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ABSTRACT:  11 

High efficiency new visible light driven Ag2MoO4-Ag3PO4 composite photocatalysts with 12 

different weight ratios were successfully synthesized by a facile solution based in-situ 13 

preparation method and characterized using X-ray diffraction (XRD), X-ray photoelectron 14 

spectroscopy (XPS), scanning electron microscopy (SEM), Fourier transform infrared 15 

spectroscopy (FTIR), UV-visible diffuse reflectance spectroscopy (UV-vis DRS), 16 

photoluminescence spectroscopy (PL), and zeta potential measurement. Under visible light 17 

irradiation, the 10 wt% of Ag2MoO4-Ag3PO4 composite photocatalyst exhibits enhanced 18 

photocatalytic degradation efficiency compared to other composites of Ag2MoO4-Ag3PO4, 19 

pure Ag3PO4 and pure Ag2MoO4 for degradation of methylene blue (cationic dye). The 10 20 

wt% of Ag2MoO4-Ag3PO4 composite photocatalyst is further used to investigate the 21 

photocatalytic degradation of rhodamine B (cationic dye) and methyl orange (anionic dye). 22 

The higher photocatalytic degradation efficiency of 10 wt% Ag2MoO4-Ag3PO4 towards 23 

cationic dye is closely related to its surface potential and the observed degradation efficiency 24 

of MB is 2.7 and 16.87 times higher than RhB and MO respectively. Based on the bandgap 25 

alignment, the photocatalytic degradation mechanism of Ag2MoO4-Ag3PO4 composite 26 

photocatalysts was examined. In addition, the quenching effect of different scavenger test 27 
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displays, holes and O2
−• are the most reactive species which plays major role on 28 

photocatalytic degradation of MB. The UV-vis DRS and photoluminescence study are also 29 

supported the higher photocatalytic degradation. TOC analysis was done to confirm the 30 

mineralization of dyes. The Ag2MoO4-Ag3PO4 composite photocatalyst is highly stable and 31 

89% of MB photocatalytic degradation was achieved after 4 recycle measurements under 32 

visible light irradiation. In addition, no phase changes of Ag2MoO4-Ag3PO4 composite 33 

photocatalyst and degraded product was confirmed. 34 

 Keywords:  35 

Ag2MoO4, Ag3PO4, Electrostatic force, Mulliken electronegativity, Industrial dyes.  36 

1. INTRODUCTION 37 

The disposal of industrial garbage especially dyes from the textile industry has been a 38 

problem in the past few decades. The semiconductor photocatalysis has gained attention as a 39 

significant solution to many potential applications such as hydrogen production from the 40 

water splitting, degradation of organic toxic pollutants and water purification and disinfection 41 

[1-3]. Among them, the degradation of organic pollutants using semiconductors have played 42 

a crucial role because of its promising, environmental, and cost effective technology for 43 

treatment of contaminated groundwater and wastewater [2,4]. Since, the discovery of the 44 

Honda-Fujishima effect in the early 1990s, the TiO2 has been used to study the photocatalytic 45 

degradation of dyes under ultraviolet light irradiation (UV light) [5-7].  However, TiO2 (3.2 46 

eV) can only absorb UV light which accounts for only 4 % of solar radiation reaching the 47 

earth thereby greatly restricting its practical applications under solar light [8]. So, in the 48 

technological perspective it is important to develop visible light active material to investigate 49 

the photocatalytic degradation of organic pollutants. Many researchers have focused on the 50 

development of single phase semiconductor materials [Ag2WO4, Ag6Si2O7, TiO2 and WO3] 51 
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and its photocatalytic degradation under visible light [9-11]. In addition, the coupling of 52 

semiconductor with another semiconductor in the form of composite materials with matched 53 

band edge potential (SnO2-Fe2O3, Bi2O3-Bi2WO6, WO3-Ca2Fe3O4, Cu2O-ZnO, RGO-TiO2, 54 

