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Abstract

:

Exploring solar-excited heterogeneous photocatalysts by taking advantage of surface plasmon resonance (SPR) has drawn growing research attention. As it could help to pave the way for global sustainable development. The decoration of TiO2 particles with noble metals possessing SPR effects is regarded as one of the most effective solutions. The perfect match of the SPR absorption band with the spectrum of incident light is an essential factor for plasmonic enhancement. However, modifying with sole noble metal is often limited as it tunes wavelength of only several nanometers. To overcome this drawback, an alternative approach can be offered by decoration with more than one noble metal. For instance, Au-Ag co-decoration displays greatly adjustable, composition-dependent SPR agent over a broad range of the visible light spectrum (ca. from 415 to 525 nm). Hence Au-Ag complex is a remarkable candidate for tuning the photo adsorption of TiO2 from UV to visible light. This study presents a novel and tailored method for the fabrication of Au-Ag co-modified TiO2 particles, and how Au-Ag dependent SPR was applied as the visible light-responsive TiO2 based photocatalysts in a simple but reliable way. The fabricated Au-Ag co-decorated TiO2 (AuxAg(1−x)/TiO2) was characterized and proved to own excellent stability and large specific surface area. The optimization of these particles against the wavelength of maximal solar light intensity was confirmed by photo degradation of methylene blue under visible light radiation. This work may provide further insight into the design of TiO2-based composites with improved photocatalytic properties for environmental remediation and renewable energy utilization.
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1. Introduction


As the first reported photocatalyst, TiO2 has received extensive attention owing to its strong photo oxidization capacity and excellent long-term stability [1]. However, because of its large bandgap, (ca. 3.2 eV), TiO2-involved photocatalysis has been widely regarded as a UV-light-triggered oxidation-reduction processes. Yet, it is well-known that the UV wavelength only accounts for less than 5% of the entire solar spectrum energy [2], and this highly restricts the usefulness of TiO2-based photocatalysts as a renewable energy technology in such areas as environmental remediation, self-cleaning surface, CO oxidation and H2 production [3,4,5,6]. Thus, the development of a visible light-responsive TiO2-based photocatalyst would be highly desirable. A number of strategies have been reported to extend its adsorption range into the visible light spectrum by changing the bandgap of semiconductors, including replacing O atom in TiO2 with C or N [7,8], doping with metal element, such as Sb and V [9,10], decorating with other metal oxides [11,12], or preparing hydrogenated black-TiOx structures [13]. Among these, engineering of TiO2 by decorating plasmonic metallic nanoparticles with Ag or Au is a particularly promising approach [14].



Surface plasmon resonance (SPR) is defined as the collective oscillation of valence electrons induced by a resonant photon. The resonant photon wavelength varies with the metal tested [15]. The resonant wavelength and the resulting SPR intensity are dependent on the structure, as well as the size and shape of the metallic nanoparticles [16,17]. By manipulating the above factors of plasmonic nanoparticles, it is possible to prepare nanostructures that interact across the whole solar spectrum [18,19]. However, the decoration of TiO2 with the single noble metal is limited to several nanometers of wavelength tuning [20,21,22]. To overcome this, two noble metals can be added to the composite. For example, Au-Ag binary nanoparticles are able to exhibit composition-dependent SPR maxima over a wide range of the visible light spectrum (Ca. from 415 to 525 nm) [23,24]. Hence, Au-Ag nanoparticles make a competent candidate for harvesting the photoabsorption of TiO2 in the spectrum of solar light via their plasmonic enhancement properties [25].



Metallic Au and Ag nanoparticles were synthesized by many groups [26,27,28,29]. Most of these describe Au-Ag particle fabrication in aqueous solutions [30,31]. Sun’s group however, described the fabrication of monodisperse Au-Ag nanoparticles in an organic solvent [32]. They tuned the Au-Ag nanoparticles by changing the ratio of the precursors in the reaction. This resulted in a synchronous change in the size of Au-Ag particles, and consequently a change in the variation of their SPR frequency. Liu et al. reported a milder method for synthesizing Au-Ag particles that used an organic agent. The resulting particles were highly monodispersed and had a particle size from 6 to 13 nm [33]. They adjusted the size as well as the SPR frequency by changing the ratios of the metals added and by changing the surfactants used. Despite these reported successes, the efficient simple manufacture of Au-Ag binary nanoparticles for the purpose of tuning of SPR through Au-Ag composition remains a research goal.



