred for 2 h in the absence of any light to saturate the adsorption of MO on the catalyst surface. The PROX reaction was carried out in a fixed bed reactor at atmospheric pressure using a gas mixture of 1 % CO, 1 % O2, 78 % H2, 20 % He at a GHSV of 5000 h-1, or a mixture of 100 ppm CO, 100 ppm O2, 99.78 % H2, 0.2 % He at a GHSV of 50 h-1 (the two gas mixtures were purchased from National Oxygen Pte. Ltd., Singapore). The reactant and product gases were analyzed with a GC Shimadzu-14B equipped with both TCD and FID detectors.
2.4. Characterizations
 The UV-vis absorption spectra of methyl orange and UV-vis diffuse reflectance spectra of titania supported catalysts were measured on a Shimadzu UV-2550 UV-vis spectrophotometer. The structural features of the catalysts were observed employing a transmission electron microscope (TEM, Tecai TF20 Super Twin, 200 kV). High resolution TEM images, high-angle annular dark field scanning-TEM (HAADF-STEM) studies and detailed elemental composition or energy-dispersive X-ray spectroscopy (EDS) analysis were carried out on a FEI Titan 80-300 electron microscope (200 kV), which was equipped with an electron beam monochromator and energy dispersive X-ray spectroscopy (EDX). Powder XRD analysis was conducted on a Bruker D8 Advance X-ray diffractometer with CuK1 radiation. X-ray photoelectron spectroscopy (XPS) spectra were recorded in an ESCALAB 250 spectrometer and Al K radiation was used as the X-ray source. The C1s peak at 285 eV was used as a reference for the calibration of the binding energy (BE). The Au and Pd concentrations were determined by dissolving the catalysts in aqua regia and measured by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian, VISTA-MPX ) analysis. The DE value is calculated according to the formula below:
          DE = 100  real metal loading measured by ICP/theoretic metal loading (added 
                  metal amount). 
3. Results and discussion
3.1. Sonication-assisted preparation of the supported catalysts and hydrothermal synthesis of the one dimensional (1D) support.
      As shown in Fig.1, the 1D -Al2O3 and CeO2 are successfully prepared, the diameter of these nanorods is between 10 and 20 nm, and the aspect ratio between 5 and 20. These 1D nanostructures together with some commercial metal oxides are used as the catalyst supports.
   In the sonication-assisted deposition-reduction preparations, experimental conditions such as types of metal and support, pH value, Au/Pd ratio, solvent, reagent addition sequence are varied. In general, it is found that this method is able to prepare various supported metal catalysts with high dispersion, including Au, Pt, Rh, Ru and Pd supported on Al2O3, TiO2, ZnO and CeO2, etc. The sizes of most metal particles are usually between 2-6 nm (Fig.1), varying a little with the change of metal, support as well as the pH value (pH was usually maintained above 6). In the Pd/-Al2O3 catalyst and Au-Pd bimetallic catalysts, the metal particles are in the range of 5-20 nm in size (the TEM image is not shown here). The large Pd particle size and wide distribution probably are related to the nature of Pd and low pH value used, because the PdCl2 precursor is not completely dissolved in high pH aqueous solution. However, the low pH value leads to the growth of large particles due to the crosslinking of metal particles by lysine molecules [14]. Ethanol and ethanol-H2O mixtures with various ethanol/H2O ratios were also employed as the solvent. However, it was found that the use of ethanol solvent led to the formation of larger metal particles, including Au and Pd, etc. The addition sequence of the reagent in the sonication-assisted preparation of Au-Pd catalysts was also varied. For example, to avoid the low solubility problem of PdCl2 in H2O, we dissolved PdCl2 or HAuCl4 + PdCl2 in water at low pH below 3, followed by addition of NaBH4 and lysine in the solution with sonication. We also first deposited Au on the support at one pH value followed by the deposition of Pd at another pH on the Au-deposited catalyst (catalyst 6 in table 1), or vice versa (catalyst 7). Unfortunately, these approaches don’t lead to the formation of very uniformly dispersed metal catalysts. Their TEM images are shown Fig. S1 (supporting formation) and their catalytic performances will be mentioned later. 
