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Scheme.1: Enhanced co-catalytic degradation by binary metal (Ag-Cu) deposition 

photocatalysts as compared to monometallic counterparts under solar irradiation. 
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                                                                                                  Abstract 

The present work demonstrates the preparation and photocatalytic activity of mono (Ag/Cu) and 

binary (Ag-Cu) metal deposited TiO2 photocatalysts using photo-deposition method. Various 

properties of catalysts were studied by DRS, PL, DLS and SEM-EDS analysis. Ag-Cu@TiO2 

catalysts were found to display considerable red shift of plasmon band (460-700 nm) enhancement 

in a broad visible region in the absorption spectra. The effects of different amount (1-5) wt % of 

Ag-Cu binary metal and by varying photo-deposition time (15 - 90 min.) time on the 

photodegradation of Neutral red dye have been evaluated under solar light irradiation. DLS 

measurements showed that with increase in photo-deposition time, hydrodynamic size of various 

photocatalysts increase (from 72 nm of bare TiO2to 386 nm for Ag/Cu deposited TiO2) due to 

continuous growth of deposited Ag-Cu on TiO2 surface. From the SEM-EDS analysis it was also 

confirmed that during the photo-deposition of binary metal (Ag-Cu), Ag metal with higher 

reduction potential gets deposited first followed by Cu. Further, the photocatalytic activity of 

various catalysts under solar irradiations revealed that binary metal deposited Ag3-

Cu3@TiO2always showed considerable increase in the photodegradation rate of dye relative to 

mono metal Ag/Cu-TiO2 catalysts. It has been realized that the appropriate metal NP distribution 

and their growth control onto TiO2 plays an important role for the effectiveness of a photocatalytic 

process. 
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 Introduction: 
 

Noble metal-TiO2 photocatalysts have pulled in a lot of consideration over recent years [1,2]. 

Metal loading on the surface of TiO2 not only lead to red shift absorption of solar spectrum but 

decreases the recombination rate of generated charge carriers also (Scheme. 2). Different metals 

such as Pd, Pt and Au etc. have been used in different interesting ways to enhance the 

photocatalytic efficiency of TiO2 photocatalyst. For example, among Pd, Pt and Au photodeposited 

onto mesoporous RuO2-TiO2, Au modified catalysts showed remarkable photonic efficiency for 

CH3OH oxidation [3]. It has been found that different metals like Fe+3 and Pt+4 exhibit different 

photooxidation rates depending on their work function, electron capturing tendency and oxidation 

states [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plasmonic metals such as Au, Cu and Ag due to their strong SPR, suitable redox potentials and 

easily reducible nature on the surface of TiO2 make their utility more reproducible [5,6].  

 

 
Scheme. 2: Effect of metal loading on TiO2 surface for improved photocatalytic 

process.  
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  𝐴𝑔+    +      𝑒−       →         𝐴𝑔     (𝐸° = 0.799 𝑉) 

𝐶𝑢+2   +    2𝑒−     →       𝐶𝑢    (𝐸° = 0.337 𝑉) 

 

In this respect, these metals have been photodeposited onto TiO2 and have been applied for various 

photocatalytic application purposes. For example, under visible light irradiation Ag modified TiO2 

nanoparticles have been viewed as good photocatalysts for the degradation of Rhodamine B [7]. 

In another study, Cu, Ag and Au-TiO2 catalysts have been compared for the degradation of 

methylene blue dye and activity order has been found in manner: Cu-TiO2> Au-TiO2> Ag-TiO2[8]. 

 Apart from doped frameworks, the composite nanostructures (binary/bimetallics) may 

combine the unique properties of semiconductors and noble metals/magnetic metals demonstrating 

multifunctional behaviors [9,10]. However, the simultaneous and effectivecontrol ofmorphology, 

structure,composition and distribution of metal nanoparticles is still a major concern. There exist 

several reports on the effective photocatalytic activity of binary metal doped TiO2 nanoparticles. 

For example, effective aerobic oxidation has been attributed to the efficient charge separation on 

the Pt-Cu/anatase interface due to decrease in schottky barrier [11]. Au-Ag modified TiO2 NP's 

have been proven to be effective photocatalysts for benzyl alcohol oxidation due to high thermal 

stability, tailorable shape and size of the catalysts [12]. Recent report on Ag-Cu binary mixture 

deposition onto TiO2 revealed the effect of binary metal deposition for improved optical and 

photocatalytic degradations[13]. However, detailed study of the effective photocatalytic tendency 

of these binary depositions is still needed to be done. Also, there are no reports available on the 

effect of different UV irradiation timings during the preparation of photocatalysts for the effective 

photooxidation process. In this concern, the present study focus on three objectives: 

(i) To Study the effect of single (Ag/Cu)/binary metal (Ag-Cu) deposition on TiO2 activity 

by degrading Neutral red (NR) dye under sunlight irradiation (Scheme. 1). 