CuO-BiVO4, BiVO4-Bi2O3, LaVO4-TiO2,Bi2O3-ZnO, BiOI-BiOCOOH and Fe2(MoO4)3-55 

MoO3) is another way to promote photogenerated electron-hole pair and thus increasing 56 

separation of electron-hole pair efficiency as well as inhibiting their rate of electrons-holes 57 

recombination [12-22].    58 

Recently, Yi et al., reported the use of Ag3PO4 as an excellent photocatalyst material 59 

to oxidize water and decompose the organic contaminants in aqueous solutions under visible 60 

light irradiation (λ= 420 nm) [23]. The strong valence band potential of Ag3PO4 was reasoned 61 

for excellent water oxidization and degradation of organic dyes [24]. The further 62 

investigation on preparation of shape, morphology and crystal face of Ag3PO4 greatly 63 

enhance the photocatalytic activity.  However, the conduction band potential of Ag3PO4 (0.45 64 

eV vs NHE) is more positive than that of H2-H
+, which limits its application in hydrogen 65 

production from water splitting. Moreover, Ag3PO4 composites have been developed by 66 

coupling with wide bandgap semiconductors (In(OH)3, SnO2, CeO2, and TiO2, etc.) [25-28], 67 

narrow bandgap semiconductors (Bi2WO6, CdS and BiOI etc.) [29-31] and carbon materials 68 

(RGO, multiwall nanotube and quantum dots) [32-34]. Lei Liu et al., [35] have reported the 69 

photocatalytic activity of GO-Ag3PO4 system, the GO sheets could facilitate charge transfer 70 

and suppress the recombination of electron-hole pair thus enhance the efficiency and stability 71 

of Ag3PO4. Yuyu Bu et al., [36] prepared Ag3PO4 nanoparticles on the surface of PANI by in 72 

situ deposition method and they found that the existence of interfacial electric field formed at 73 

interface of Ag3PO4 and PANI can dramatically enhance the separation efficiency of the 74 

photogenerated electron-hole pairs which improves the photocatalytic degradation 75 

performance and stability of the system. The g-C3N4/Ag3PO4 composite photocatalyst is 76 
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developed and the improved photocatalytic performance and stability is due to synergistic 77 

effects such as structural stability, charge transfer process, high surface area and adsorption 78 

ability between g-C3N4 and Ag3PO4 composites system [37].The high electrical conductivity 79 

of carbon materials ultimately inhibits the electron-hole recombination which enhances the 80 

photocatalytic activity of Ag3PO4 composites. The use of wide bandgap semiconductors such 81 

as AgBr [38] and AgI [39] with Ag3PO4 are potential candidate to improve the optical 82 

absorption property of Ag3PO4 which leads to superior photocatalytic degradation.  83 

In this paper, the Ag2MoO4 (low absorbance in visible light) [40] with strong 84 

oxidation potential than AgI and AgBr was chosen to develop highly stable and novel 85 

Ag2MoO4/Ag3PO4 composite photocatalyst. The pure phase of Ag2MoO4 was introduced to 86 

Ag3PO4, in order to further enhance the photo-oxidation property of Ag3PO4 towards 87 

photocatalytic degradation of dyes. The Ag2MoO4 with wide bandgap was considered for the 88 

efficient charge separation due to their matched band edge potentials of Ag2MoO4-Ag3PO4 89 

composite photocatalyst. Initially, the Ag2MoO4-Ag3PO4 with different weight ratios of 90 

Ag2MoO4 was prepared from MoO3. Then, all samples were characterized by various 91 

analysing techniques such as XRD, XPS, SEM, FTIR, UV-vis DRS, PL, and zeta potential 92 

measurement. Second, the photocatalytic activity of as-prepared pure Ag3PO4, Ag2MoO4-93 

Ag3PO4 composites and pure Ag2MoO4 were evaluated through photocatalytic degradation of 94 

cationic dyes (MB, RhB) and anionic dye (MO). In addition, photogenerated electron-hole 95 

transfer process was illustrated based on the bandgap alignment of Ag2MoO4-Ag3PO4 96 

composite and its catalytic activity. Also, the trapping of reactive species measurement, PL 97 

and UV-vis DRS studies were correlated to photocatalytic activity of composites. TOC 98 

analysis was done to confirm the mineralization of the dyes. Finally, the systematic 99 

investigation on recyclability, stability and identification of degraded final product of 100 