  In addition, it is seen from Fig.1 that the Pt particles supported on the -Al2O3 nanorods are not spherical but in the triangle or oval shape. Upon a close look at these Pt particles, they should be small aggregates composed of 2-3 individual particles each. The most uniform metal particles are Au supported on various supports, and Rh supported on TiO2 (Fig.1). Once the metal particles are deposited on the support, the catalysts were calcined at 300 oC in air to completely remove the capping lysine molecules on them. Since this calcination temperature is much lower than that required for the other capping agents such as thiols [13], it has little effect on the final metal particle size. This low temperature calcination is one of the merits of the lysine capping agent.  
   One of the important indicators for a successful preparation of the catalysts is the deposition efficiency (DE). Table 1 lists some of the DE values of the prepared catalysts by this sonication method. The highest DE value is observed for catalyst 1 (Au/TiO2) and 2 (AuPd (3:1)/TiO2), which is 92 %. With the increase of Pd content, this DE value is decreased but still above 70 %. These DE values are much higher than those of the catalysts prepared by co-precipitation and deposition-precipitation methods [13]. Therefore, this sonication-assisted method for catalyst preparation is fast and versatile, suitable for many types of catalyst preparation with high DE values.  
3.2. Au-Pd catalysts for photocatalytic oxidation of MO and their structural characteristics. 
  Photocatalytic reactions are important to environmental remediation because nowadays there is increasing pollution of water resources and air. It is desired to find cheap and sustainable solutions to purify these media [20, 21, 22]. In this work photocatalytic degradation of MO is employed to test the photocatalytic property of the catalysts. 
  A number of mono- and bimetallic catalysts were tested for this reaction, including Au, Cu, Pd, Pt, and Au-Pd, Au-Cu, Au-Fe, Au-Co, Au-Pt and Au-Rh and Au-Ru supported on TiO2. It was found that the supported Au-Pd series catalysts exhibited high catalytic activities. Fig. 2 displays the measured UV-vis spectra of MO after 1 h reaction on some catalysts, from which it can be seen that MO was degraded as its peak intensity at ca. 465 nm was decreased. Fig. 3 shows the calculated MO conversions after 3 h reaction at 25 oC based on the peak area changes at 465 nm. The oxidized Pd/TiO2 catalyst shows only a negligible MO conversion of 0.9 % after the 3 h reaction while that on Au/TiO2 is 10.4 %, indicating that Pd (actually it is PdO, which will be explained later) is not active for this reaction but Au is. For the Au-Pd/TiO2 catalysts that have a total theoretic metal loading of 2 wt. % but with various Au/Pd atomic ratios, the MO conversion is increased with increase of Pd content at the beginning. The maximum MO conversion is achieved on catalyst 2 (2wt%AuPd(3:1)/TiO2), which is ca. 49.5 % (Fig. 3), although in this catalyst the theoretic Au loading is lower than that in catalyst 1 (Au/TiO2). It is clear there should be a synergetic interaction between Au and Pd which leads to a significant increase in catalytic activity. However, with further increase of the Pd content, the catalytic activity becomes lower again, probably because of the decrease of the most active Au sites on the catalyst surface. Since the Au component is quite active for this reaction, a number of catalysts with 2 wt. % Au and 1 wt. % of the 2nd metal were prepared and tested, and the catalytic performances are also shown in Fig. 3 (see the right side of the red dot line in Fig. 3). The addition of Cu, Pt, Ni, Co and Rh leads to increase of the catalytic activity as compared with that of Au/TiO2, but all of them are still much poorer than the catalyst 2 (2wt%AuPd(3:1)/TiO2), indicating the addition of these metals is not as good as Pd in promoting the catalytic performance of MO degradation. Therefore, next we will focus on AuPd/TiO2 catalysts only.     