(ii) To evaluate the effect of different wt % of Ag-Cu binary mixture on the degradation of 

neutral red dye under sunlight irradiation. 

(iii) To evaluate the effect of varying photo-deposition time of binary metal photocatalyst 

(Ag3-Cu3@TiO2) on the photocatalytic degradation of dye. 
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2. Experimental section: 

2.1. Reagents: 

Materials utilized were purchased from commercial companies with no further purification. 

Commercial form of TiO2 (P25; 70% Anatase + 30% Rutile) was received as gift from Degussa 

corporation Gemany. Cupric nitrate (Cu(NO3)2.3H2O) from LOBA Chemie, Silver nitrate 

(AgNO3) from Sigma Aldrich, India, scientific were used. Neutral Red pH indicator AR 

(C15H17ClN4) was obtained from S.D. Fine Chem Limited, India. Deionized water (DI) was 

obtained from an ultra-filtration system (Milli-Q, Millipore) with measured conductivity of 35 

mho cm-1 at 250C. 

2.2. Photocatalyst preparation:  

Photo-deposition method was exploited for simultaneous deposition of Ag and Cu metals in 

differing proportions (1:1, 2:2, 3:3, 4:4, 5:5, 1:5, 2:4, 4:2, 5:1) and their monometallic counterparts 

[14]. In a typical procedure, TiO2 (100 mg) was dispersed in a 50 vol% 10 mL aqueous IPA 

solution followed by addition of various volumes of AgNO3 (0.01 M; 936 – 4680 μL), 

Cu(NO3)2(0.01 M; 1574 - 7870 μL) solutions in a test tube. The resulting solution was photo-

irradiated under a mercury arc lamp (125 W, 10.4 mW/cm2) in an inert atmosphere of argon with 

continuous magnetic stirring of2h. The above solutions were centrifuged (6000 rpm), washed with 

methanol and then with water and dried at 353 K overnight. In another method, photocatalysts 

were prepared under varying UV irradiations (15, 30, 60 and 90 min.) also. Ag(1 wt%)@TiO2, 

Cu(1 wt%)@TiO2, and Ag(1 wt%)-Cu(1 wt%)@TiO2 have been abbreviated as Ag1@TiO2, 

Cu1@TiO2 and Ag1-Cu1@TiO2, respectively. Catalysts with other wt % are abbreviated in a similar 

way. On the other hand, catalyst prepared with photo-deposition time; 15 min. has been 

abbreviated as Ag-Cu@TiO2
15 and so others in same manner.  

2.3. Characterization techniques: 

Optical studies of metal deposited catalysts were done by Diffuse reflectance spectrophotometer 

(DRS, Avantes). Elemental detection was carried out with Energy Dispersive Spectroscope (EDS) 
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JEOL JSM-7600 F, 01 operating at 30 kV. The emission spectra of catalysts were studied using 

spectro-fluorimeter Perkin Elmer LS 55. Dynamic light scattering (DLS); Malvern, ZEN 3600 was 

used to determine the hydrodynamic size of catalysts. 

2.4. Photocatalytic Oxidation: 

Firstly, the calibration curve for NR dye was obtained with the solutions of different concentrations 

(0.1mM, 0.2mM, 0.3mM, 0.4mM and 0.5mM) by examination of these solutions under UV-Vis 

spectrophotometer.NR dye (0.2 mM; 5 mL) was then photodegraded under sunlight irradiation 

using the prepared catalysts (20 mg) for 30 min. duration. The reaction mixtures were taken out at 

regular time intervals, centrifuged and observed for their spectral studies.  

3. Results and discussions: 

Section. (a): Effects of mono (Ag/Cu)/binary metal (Ag-Cu) deposition on TiO2 

activity for degradation of NR dye under sunlight irradiation. 