This study reports a tailored synthetic method to prepare Au-Ag binary nanoparticles and their resulting SPR properties can be applied to produceTiO2-based photocatalysts with SPR at specific, desired visible light wavelengths in a straightforward way. The morphology and composition of the Au-Ag co-decorated TiO2 (AuxAg(1−x)/TiO2) were characterized by TEM, HRTEM, SEM, and XRD. The optical properties were investigated by UV-vis spectroscopy. Furthermore, the as-prepared Au-Ag co-decorated TiO2 (AuxAg(1−x)/TiO2) composites with their adsorption band overlap with the wavelength of the strongest solar light intensity were demonstrated via the photodegradation of methylene blue under visible light illumination. The mechanism of enhanced photocatalytic performance is eventually discussed.




2. Results and Discussion


2.1. Composition Analysis


The XRD technique confirmed the composite of the as-prepared particles. In order to tune the molar ratio between Au and Ag in the composites of Au-Ag/TiO2, the total amount of Au-Ag to TiO2 was fixed to an optimized value (2.25 wt%), which was determined in our preliminary study. AuxAg(1−x)/TiO2, (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) was used to calculate the different molar ratio between Au and Ag. AuxAg(1−x)/TiO2, (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) can separately represent the composites of TiO2 only doped with 2.25 wt% Ag (x = 0), TiO2 doped with 0.35 wt% Au and 1.9 wt% Ag (x = 0.2), TiO2 doped with 0.74 wt% Au and 1.51 wt% Ag (x = 0.4), TiO2 doped with 1.18 wt% Au and 1.07 wt% Ag (x = 0.6), TiO2 doped with 1.67 wt% Au and 0.61 wt% Ag (x = 0.8), and TiO2 only doped with 2.25 wt% Au (x = 1). Figure 1 shows the XRD patterns of pure TiO2 (black line) and 1.18 wt% Au-1.07 wt% Ag co-decorated TiO2 particles (AuxAg(1−x)/TiO2, x = 0.6) (pink line). It can be observed that the peaks at 2θ = 25.8°, 38.5°, 48.4°, 55.0°, and 636.6° can be assigned to the anatase TiO2 (101), (004), (200), (211), and (204) lattice planes, respectively. It is notable that because of the relatively small amount of Ag-Au nanoparticles added and their pattern peak overlap with the TiO2 (004) peak, the Ag-Au nanoparticles (111) peak is difficult to be observed. Also, because of the similar lattice structures of Au (a = 0.408 nm) and Ag (a = 0.409 nm), it hard to determine the lattice difference between Ag and Au with the XRD technique. Thus, the composition of the composites requires further characterization.




2.2. Morphology Study


Figure 2A displays the TEM image of individual Ag-Au co-decorated TiO2 spheres obtained by loading 1.18 wt% Au and 1.07 wt% Ag. It was determined that the TiO2 spheres were ~200 nm in diameter, and Au-Ag nanoparticles were uniformly loaded to the surface of TiO2 spheres. High-resolution TEM images were used to observe more details of the composites. The Ag-Au binary nanoparticles had diameters of 5 to 20 nm as shown in Figure 2B. With further magnification, the lattice fringes of both particles were clearly seen (Figure 2C). The interplanar space of 2.30 Å and 2.36 Å was observed to be indexed to a (111) plane of Au or Ag and a (004) plane of TiO2, respectively [34,35]. TiO2 particles were further characterized by backscattered electron SEM imaging, as shown in Figure 3A. The TiO2 particles were observed as uniform spheres with diameters of 200 nm, which is in agreement with TEM images. The bright little dots (marked by the red arrows in the image) correspond to Au-Ag nanoparticles. Figure 4B shows the EDS spectrum of Au-Ag nanostructure decorated TiO2 spheres with 0.5% Au and 1.75% Ag. The XRD technique cannot distinguish Ag from Au elements. Therefore, EDS element mapping was used to confirm the composition of the particles. Four elements (Ti, Ag, Au, and O) were scanned and the independent element mappings are displayed in Figure 3C–F, respectively. It was found that Ti and O elements shared and constituted the TiO2 particles, but the intensity of O element looks stronger than that of Ti element, since their number is double that of the Ti atoms. While Ag and Au elements had a similar distribution, their detection location was different, indicating metallic Ag-Au binary particles were formed. This suggests that the small 5 to 20 nm particles were Ag-Au.