Ag2MoO4-Ag3PO4 composite was examined after photocatalytic measurement. 101 
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2. EXPERIMENTAL SECTION 102 

2.1 Chemicals. 103 

The ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O)), nitric acid - 104 

HNO3 (69 %), ammonia solution (25 %), methylene blue (MB), rhodamine B (RhB) and 105 

methyl orange (MO) were purchased from Merck, India. Silver nitrate (AgNO3) and Di 106 

sodium phosphate (Na2HPO4) were purchased from Alfa Aesar, United Kingdom. All the 107 

chemicals were of analytical grade and used without any further purification. The double 108 

distilled water was used in all experiments.  109 

2.2 Preparation of MoO3. 110 

The MoO3 crystal was synthesized using precipitation method [41]. In typical 111 

procedure, 0.2 M of ammonium heptamolybdate tetrahydrate (AHM) was dissolved in 10 mL 112 

of double distilled water. A homogeneous solution was obtained after stirring for 10 min and 113 

5 mL of HNO3 was added dropwise into the solution. Then the mixture was heated to 120 °C 114 

for 3 h in oil bath and resulting precipitate was subsequently centrifuged and washed with 115 

several times by double distilled water. The obtained MoO3 powder was dried at 80 °C for 6 h 116 

in hot air oven. 117 

2.3 Preparation of Ag2MoO4-Ag3PO4 composite photocatalyst.  118 

The Ag2MoO4-Ag3PO4 composites photocatalysts were prepared as follows: The 119 

solution A and solution B were prepared separately. An appropriate amount of as-prepared 120 

MoO3 was added to 50 mL of double distilled water with sonication for 30 min to form 121 

uniform MoO3 dispersion. Then, the 5 mL of NH3.H2O was added into MoO3 dispersion to 122 

form (NH4)2MoO4. In addition, 0.3 M of AgNO3 also was dissolved into above mixture 123 

(solution A) and stirred for 30 min. On the other hand, 0.1 M of Na2HPO4 was dissolved in 124 

50 mL of water (solution B). Then, the solution B was added dropwise into former solution of 125 

A. The solution pH was adjusted to 7.5 by simultaneous addition of 1 mL HNO3 indicated the 126 
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formation of yellow colored Ag2MoO4-Ag3PO4 composite photocatalyst and solution was 127 

further stirred for 4 h under dark condition. Finally, the precipitates were centrifuged and 128 

washed several times with double distilled water. The obtained solid product of Ag2MoO4-129 

Ag3PO4 was dried at 100 °C for 6 h in hot air oven. The amount of MoO3 was changed as 5 130 

wt%, 10 wt% and 15 wt% to synthesize different weight ratio of Ag2MoO4-Ag3PO4 131 

composites. For comparison, the pure Ag3PO4 and Ag2MoO4 were also prepared without 132 

addition of MoO3 and Na2HPO4, respectively by following the same experimental procedure. 133 

2.4 Characterizations 134 

 The phase identification of as-prepared Ag2MoO4-Ag3PO4 composite photocatalysts 135 

was performed using Ultima III Rigaku X-ray diffractometer (XRD) with scanning rate 136 

4°/min, step size 0.02°/min, Cu Kα1 radiation, λ =1.5406 Å in a 2θ range from 10 to 80º at 137 

room temperature. The X-ray photoelectron spectroscopy was used to investigate the binding 138 

energies of the Ag2MoO4-Ag3PO4 composite photocatalysts. The morphologies of 139 

Ag2MoO4/Ag3PO4 composite photocatalysts were characterized by VEGA3 TESCAN 140 

scanning electron microscope (SEM). The Ag2MoO4-Ag3PO4 composite photocatalysts were 141 

mixed with KBr (Loba chemicals, India) to prepare the pellets for the FTIR measurements 142 

using Thermo-Scientific NICOLET iS5 Fourier transform infrared spectrometer (USA). UV-143 