  We further prepared the 2wt%AuPd(3:1)/TiO2 catalysts by varying the preparation method or conditions, e.g., by using impregnation method and inverse sonication method (see Table 1). After the 3 h reaction, the impregnation method prepared 2wt%AuPd(3:1)/TiO2 showed only a MO conversion of 12.1 %, while the catalysts 5, 6 and 7 in Table 1 showed MO conversion of 15.9 %, 22.9 % and 9.8 % respectively. All of them are much lower than that of the catalyst 2 (Fig.3). We wondered why these catalysts have so much difference in catalytic performance. As shown in Table 1, the catalyst 2 has a little higher Au loading than that of the catalyst 5, 6 and 7. The measured XRD patterns are shown in Fig.4A. Unfortunately no Au and Pd diffractions are observed because of the high dispersion and low loading of both Au and Pd. The main diffraction peaks of metallic Au should be located at 2 = 38.2 and 44.4o, while that of metallic Pd at 40.1 and 46.7o, thus the Au-rich AuPd alloy and Pd-rich AuPd alloy should exhibit diffraction peak between 38.2 and 40.1o and between 44.4 and 46.7o respectively [23]. The measured UV-vis spectra for the catalysts are shown in Fig.4B. The Au nanoparticles have an intristic interband transition around 2.5 eV thus exhibit a surface plasmon resonance (SPR) band maximum at around 560 nm for Au/TiO2 [24].  This peak is not seen in the spectra of AuPd/TiO2 catalysts, indicating the suppression of the plasmonic band of Au by Pd and a strong interaction between Au and Pd. Differing from Au nanoparticles, Pd nanoparticles only exhibit broad optical resonances that have been assigned to the so-called localized surface plasmons (LSPs) due to the fact that the d-band overlaps with the s- and p-bands in the whole range of interest [24]. The change of optical property of Au after Pd addition is probably related to the change of electronic structure, which can partly confirm alloying of Au and Pd [25-28].
  TEM analysis was further carried out for the catalyst 2 of 2wt%AuPd(3:1)/TiO2 and the result is shown in Fig. 5 and 6. The quantification from EDX analysis from large area samples give a ratio of Au:Pd =65:35. The intensity in HAADF-STEM images is proportional to the atomic number (Z2) of atoms, thus it can easily differentiate Au and Pd atoms due to difference between their atomic numbers. Fig.5 (A) shows a low magnification HAADF-STEM image of 2wt%AuPd(3:1)/TiO2 catalyst. Since Pd nanoparticles have lower contrast than Au, no individual Pd nanoparticles are observed on the substrate, indicating that the supported metal particles could be the mixture of Pd and Au. Fig. 6B presents a high magnification STEM image of metal particles. The uniform contrast presented by the particle further strongly suggests an alloy structure of Au and Pd, rather than core-shell or bi-particle structures. A point EDX analysis acquired from one nanoparticle gave a composition of Au:Pd =69:31, confirming the alloy structure of particles. The high resolution TEM image (Fig. 6B) shows a 10-nm sized AuPd nanoparticle on the TiO2 substrate. The lattice spacing measured for TiO2 is 0.350 nm, corresponding to TiO2 (101) plane with a standard value of 0.352 nm. The 0.6% error indicates the TEM instrument was well calibrated. The lattice distance of AuPd nanoparticle is 0.199 nm, which is between 0.195 and 0.204 nm, the distances of Pd(200) and Au (200) planes respectively.  This measured distance is close to that of AuPd alloy with a ratio of 3:1 (0.202 nm), suggesting the metal nanoparticles are the alloy of Pd and Au. 
    XPS analysis was conducted for some catalysts to reveal their surface structural features. The measured Au4f7/2 binding energy appears in the range of 83.2 to 83.6 eV (Table 2), which is lower than that of bulk gold. Probably there is a shift of electron from Pd or oxygen-vacancy in TiO2 to Au, leading to the partial negative charging of Au. Table 2 and Fig. 7 give more details of XPS results. By comparing the catalyst 2, 3 and 8 in Table 2, it is seen that with increase of the Pd concentration, the surface Au/Pd ratio is decreased, which is accompanied by the increase of surface Pd2+ concentration. These observations indicate that, besides alloying of Au with Pd, which can modify the electronic property of Au, the number of surface Au sites is also important for high catalytic activity.  