XPS was introduced to analyze the surface composition of the particles. Being different from EDS characterization. XPS spectra not only shows the elements present but also their valance states. The composition of a particle can then be characterized more accurately. As a control, pure TiO2 was characterized using XPS. Its survey spectrum is presented in Figure 4A. The binding energies were modified for specimen charging in accordance with the C 1s to 284.8 eV. Both titanium (459.1 eV) and oxygen (530.6 eV) were detected in samples. Figure 4B shows the XPS survey spectrum of Ag-Au co-decorated TiO2 composites. Extra peaks indexed to Ag 3d and Au 4f were seen that were not seen in pure TiO2. The Ti 2p core-level spectra displayed two representative peaks at 464.5 and 458.9 eV (Figure 4C) (464.7 and 459.1 eV for pure TiO2), which can be attributed to the spin-orbital splitting photoelectrons of Ti 2p1/2 and Ti 2p3/2 in the Ti4+ state. Reports elsewhere had similar findings [36]. The O1s shown in Figure 4D is asymmetric, indicating several oxygen species. The deconvolution peaks of oxygen species at high binding energy (OC, 532.8 eV) can be assigned to the chemisorbed oxygen species in the surface hydroxyl groups (O–H bond). The other two peaks located at 530.2 and 531.9 eV represent OA and OB, respectively. These come from the O2− ions in the TiO2 and O− and O2− ions in the oxygen vacancies-induced defect regions, which mainly contributes to the photocatalytic reaction [37]. The high-resolution XPS signals of Ag and Au in the composite are summarized in Figure 4E,F, respectively. The binding energy of Au 4f7/2 is 83.7 eV, there is a negative shift of −0.3eV when compared with bulk metallic gold (84.0 eV). Similar results were reported in other studies [38,39]. The shift can be explained by the effect of TiO2 support. Arrii et al. reported the role of different support materials on the binding energy shifts of Au 4f7/2. They reported up to −1.1 eV negative shift occurs in the TiO2 host particles [40]. The similar intensity between Au 4f7/2 and Au 4f5/2 suggests an interaction and coexistence between Ag and Au [41]. The Au-Ag bi-metal increases the possibility of Au or Ag losing electrons. Ag 3d3/2 and Ag 3d5/2 also shifted to lower values (373.4 eV and 367.5 eV) compared to monometallic Ag (374.2eV and 368.3eV). There was no sign of ionic species and this suggests Ag and Au were attached to the TiO2 surface.




2.3. Optical Properties


The UV-vis spectra of various samples related to Ag-Au co-decorated TiO2 particles were measured. Figure 5 presents the UV-vis spectra of the AuxAg(1−x)/TiO2 (x is the amount of Au in the Ag-Au binary nanoparticles, where x = 0, 0.2, 0.4, 0.6, 0.8 and 1) and the pure TiO2. The adsorption peak of TiO2 is located at ~310 nm, which is consistent with our previous study [42]. The absorption peak moves to a longer wavelength by ~80 to 390 nm after decorating Ag nanoparticles (x = 0), and where the amount of Ag loaded is ~2.25 wt. % of TiO2. As a control test, only loading Au nanoparticles ((AuxAg(1−x)/TiO2), x = 1) leads to a significant red-shift to ~460 nm. This band change indicates that decorating Ag or Au nanoparticles can result in an increase in its adsorption at longer wavelengths such as the visible light region.



To obtain tunable absorbance of the photocatalysts, Ag-Au co-decorated TiO2 spheres with various ratios of Ag to Au (marked as AuxAg(1−x)/TiO2) were prepared. The optical properties of the different composites were measured, and the results are shown in Figure 5. It is notable that the positions of the maximum absorbance peaks shift to long-wavelength with x. Specifically, when x equals to 0.2, 0.4, 0.6, and 0.8, the positions of the SPR wavelength shifts to 390, 405, 415, 425, and 440 nm, respectively. Thus the surface plasmon resonance absorption can be tuned by controlling the ratios of Ag to Au, as well as the size of Ag or Au nanoparticles [24]. The degree of overlap between the emission of the light source and a particle’s UV-vis absorption is indicative of its sunlight photocatalytic activity.