Visible diffuse reflectance spectrum was recorded using JASCO UV-Vis NIR 144 

spectrophotometer (Model-V-670, USA) in the range of 300 nm - 800 nm.  Room 145 

temperature photoluminescence spectra of composites were obtained using JASCO 146 

spectroflurometer (Model – 8500, USA) with excitation wavelength of 325 nm. The zeta 147 

potential measurement was carried out using Zetasizer (Model- MAL1052893, United 148 

Kingdom). Finally, to determine the mineralization of dyes, the changes in total organic 149 

carbon was carried using total organic carbon analyser (TOC-L, Shimadzu, Japan). 150 

2.5 Photocatalytic experiment and detection of reactive oxygen species. 151 
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The photocatalytic dye degradation of Ag2MoO4/Ag3PO4 composite photocatalyst was 152 

investigated using various organic dyes namely MB, RhB and MO under visible light 153 

irradiation. 0.1 g of each photocatalyst was added into 1 L of double distilled water 154 

containing 10 mg of MB, RhB, and MO dye powder, separately. The photocatalytic chamber 155 

consists of tungsten halogen lamp and reactions are carried out under visible light irradiation 156 

with an E = 350 W and λ ≥ 420 nm at ambient temperature. Prior to irradiation, the 157 

suspension was magnetically stirred for 30 min in the dark condition to establish the 158 

adsorption-desorption equilibrium on the surface of catalysts. Finally, at the given time 159 

interval the 4 mL of catalyst containing suspension was centrifuged and used to measure the 160 

change in concentration using UV-Vis spectrophotometer (UV-2600, Shimadzu, Japan) 161 

ranging from 250 nm to 800 nm.  162 

3. RESULTS AND DISCUSSION 163 

3.1 Characteristics of Ag2MoO4-Ag3PO4 composites. 164 

Figure 1 shows the XRD pattern of as-synthesized Ag3PO4 and Ag2MoO4/Ag3PO4 165 

composite photocatalysts, in which five sets of XRD patterns are obtained: those unmarked 166 

were indexed to the body centered cubic Ag3PO4 structure corresponding to the JCPDS NO: 167 

06-0505, whereas other peaks marked with ♦ were assigned to the face centred cubic 168 

Ag2MoO4 structure corresponding to the JCPDS NO: 75-0250. The intensity of diffraction 169 

peaks of Ag2MoO4 composites increases gradually with MoO3 content supported the strong 170 

coexistence of Ag2MoO4 along with Ag3PO4. This XRD pattern suggests that both Ag2MoO4 171 

and Ag3PO4 were formed and these results ruled out the possibility of any third phase 172 

formation, indicating Ag3PO4, Ag2MoO4 and Ag2MoO4-Ag3PO4 composites have been 173 

successfully prepared. 174 
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The surface composition and chemical state of as-prepared 10wt% Ag2MoO4/Ag3PO4 175 

composite was investigated by X-ray photoelectron spectroscopy (XPS) and the results are 176 

depicted in Figure 2. Figure 2 (a) shows the XPS survey spectrum of as-prepared 10wt% 177 

Ag2MoO4-Ag3PO4 confirming the presence of Ag, Mo, P and O. In addition, the carbon peak 178 

C (1s) at binding energy 284.6 eV was assigned to hydrocarbon from the instrument [42]. 179 

Figure 2 (b) comprises two individual peaks at binding energy 374.5 eV and 368.4 eV, which 180 

could be ascribed to spectra of Ag (3d 3/2) and Ag (5d 5/2) [43]. Also, the two distinct peaks 181 

were observed at binding energies 235.4 eV and 232.29 eV corresponding to Mo (3d3/2) and 182 

Mo (3d5/2) as shown in Figure 2 (c) [40]. The P (2p) peak located at binding energy ~ 133 eV 183 

is due to  P5+ in PO4
3- [40] as shown in Figure 2 (d). The deconvolution spectra for O (1s) is 184 

shown in Figure 2 (e).The two peaks at binding energies 532.1 eV and 530.4 corresponds to 185 

oxygen, hydroxyl groups in the sample and are in good agreement with already reported 186 

results [44]. No other peak was observed suggesting that successful formation of Ag2MoO4-187 