When the Au/Pd ratio is below 3:1, more surface sites are occupied by Pd2+, leading to the decreased catalytic activity. More interesting information can be obtained by comparing the catalyst 2 with catalyst 6 and 7. In the catalyst 2, Au and Pd components are simultaneously reduced and deposited on the catalyst support, while in catalyst 6 and 7, Pd and Au are reduced and deposited in different sequences. In catalyst 6 and 7, both the surface Au and bulk Au concentrations (Table 1) are lower than that of the catalyst 2. On the surface of the catalyst 7, there is a very high surface Pd2+/(Pd2+ + Pd0) ratio of 0.41,  because in this sample the Au was deposited first then followed with Pd deposition. Probably in this sample the surface of AuPd particles is PdO-rich, which could explain its lowest catalytic activity (only 9.8 % MO conversion after the 3 h reaction) in these three catalysts. For catalyst 8, its surface is 100 % covered by Pd2+, indicating Pd2+ is not active in this reaction. It can be further deduced that the alloying of Au-Pd can stabilize the metallic Pd0 although probably there is a slight shift of the electron from Pd to Au. The trace amount of surface PdO in the catalyst 2 (Table 2 and Fig. 7) may contribute to the formation of the so-called “oxide-on-metal inverse catalysts” as reported by Bao et al. [2]. Actually the Au-Pd particles supported on various catalyst supports have been widely investigated for different catalytic applications. Besides the size or dispersion effect on the catalytic performance, there are various structural features for the Au-Pd particles that can impact their catalytic performance. They could form separate Au and Pd particles, alloy particles and core-shell structures. For example, it was reported that the calcination of homogenous Au/Pd alloys on Al2O3 surface resulted in progressive enrichment of Pd at the metal particle surface and decrease in the catalytic activity [29]. On the other hand, Au@Pd nanoparticles supported on silica were transformed into random alloy particles at 300 °C [30]. Cybula et al. [23] found that for the AuPd/TiO2 catalyst for phenol degradation reaction under UV light, the catalytic performance is highly dependent on the catalyst calcination temperature. The catalyst calcined at 350 and 400 °C exhibited the highest photocatalytic activity while that calcined above 450 oC became poorer in catalytic performance. It was found that the higher calcination temperature caused a segregation of the two metals and a gold-enrichment in the shell region of Au/Pd bimetallic nanoparticles. Even in the alloyed particles, the distribution of Au and Pd was not homogeneous [23]. This situation is quite similar to our case: Au-Pd alloy particles are formed and certain amount of Pd2+ is observed on the surface. Combining literature with our results, we thus propose that the ideal catalyst should have a structure of alloyed Au-Pd structure with an Au/Pd atomic ratio around 3, and with trace amount of PdO islands decorating the Au-Pd surface, as shown in Fig. S2.
3.3. Supported metal catalysts for PROX reaction.  
  The catalysts prepared by the sonication-assisted method were tested for the low temperature preferential oxidation (PROX) reaction because it is an important industrial reaction used for purification of H2 in hydrogen fuel cells [31, 32]. Nowadays the majority of the world’s hydrogen supply is produced by reforming hydrocarbons [33, 34]. This ‘reformate’ hydrogen contains significant quantities of CO that poison current fuel cell devices. The PROX reaction removes CO through selective (preferential) oxidation of CO while avoiding oxidation of hydrogen in reformate. 
   For the PROX reaction, a series of metals were screened and it was found that Ru/TiO2 [35], Au-Cu/SBA-15[36] and Pt/Al2O3 catalysts exhibited high catalytic activities. The Ru/TiO2 and Au-Cu/SBA-15 catalysts were tested previously at high GHSVs close to 20000 h-1 and both of them were able to lower the CO concentration to several ppm (Table 3). At above 200 oC on the Ru/TiO2 catalyst the methanation reaction was the dominant reaction rather than PROX reaction [35]; while Au-Cu/SBA-15 catalyst was extremely active even at room temperature. However the catalyst was not stable and was deactivated due to the reversible alloying of Au and Cu [36]. We prepared the 2wt%Pt/-Al2O3 nanorods catalyst by the impregnation method and the sonication-assisted method in this work. As shown in Fig. 8, the sonication method prepared 2wt%Pt/-Al2O3 is able to lower the CO concentration from 10000 ppm to ca. 51 ppm at ca. 160 oC, while the impregnation method prepared 2wt%Pt/-Al2O3 can only lower the CO concentration to ca. 1700 ppm at ca. 200 oC. The sonication method prepared catalyst is very stable. Upon a 100 h on stream lifetime test, no deactivation was observed. We further increased the Pt loading to 3 wt. % and lowered the CO concentration to ca. 100 ppm in the feeding gas, and both the -Al2O3 nanorods and commercial -Al2O3 from SASOL were used as the support. It is observed in Fig.9 and table 3 that the 3wt%Pt/-Al2O3 (SASOL) is able to lower the CO concentration to several ppm at a reaction temperature of ca. 100 oC, much lower than the 3wt%Pt/-Al2O3 nanorods, which shows the highest CO removal at ca. 150 oC. The detailed reason for this catalytic performance is not yet clear. However, it is obviously that the sonication method prepared catalysts are promising for practical catalytic applications, particularly when a two-stage reaction configuration is applied, in which the first stage reaction will remove most of CO while the second stage reaction will lower the CO concentration to several ppm.  