2.4. Specific Surface Area Test


The specific surface area of a composite is another determinant for the functional activities in photocatalysis and those related to the contact surface area. In this study, the specific surface area was estimated for the 1.18 wt% Au 1.07 wt% Ag co-decorated TiO2 samples. The N2 adsorption-desorption isotherms and the pore size distribution of the calculations are shown in Figure 6A,B, respectively. The isotherms display a type IV curve, indicating a mesoporous structure. According to the Brumauer-Emmett-Teller formula, the specific surface area of the composite was calculated as ~156.6 m2/g. This value is about double that measured when the pure TiO2 spheres were tested (81.8 m2/g) [42]. This is probably due to a spillover effect [43,44]. The characterized pore size distribution method is based on an adsorption and desorption branch of the isotherm (using the Barrett-Joyner-Halenda) method). The average pore size was calculated as ~3.5 nm (Figure 6B). Therefore, decorating with Au-Ag nanoparticles greatly increases the specific surface area of the composite. This is desirable for the proposed photocatalytic applications.




2.5. Photocatalytic Assessment


The photocatalytic performance of the Ag-Au co-decorated TiO2 particles with various Ag/Au ratios was assessed by testing the degradation of a methylene blue (MB) solution under visible light irradiation. Figure 7A shows the photocatalytic degradation rate of MB with AuxAg(1−x)/TiO2 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) and pure TiO2 particles as a control. The pure TiO2 particles had a better photo degradation efficiency than commercially available TiO2 [42]. Before this irradiation test, the MB suspension and photocatalyst mix were left in the dark for 30 min to attain an absorption-desorption equilibrium of MB on the surface of the particles. The commercial TiO2 spheres had a ~20% degradation rate after 2 h. In contrast, the Ag-decorated TiO2 spheres (x = 1) had a ~75% degradation rate after 2 h. The Au decorated TiO2 spheres (x = 0) had a 82% degradation rate after 2 h. The highest degradation rate (~99%) was observed when the composite had an x of 0.6. The reaction rate of the pure TiO2 particles and the Ag-Au co-decorated TiO2 spheres with different Ag/Au molar ratios (x) are shown in Figure 7B. Ag0.6Au0.4/TiO2 composite has a superior photocatalytic activity (0.0317 min−1) compared to other AgxAu(1−x)/TiO2 composites (from 0.0156 to 0.0252 min−1) and pure TiO2 nanospheres (0.0023 min−1).



The superior photocatalytic activity would benefit from the suitable ratio of Au and Ag, which could help to reduce the photogenerated electron-hole recombination via modifying the bandgap and trapping the charge carrier [45]. Similarly, Mohsen et al. synthesized the Ag-Au-modified TiO2 nanotube and investigated the photocatalytic degradation performance toward the MB under visible light, the results reveal that Au-Ag/TiO2 nanotubes show remarkable enhancement of photocatalytic activity because of more visible light absorption [46]. Jaspal explored the photocatalytic performance of Ag-doped TiO2 nanoparticle fabricated by the CTAB-assisted facile wet chemical method and concluded that 100 mL 8 μM aqueous solution of MB can be fully degraded under artificial sunlight within 60 min by using 5 mg Ag-TiO2 nanoparticles, while 40% degradation was achieved by using the same amount of pure TiO2 nanoparticles [47]. Reinis et al. also reported a microwave-assisted strategy to prepare Au, Pt, Pd, and Ag-doped TiO2 nanofibers, the high intensity LED lamp was applied to photodegrade the MB, and the noble metal-doped TiO2 showed double photocatalytic efficiency in comparison with pure TiO2 nanofibers. All the above works are in agreement with the trend of our results [48].



Loading noble metal nanoparticles on TiO2 increases the absorption of visible light through surface plasmon resonance (SPR) and this boosts the photocatalytic activity [6,49,50]. Surface plasmon resonance is a collective oscillation among the conduction band electrons in a metal particle after it is excited by light [51]. When a metal nanoparticle is irradiated with a wavelength of light larger than the particle, redistribution occurs within the particle of the charge density. This modification of a metal particle on a TiO2 particle by light establishes a coulombic restoring force and prompts a charge density. Au and Ag particles are frequently used in plasmonic composites. Their resonance frequency depends on the shape and size of the host particle, the interactions between the metal and the host material, as well as the local dielectric environment [52].