Ag3PO4 composite photocatalysts. 188 

The morphology and elemental analysis were investigated by SEM with EDS 189 

technique. The SEM images of as-prepared pure Ag3PO4, pure Ag2MoO4 and Ag2MoO4-190 

Ag3PO4 composite are shown in Figure 3 (a-c). The morphology of pure Ag3PO4 was 191 

ascertained to be an irregular sphere shaped particles (Figure 3a) with size ranging from 294 192 

nm to 1.5 μm (calculated from inset Figure 3(a)). The as-prepared pure Ag2MoO4 shows 193 

agglomerated cubic and irregular morphology with 1.9 μm - 5.5 μm in size (Figure 3(b)). 194 

Inset of Figure 3b exhibits magnified cubic shaped morphology of Ag2MoO4. Figure 3c 195 

clearly explains presence of both cubic shaped Ag2MoO4 and sphere shaped Ag3PO4 particles 196 

and are well connected. The EDS spectra of pure Ag3PO4 and 10 wt % Ag2MoO4-Ag3PO4 197 

composite are shown in Figure 3(d-e). The presence of Ag, P and O for pure Ag3PO4 and Ag, 198 

P, O and Mo were identified for Ag2MoO4 which further confirming the presence of Mo in 199 
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Ag2MoO4. Table 1 and Table 2 show the elemental composition of Ag, P, O and Mo in pure 200 

Ag3PO4 and 10 wt % Ag2MoO4-Ag3PO4 composite. 201 

The FTIR spectra of as-prepared Ag3PO4 and Ag3PO4-Ag2MoO4 composites are 202 

represented in Figure 4 (a). In the FTIR spectrum of pure Ag3PO4, the bands at 3424 cm-1 and 203 

1651 cm-1 indicates stretching and bending vibration of OH¯ ions adsorbed on the surface. 204 

Two strong bands are observed at 1013 cm-1 and 551 cm-1 corresponding to P-O stretching 205 

vibrations of PO4
3- [37]. In the case of 5, 10, and 15 wt % of Ag2MoO4-Ag3PO4 composites, 206 

new peak observed at 828 cm-1 is assigned to stretching vibration of O-Mo-O [40]. Thus, 207 

FTIR spectra reveal the formation of Ag2MoO4 on the Ag3PO4 composites.  208 

The UV-Visible diffuse reflectance spectra of as-prepared pure Ag3PO4, pure 209 

Ag2MoO4 and Ag2MoO4/Ag3PO4 composites are shown in Figure 4 (b). The Ag3PO4 exhibits 210 

optical absorption in the range 450-530 nm while Ag2MoO4 shows broad absorption from 211 

335 nm to 430 nm in which a broad peak appears from 335-398 nm at UV region, and 212 

another peak shows at 400 nm- 430 nm at visible region. This result explains the major light 213 

absorption is from UV region and also exhibits low absorbance in the visible region. Similar 214 

kind of observation was proposed by Hao Jiang et al [40]. For Ag2MoO4/Ag3PO4 composites, 215 

the strong visible light absorption is observed for all samples. The bandgap (Eg) of all 216 

samples can be calculated using Kubleka-Munk function is shown in equation (1).   217 

                      (1)  218 

Where F(R∞) is the K-M function, R∞ is the diffuse reflectance of an infinitely thick 219 

sample, K(λ) is the absorption coefficient, s(λ) is the scattering coefficient, hν is the photon 220 

energy and Eg is the bandgap energy of direct transition, respectively. The bandgap was 221 

derived from the plot between the square of the K-M function F(R)
2 and energy. To obtain 222 

the optical bandgap, the linear part of F(R)
2 curve was extrapolated and intersected to the 223 
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energy axis. The calculated bandgap is 2.35 eV, 3.05 eV (inset Figure 4 (c)), 2.41 eV, 2.42 224 

eV and 2.38 eV corresponding to as-prepared pure Ag3PO4, pure Ag2MoO4, 5 wt% 225 

Ag2MoO4-Ag3PO4, 10 wt % Ag2MoO4-Ag3PO4 and 15 wt % Ag2MoO4-Ag3PO4 respectively 226 

as shown in Figure 4 (c). In addition, it is noted, the bandgap of 15wt% Ag2MoO4/Ag3PO4 is 227 

slightly increased to the pure Ag3PO4 but decreased when compared with 5wt% and 10 wt% 228 