4. Conclusion
  In this work, we have extended the sonication-assisted precipitation-reduction to the preparation of various mono- and bi-metallic catalysts supported on various catalyst supports, and applied the catalysts for photocatalytic degradation of MO and PROX reactions. In general, there are three advantages for the sonication method as compared with the conventional methods, including the high dispersion of metal nanoparticles on the catalyst support, the much higher DE values than those of the DP and CP methods, and the very fast preparation as the deposition only takes 10-20 seconds.
   The photocatalytic degradation of MO over a series AuPd/TiO2 shows that the AuPd(3:1)/TiO2 catalyst is much more active than the other catalysts, mainly because of the high dispersion of the metal particle, the formation of Au-Pd alloy particles and the decoration of trace amounts of PdO on the Au-Pd alloy particles. It is found that, besides the solution pH value, the addition of the metal solution into the NaBH4 solution in the preparation (the inverse sonication method) and the separate deposition of Au or Pd lead to the phase separation of Au and Pd, which is not conducive to the catalytic activity.
  For the PROX reaction, the highly dispersed Ru/TiO2, Au-Cu/SBA-15 and Pt/-Al2O3 catalysts prepared by the sonication method are found to be very active. The Pt/-Al2O3 catalyst is also quite stable. Moreover, it is found that the Pt/-Al2O3 (SASOL) catalyst is able to lower the CO conversion to several ppm at a quite lower reaction temperature (100 oC), indicating a promise for practical application. 
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Tables
Table 1. ICP analysis of the catalyst composition                 _____________________________________________________________________
                     Catalyst no.      Theoretic atomic          ICP analysis                                    DE(%)      pH
                                              ratio of Au/Pd        _____________________________________
                                                                            Au (wt%)      Pd (wt%)    Total (wt%)           
                         1 (2wt%Au/TiO2)          1:0           1.84        0.0              1.84                  92        5.5
                         2(2wt%AuPd/TiO2)       3:1          1.55        0.29             1.84                  92        1.6
                         3(2wt%AuPd/TiO2)       1:1           1.17        0.63             1.79                 89        1.4
                         4(2wt%AuPd/TiO2)       1:3          0.45         1.05            1.50                  75         1.4 
                         5(2wt%AuPd/TiO2-R)   3:1          1.39         0.21            1.60                  80        9.6
                                              6 ( 2wt%Pd-Au/TiO2)     3:1          1.31         0.16            1.60                  74       2.8/1.3
                           7( 2wt%Au-Pd/TiO2)     3:1          1.29         0.26             1.60                 77       3.0/2.8
                                      _________________________________________________________________________________________________
                     Notes: DE=deposition efficiency. 
                                  Catalyst 1-4: NaBH4 was added into the slurry Au and Pd precursors, lysine solution and support. 
                                  Catalyst 5(#27): Au and Pd precursor solution was added into slurry containing NaBH4, lysine and the 
                                                            catalyst support (inverse sonochemical method). 
                                   Catalyst 6 (#31): Pd was deposited first followed with Au deposition.
                                   Catalyst 7(#32): Au was deposited first followed with Pd deposition. 

Table 2. XPS analysis results of the catalysts                  _____________________________________________________________________
                     Catalyst no.   Theoretic composition   Au BE    Surface Au/Pd   Surface Pd2+/(Pd2+ + Pd0) 
                                                                                   (eV)                                                     
                         1- 2wt%Au/TiO2         2(2:0)             83.2           
                         2 -2wt%AuPd/TiO2    2 (3:1)            83.3        1.59                          0.059
                         3- 2wt%AuPd/TiO2    2(1:1)             83.5        0.64                          0.34
                                              6-  2wt%Pd-Au/TiO2   2 (3:1)            83.4        1.06                          0.052
                           7-  2wt%Au-Pd/TiO2   2 (3:1)            83.60      1.03                          0.41
                         8-2wtPd%/TiO2          2(0:2)                            0                               1.0
                                      _________________________________________________________________________________________________
                     











                         Table 3. Catalytic performances of several catalysts for PROX reaction
____________________________________________________________________________________
          Catalyst               Reaction temperature    CO concentration (ppm)      Stability tested (h)
           (oC)                                before reaction  After reaction
____________________________________________________________________________________
                      10 (2wt%Pt/Al2O3)             150-200              10000                     2-5                        100
                      11(2wt%Ru/Al2O3)             200-270             10000                    5-10                       20
                      12(2wt%Cu-Au/SBA-15) * 25                      10000                    5-10                       12
____________________________________________________________________________________
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Figure captions.