The recognized mechanism corresponding to SPR and associated photoreactivity is not strictly established. In the present study, the proposed photocatalysis mechanism of Au-Ag/TiO2 composites is summarized, as shown in Figure 8, the Au/Ag NPs and TiO2 particles absorb the incident photons, and the electrons in the valence band in TiO2 are excited afterwards. The excited electrons move to the conductive band, at the same time, the same amount of holes are generated in the valence band. Because of the higher work functions of Ag (4.3 eV) and Au (5.1 eV) compared with that of anatase TiO2 (3.2 eV), partial excited electrons would transfer from TiO2 conductive band to the surface-loaded Au or Ag NPs, since the Fermi energy level of noble metal is lower than that of TiO2. By this way, the electron-hole recombination is restrained. Since the Au-Ag/TiO2 composites are able to absorb the near-ultraviolet to visible light, this helps to absorb more photons, further excite more electrons within TiO2, resulting in accumulating more holes. The electrons come up against an oxygen molecule to form superoxide anions (·O2). At the same time, the photo-induced holes were trapped by OH− to become hydroxyl radicals. Both hydroxyl radicals and superoxide anions would oxidize MB to CO2 and H2O. Besides, the photocatalytic reaction rates are strongly dependent on the wavelength of the incident light, for the highest reaction rate, the wavelength of light should cover the range where the intensity of the SPR is the highest [53].





3. Experimental


3.1. Chemicals


Gold (III) chloride trihydrate (HAuCl4·3H2O, 99%), silver nitrate (AgNO3, 97%), sodium borohydride (NaBH4, 99hexylamine (C6H15N 99%), titanium (IV) butoxide (TBOT 99%), methylene blue (C16H24ClN3O3S, 97%) and commercial titanium dioxide (TiO2, P25) were purchased from Sigma Aldrich (Shanghai, China). Silver nitrate (AgNO3, 97%), acetone (C3H6O, 99.9%), ethylene glycol (EG, (CH2OH)2 97%), ethanol (C2H6O, 99.9%) and methylene blue (C16H24ClN3O3S, 97%) were purchased from Sinopharm chemical reagent Co., Ltd. (Shenyang, China), all reagents were supplied analytical grade and used as received. Ultra-pure water was used whenever water was used.




3.2. Synthesis of TiO2 Nanoparticles


To prepare TiO2 nanoparticles, 0.05 mL titanium (IV) butoxide (TBT) was mixed with 10 mL ethylene glycol, followed by vigorous stirring for 8 h at room temperature. Afterwards, 0.05 mL of this mixture (TBT-EG) was added to 10 mL acetone followed by 5 min of gentle rocking. The mix was then held for 1 h to “age.” The precipitate formed (a titanium precursor) was collected using a centrifuge (Eppendorf, Beijing, China) set at 3000 rpm for 10 min. The collected particles were dispersed in boiling water and held for 2 h. The as-prepared colloids were collected by centrifuge, then rinsed with alcohol, and dried in an oven set at 60 °C overnight.




3.3. Synthesis of Au-Ag/TiO2 Composites


To synthesize colloidal Au-Ag/TiO2, in a typical procedure, 0.01 mM of TiO2 colloid was added to 15 mL ethylene glycol and stirred until dispersed. Total of 0.01 to 0.06 mL of 0.01 M AgNO3 and 60 µL hexylamine was added to 15 mL TiO2 that contained an EG suspension. The mixture was magnetically stirred. Then 0.01 to 0.06 mL 0.01 M HAuCl4·3H2O and 0.05 M NaBH4 was poured into the mixture and held at room temperature for 2 h. The as-prepared colloids were collected by centrifuge, washed with alcohol, and dried for a few hours in vacuum at 60 °C.




3.4. Characterizations


The as-synthesized samples were identified by Phillips X’pert Multipurpose X-ray Diffractometer (MPD 6100, Shimadzu, Shenyang, China) using Cu Kα radiation and a scanning step 2θ = 0.02°/s. XPS analysis determines the surface composition of the samples on a Physical Electronics PHI 5000 Versa prob (Kratos Analytical, Manchester, UK) using Al Kα_X-ray source set at 1486 eV. The data were analyzed with XPSPEAK software (version 4.1 Kratos Analytical, Manchester, UK). The morphologies of the as-prepared samples were investigated by TEM (JEOL 1400, Peabody, MA, USA) with an accelerated voltage set at 100 kV. To observe the surface, SEM images were obtained by emission scanning electron microscope (ZEISS, Shanghai, China). High-resolution TEM microscope (HRTEM, FEI Tecnai G20, FEI, Shanghai, China) with an accelerating voltage set at 200 kV was used to study the crystalline structure and its interface. A UV-2600 UV-Vis spectrophotometer (Shimadzu, Shenyang, China) was used to obtain the UV-visible absorption spectrum of samples. The specific surface area and pore size distribution of the samples were measured with a nitrogen physisorption isotherms via a BET process (TriStar 3000, micromeritics Instrument Corporation, Shanghai, China).