3.1. Optical properties: 

                 

 

 

 

 

 

 

 

 

 
 

Figure.1: Diffuse reflectance spectra of mono (Ag/Cu) and binary metals (Ag-

Cu) deposited TiO2 photocatalysts. 
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Fig.1 shows the absorption/Diffuse reflectance spectra (DRS) of mono (Ag/Cu) and binary (Ag-

Cu) metals deposited TiO2photocatalysts. TiO2 showed absorbance edge at 356 nm due to electron 

transfer from its valence band (V.B.) to the conduction band (C.B.). On the other hand, Ag and Cu 

mono-deposition showed SPR at 463 nm and 628 nm, respectively due to electronic exchange 

between metal's d-electronic states and TiO2. However, Ag-Cu binary deposited catalysts led to 

red shift enhancement from ~ 400 nm to 720nm indicating their broad absorption range [15]. The 

colour change of catalyst solutions from white to brown and light blue for Ag and Cu and grey for 

Ag1-Cu1@TiO2, respectively were observed.   

Fig. 2 shows the photoluminescence 

spectra of various prepared 

photocatalysts which is a technique 

for the characterization of optical 

and electronic properties of 

semiconductors based catalysts. The 

charge carrier trapping and 

recombination rate were analysed in 

terms of quenching of PL peak by 

exciting the photocatalysts at 

wavelength of  340 nm. Several 

peaks at 396, 424, 448, 460 and 486 

nm were obtained for various prepared photocatalysts. PL peaks for Ag1-Cu1@TiO2 was found to 

exhibit greater quenching as compared to monometallic (Ag/Cu)@TiO2 photocatalysts. This 

quenching reflects reduction in the recombination rate due to enhanced charge separation in case 

of binary metal deposition which lead to enhanced photocatalytic efficiencies [16].  

 

3.2. Hydrodynamic size analysis: Changes in DLS absorption bands occurs due to different 

metal deposition and distribution on the TiO2 surface which are reflected in Fig. 3. It shows that 

the average hydrodynamic size of TiO2 (72 nm) increased to 175nm and 216 nm after the 

deposition of Ag (1wt%) and Cu (1wt%) respectively. On the other hand, by depositing binary 

metal Ag1-Cu1@TiO2, size increased up to 386 nm. This occurs due to the simultaneous deposition 

 
Figure. 2: Photoluminescence spectrum of mono 

(Ag/Cu) and binary metal (Ag-Cu) deposited TiO2 

photocatalysts. 

 



6 

 

of two metals (Ag-Cu) in case of binary photocatalyst compared to single (Ag/Cu) metal which 

lead to larger hydrodynamic size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. Photocatalytic activity:  
Calibration curves are used to predict the concentration of an unknown sample. A straight line was 

observed which obey Lambert-Beer's law. Among various solutions, NR Dye with a concentration 

 
Figure. 3: Dynamic light scattering (DLS) of different prepared         

photocatalysts. 
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of 0.2 mM having absorbance 

1 was selected for further 

photocatalytic studies. The 

photocatalytic activity of 

synthesized photocatalysts was 

tested by photodegradation of 

Neutral Red (NR) dye, a waste 

water pollutant under sunlight 

irradiations. Fig. 5 shows 

changes in absorption peak 

intensities and corresponding 

colour change during the 

oxidation of NR for 30 min. 

duration using different 

photocatalysts. The maximum 

decrease in peak intensity was 

observed by Ag1-Cu1@TiO2 

catalyst under sunlight 

irradiation. However, 

photolysis in the absence of 

catalysts showed little 

degradation indicating the need 

of photocatalyst to carry out 

the degradation process. 

 

 

 

 
 

Figure. 4: Calibration curve for neutral red dye follows 

lamberts beer law.  
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Fig. 6 (a) demonstrate the graph of log C0/Ct vs. time (min.) where Ct is the final conc. at a 

particular time and C0 is the initial concentration of NR respectively. The reaction rates are 

observed to follow pseudo first order kinetics according to equation: 

 log C0/Ct = kt/2.303 

where k is the pseudo first order rate constant. In order to investigate the relative photo-degradation 

rates of mono and binary mixture Ag1-Cu1@TiO2 catalysts, k values have been evaluated and 

compared in Fig. 6 (b). Rate constant, k values of (0.013, 0.0176, 0.0219 and 0.0274) × 10-3 have 

been observed for TiO2, Cu1@TiO2, Ag1@TiO2 and Ag1-Cu1@TiO2, respectively. 