 Fig. 1. TEM images of the supported metal catalysts prepared by the sonication-assisted method. 
Fig. 2. Catalytic degradation of MO under visible light at 25 oC (1 h).
Fig. 3. Catalytic degradation of MO under visible light after 3 h reaction at 25 oC. 
Fig. 4. XRD patterns (A) and UV-vis spectra (B) of some catalysts. 
Fig. 5. HAADF-STEM images of the 2-2wt%AuPd(3:1)/TiO2 catalyst after oxidation in air at 300 oC. 

Fig. 6. Low (A) and high (B) resolution TEM images of the 2-2wt%AuPd(3:1)/TiO2 catalyst after oxidation in air at 300 oC. 

Fig. 7. XPS analysis of the supported catalysts oxidized in air (before reaction).  
Fig. 8. PROX reaction on Pt supported catalysts. The catalysts were reduced in 5 % H2 at 300 oC for 40 minutes prior to the reaction. The catalytic reaction was carried out in the flow of 1 % CO, 1 % O2, 78 % H2, 20 % He at a GHSV of 5000 h-1. 

Fig. 9. PROX reaction on Pt supported catalysts. (left) TEM image of the 3%Pt/Al2O3 (SASOL), and (right) the catalytic performances of the 3%Pt/Al2O3 catalysts. Two kinds of Al2O3 supports were used. One was Al2O3 nanorods with and without calcination, and the other was -Al2O3 from SASOL. The catalysts were reduced in 5 % H2 at 300 oC for 40 minutes prior to the reaction. The catalytic reaction was carried out in the flow of 100 ppm CO, 100 ppm O2, 99.78 % H2, 0.20 % He at a GHSV of 50 h-1. 
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    Fig. 1. TEM images of the supported metal catalysts prepared by the sonication-assisted method. 
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               Fig. 2. Catalytic degradation of MO under visible light at 25 oC (1 h).
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                Fig. 3. Catalytic degradation of MO under visible light after 3 h reaction at 
                       25 oC. 













                            Fig. 4. XRD patterns (A) and UV-vis spectra (B) of some catalysts. 
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Fig. 5. HAADF-STEM images of the 2wt%AuPd(3:1)/TiO2 catalyst after oxidation in air at 300 oC. 
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       Fig.6. Low (A) and high (B) resolution TEM images of the 2-2wt%AuPd(3:1)/TiO2 catalyst after oxidation in air at 300 oC. 
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             Fig. 7. XPS analysis of the supported catalysts oxidized in air (before reaction).  













Fig. 8. PROX reaction on Pt supported catalysts. The catalysts were reduced in 5 % H2 at 300 oC for 40 minutes prior to the reaction. The catalytic reaction was carried out in the flow of 1 % CO, 1 % O2, 78 % H2, 20 % He at a GHSV of 5000 h-1. 












Fig. 9. PROX reaction on Pt supported catalysts. (left) TEM image of the 3%Pt/Al2O3 (SASOL), and (right) the catalytic performances of the 3%Pt/Al2O3 catalysts. Two kinds of Al2O3 supports were used. One was Al2O3 nanorods with and without calcination, and the other was -Al2O3 from SASOL. The catalysts were reduced in 5 % H2 at 300 oC for 40 minutes prior to the reaction. The catalytic reaction was carried out in the flow of 100 ppm CO, 100 ppm O2, 99.78 % H2, 0.20 % He at a GHSV of 50 h-1. 
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Fig. S1. TEM images of the two 2wt%AuPd(3:1)/TiO2 catalysts prepared by changing the deposition sequence of Au and Pd. (A) Pd was first deposited followed with Au deposition (catalyst  6 in table 1), and (B) Au was first deposited followed with Pd deposition (catalyst 7 in table 1).  The catalysts were calcined in air at 300 oC for 1h. Some big particles were identified in these two samples besides some small particles. 
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              Fig. S2. Ideal AuPd/TiO2 catalyst for MO degrading reaction.  
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