3.5. Photocatalytic Test


The photocatalytic performance of Au-Ag/TiO2 related samples was evaluated through the degradation of MB solution (30 mg/L) with simulated sunlight irradiation via a 300W Xenon lamp (PLS-SXE300C) equipped with an AM 1.5 G total reflection filter (Perfect light, Beijing, China). The intensity of the light was 0.7 W/cm2. Total of 20 mg of the photocatalyst was added to 100 mL of MB solution to form a concentration of 30 mg/L. Before irradiation, to form an adsorption-desorption equilibrium, the mix was stirred in the dark for 30 min. During the reaction, the reactor was equipped with a reflux condensation to remove heat. Total of 3 mL of solution was sampled at set time intervals and centrifuged to remove the catalyst particles. The intensity of the absorption peaks of MB was measured with a Shimadzu UV-2600 UV-Vis spectrophotometer (Shimadzu, Shenyang, China) and used to track its concentration.





4. Conclusions


The photocatalytic performance of TiO2 under visible light was tested by modifying the SPR of Au-Ag nanoparticles that co-decorated its surface. The composites were found to have excellent stability and a large specific surface area. Specifically, colloidal suspensions of Au-Ag co-decorated TiO2 (AuxAg(1−x)/TiO2) composites with x in the range of 0 to1 showed an intensive SPR band in the range of 390 to 520 nm visible light. Based on the photocatalytic assessment, the Au0.4Ag0.6 co-decorated TiO2 could generate SPR at 460 nm. This was the best result for the degradation of methylene blue under solar light irradiation. It was better than pure TiO2 or TiO2 with other Au/Ag ratios. The SPR induced by Ag-Au co-decoration helped the TiO2 particles absorb light from the near-ultraviolet to the visible light range. The photoelectrons excited on the conduction band of TiO2 tend to transfer to the Au-Ag nanoparticles because of the lower fermi level of noble metal. This leads to the efficient separation of photogenerated electron-hole pairs. The method used to make these particles enabled their practical photocatalytic tuning. This work provides a simple way to make efficient solar light-responsive photocatalytic material that could be used for environmental remediation and for energy saving applications.
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Figure 1. XRD pattern of pure TiO2 and 1.18 wt% Au-1.07 wt% Ag decorated TiO2 particles. 
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Figure 2. TEM image (A) and high resolution TEM image (B) and (C) of 1.18 wt% Au-1.07 wt% Ag-decorated TiO2 composites. 
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Figure 3. (A) SEM image and (B) EDS spectra of 1.18 wt% Au-1.07 wt% Ag-decorated TiO2 composites; (C–F) EDS mapping analysis of component elements from a SEM image (A) of Au-Ag decorated on TiO2 composites showing the distribution of Ti, O, Ag, and Au. 






Figure 3. (A) SEM image and (B) EDS spectra of 1.18 wt% Au-1.07 wt% Ag-decorated TiO2 composites; (C–F) EDS mapping analysis of component elements from a SEM image (A) of Au-Ag decorated on TiO2 composites showing the distribution of Ti, O, Ag, and Au.
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Figure 4. (A) XPS spectra of the as-prepared pure TiO2 particles, and (B) Au-Ag-decorated TiO2 particles (AuxAg(1−x)/TiO2, x = 0.6); (C–F) XPS elemental spectra for Ti2p3, O 1s, Ag3d and Au4f in Au-Ag decorated TiO2 particles. 
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Figure 5. UV–vis spectra of AuxAg(1−x)/TiO2 composites (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) and the pure TiO2 spheres. 
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Figure 6. The nitrogen (N2) adsorption-desorption isotherms (A) and pore size distribution (B) of 0.5% Au-1.75% Ag decorated TiO2 composites. 
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Figure 7. (A) Concentration change of methylene blue (MB) in the presence of pure TiO2 particles, and AuxAg(1−x)/TiO2 composites with x = 0.2, 0.4, 0.6, 0.8 and 1 under sunlight irradiation. (B) Photodegradation rates of the pure TiO2 particles, and AuxAg(1−x)/TiO2 composites with x = 0, 0.2, 0.4, 0.6, 0.8 and 1. Reaction rates (k) in the inset are calculated from the linear relationship between ln (C0/C) and time. 
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Figure 8. Mechanism of MB photodegradation by Au-Ag decorated TiO2 composites. 
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