 

 
Figure. 5: Changes in UV absorption peaks and colour intensity 

of neutral red dye due to its photodegradation by different Ag/Cu 

and Ag-Cu@TiO2 photocatalysts under 30min. sunlight 

irradiation. 
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Section. (b): To evaluate the effect of different wt % of Ag-Cu binary 

mixture on the degradation of neutral red dye under sunlight 

irradiation. 

3.4. Optical properties: 

Fig. 7 (a) and (b) demonstrates the DRS of different wt% of Ag-Cu (Ag1-Cu1, Ag2-Cu2, Ag3-Cu3, 

Ag4-Cu4, Ag5-Cu5, Ag1 -Cu5, Ag2-Cu4, Ag4-Cu2, Ag5-Cu1)@TiO2. It has been observed that as the 

% deposition of a particular metal increases, the corresponding peak intensity also increases in the 

similar manner. This occurs due to the presence of more metal NP’s onto TiO2 surface that possess 

 
     Figure. 6: Comparative photodegradation rate of neutral red dye by different          

     photocatalysts under sunlight irradiations. 
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large quantum efficiency. Metal depositions were also confirmed by colour change of catalyst 

solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Photocatalytic Activity 
The photocatalytic performance of different catalysts was examined for the degradation of NR 

under sunlight for 30 min. The maximum decrease in peak intensities was shown by Ag3-

Cu3@TiO2 photocatalyst. If the conc. of deposited metal is too high, it will cover the entire surface 

of TiO2 hindering its photocatalytic efficiency. So, an optimized wt % of binary metal was needed 

to be evaluated which came out to be Ag3-Cu3@TiO2. Fig. 8 depicts the changes in various NR 

peak intensities when treated with different Ag-Cu wt % photocatalysts. The maximum activity 

and corresponding colour change by Ag3-Cu3@TiO2 is demonstrated in Fig.8.  

 

 
 

 

        Figure. 7: Diffuse reflectance spectra and corresponding colour of different binary (Ag-  

          Cu)@TiO2 photocatalysts.  
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Figure. 8: Change in UV peak intensity of neutral red dye (0.2mM; 5 mL) when 

treated with different photocatalysts (20 mg) for 30 min. duration under sunlight 

irradiations. 
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Fig. 9 demonstrate the graph of log C0/Ct vs. time (min.) where Ct is the final conc. at a particular 

time and C0 is the initial concentration of NR. The reaction rates followed pseudo first order 

kinetics according to the equation:  

log C0/Ct = kt/2.303 

where k is the pseudo first order rate constant. In order to investigate the relative photodegradation 

rates of different Ag-Cu@TiO2 catalysts, k values have been evaluated and compared in Fig.10. 

 

 

 

 
Figure. 9: Pseudo first order kinetic plot for the degradation of neutral red 

dye using various catalysts. 
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Section. (c): To evaluate the effect of varying photo-deposition time 

of binary metal photocatalyst (Ag3-Cu3@TiO2) on the photocatalytic 

degradation of dye. 

3.6. Optical properties: 

Fig. 11 represents the DRS of different Ag3-Cu3@TiO2 photocatalysts prepared under varying UV 

irradiations for different time intervals (15 min., 30 min, 60 min and 90 min). It was found that as 

time of photo-deposition increases, peak intensity increases due to enhancement of SPR effect. It 

shows that as UV irradiation time during preparation of the photocatalyst is increased, more and 

more number of metal NP’s begin to deposit on TiO2 surface. In this regard, intensity of absorbance 

Figure. 10: Rate constant, k values observed for the degradation of dye using different 

photocatalyst under sunlight irradiations. 
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of catalysts in the corresponding manner. It was observed that during the initial process of binary 

metal (Ag-Cu) deposition, the colour was brown due to deposition of Ag. While as the deposition 

process was continued the colour started to change from light brown → light purple → dark purple 

due to the simultaneous deposition of Cu metal also. Since, the photo-deposition of any metal 

depends on its reduction potential, this colour change can be attributed to the fast deposition of Ag 

metal (0.799 V) as compared to Cu (0.337 V). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.7. SEM-EDS analysis: 

The SEM-EDS analysis confirms the deposition of both metals (Ag and Cu) onto TiO2 surface 

(Fig. 12). Interestingly, it was found that during binary metal (Ag-Cu) deposition, only Ag metal 

was deposited first within initial 15 min. instead of Cu. Further, continuous UV irradiation of the 

 

 
 

 

Figure. 11: Diffuse reflectance spectra of different Ag3-

Cu3@TiO2 photocatalysts prepared under varying UV 

irradiations. 
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photocatalyst lead to the deposition of Cu metal afterwards (30 to 90 min.). It has also been 

reported that photoreduction of Cu+2 particles on the surface of semiconductor (SC) is accelerated 

in the presence of Ag+ ions leading to the formation of ternary system (Ag-Cu-SC) [17]. Hence, 

during the photo-deposition process, Ag+ ions with higher reduction potential (0.799 V) accept 

electrons first from the C.B. of TiO2 while Cu+2 ions with lower reduction potential (0.337 V) get 

reduced afterwards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

Figure. 12: SEM-EDS analysis of Ag3-Cu3@TiO2 for (a) 15 (b) 30 (c) 60 and (d) 90 min 

photo-deposition time. 



16 

 

3.8. 

Photoluminescence 

Spectra: 
Fig. 13. depicts the PL 

spectra of different 

photocatalysts at exciting 

wavelength of 340 nm. 

Several peaks at 410, 437, 

464, 477 and 500 nm were 

obtained. Quenching of PL 

peaks was observed with the 

increase in photo-deposition 

time which shows decrease 

in recombination rate.  

 

 

3.9. Particle size 

Distribution (Dynamic 

light Scattering): 
 

Hydrodynamic size of various 

photocatalysts prepared under 

different timing of UV 

irradiation are shown in Fig. 

14. It was found that due to 

continuous growth Ag and Cu 

metal NP's onto TiO2 surface 

with increase in photo-

deposition time, overall size of 

the catalysts also increased. 

More deposition and growth of 

metals lead to increase in 
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Figure. 13: Photoluminescence spectrum of binary metal (Ag-      

Cu) deposited TiO2 photocatalysts.  
 

 
Figure. 14: Dynamic light scattering (DLS) of different binary 

metal (Ag-Cu) deposited TiO2 photocatalysts. 
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effective average diameter of various photocatalysts and thus the hydrodynamic size also (Scheme. 

3). 

 

 

 

 

Scheme. 3: Continuous growth of binary metal (Ag-Cu) onto TiO2 surface with increase in 

photo-deposition time. 
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3.9.1. Photocatalytic 

Activity: The maximum 

decrease in peak intensities for 

NR was shown by Ag3-

Cu3@TiO2
30 catalyst as 

compared to other co-catalysts 

photodeposited in different 

timing. The UV absorption 

peaks of NR Dye treated with 

different photocatalysts under 

sunlight irradiation and their 

corresponding colour change 

has been shown in Fig. 15. 

Inspite of maximum PL 

quenching observed in Ag3-

Cu3@T90, the best photoactivity 

performance by 30 min UV 

irradiated Ag3-Cu3@TiO2 

catalyst might be due to 

appropriate and optimized 

dispersion of both metals (Ag 

and Cu) so that combined functional behaviour of every metal can come into play. 

 

The graph of log C0/Ct versus time (min.) are shown in Fig. 16 (a) where Ct is the final conc. at a 

specific time and C0 is the primary conc. of NR individually. The reaction rates are seen to follow 

pseudo first order kinetics as demonstrated by the equation:  

log
𝐶0

𝐶𝑡
⁄  =  𝑘𝑡

2.303⁄  

where k is the pseudo first order rate constant. To examine the relative photodegradation rates of 

Ag3-Cu3@TiO2 catalysts, k values have been calculated and compared as shown in Fig.16 (b). 

 
 

Figure. 15: Change in UV peak intensities of Neutral red dye 

(0.2 mM) when treated with different photocatalysts under 30 

min. sunlight irradiation. 
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Calculated values of rate constant, k (0.027, 0.051, 0.0412 and 0.044) × 10-3 have been observed 

for Ag3-Cu3@T15, Ag3-Cu3@T30, Ag3-Cu3@T60 and Ag3-Cu3@T90, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure. 16: Time course study and corresponding k values for the 

photodegradation of neutral red dye using different catalysts. 
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4. Conclusion: 

Binary deposition of Ag and Cu metal led to enhanced degradation of NR dye due to greater 

photonic absorption, enhanced charge separations and interfacial charge transfer process. Method 

of synthesis of a photocatalyst, appropriate metal distribution onto TiO2 surface and controlled 

growth of NP's are crucial factors determining the effectiveness of a photocatalytic process. It has 

been seen that dual metals on the TiO2 surface play an effective and significant role for the photo-

oxidation of environmental pollutants. Furthermore, these binary metal systems can be 

manipulated for future applications to remove other hazardous materials. 
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