Ag2MoO4/Ag3PO4 composite. This might have caused by the poor interfacial interaction of 229 

Ag2MoO4 with Ag3PO4 may due to aggregation of Ag2MoO4 at higher amount loading [45]. 230 

The photoluminescence (PL) emission spectra is used to investigate the migration and 231 

separation efficiency of photogenerated electrons and holes. In general, the strong intensity of 232 

the fluorescence means that the photogenerated electrons and holes are prone to 233 

recombination and the lifetime of the photogenerated electrons are short. However, the weak 234 

intensity of the generated fluorescence means that the separation of electrons and holes are 235 

high resulting in a longer lifetime of the photogenerated electrons and holes [46-47]. Figure 4 236 

(d) shows the PL spectra of as-prepared pure Ag3PO4 and Ag2MoO4-Ag3PO4 composites 237 

measured at an excitation wavelength of 325 nm. For pure Ag3PO4, a broad emission peak 238 

was observed at 390 to 510 nm corresponds to photoexcited electrons on the conduction band 239 

recombining with valence band holes which is approximately equal to the bandgap of 240 

material. For the case of Ag2MoO4-Ag3PO4 composites, the fluorescence intensity was 241 

weakened from 5 wt% to 10 wt% Ag2MoO4-Ag3PO4 and start rising back to 15 wt% of 242 

Ag2MoO4-Ag3PO4 as shown in Figure 4 (d). This indicates that presence of 10 wt% 243 

Ag2MoO4 can effectively prevent the annihilation of photogenerated electron - hole pairs and 244 

improves separation efficiency and life time of photogenerated electrons and holes [48-50]. 245 

The surface energy of composite materials was analyzed using zeta potential 246 

measurement as shown in Figure 5 (a-c). The negative surface potential of -44.4 mV, - 50.2 247 
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mV, – 50.5 mV were observed for 5 wt% Ag2MoO4-Ag3PO4, 10 wt% Ag2MoO4-Ag3PO4 and 248 

15 wt% Ag2MoO4-Ag3PO4 composites, respectively.  249 

3.2 Photocatalytic degradation of pure Ag3PO4, Ag2MoO4 and Ag2MoO4-Ag3PO4 250 

composites  251 

The photocatalytic activity of pure Ag3PO4, pure Ag2MoO4 and Ag2MoO4-Ag3PO4 252 

composite photocatalyst was evaluated through the photocatalytic degradation of cationic dye 253 

(MB, RhB) and anionic dye (MO) under visible light irradiation.  All these dyes are well 254 

known water pollutants and are discharged from textile industries. Initially, two set of 255 

experiments were carried out to investigate the nature of dyes and catalyst. The first 256 

experiment was carried out to confirm the self photolysis of dye where the aqueous medium 257 

of dyes (separate reaction was done to each dye) was exposed under visible light irradiation. 258 

It is observed that there is no colour change in MB, RhB and MO up to 35 min of visible light 259 

irradiation as shown in Figure 6. This result confirms the self photolysis of dyes in the 260 

presence of visible light irradiation is ignored. The second experiment was performed where 261 

appropriate amount of catalyst was mixed with aqueous solution of dyes to study the 262 

influence of catalyst under dark condition. It could be observed that very minimum 263 

percentage (4 %) of degradation was observed for all dyes under dark condition up to 30 min. 264 

The observed minimum percentage is due to chemi-adsorption of dyes on the surface of 265 

material which is negligible. So the visible light irradiation was used for photocatalytic 266 

degradation of dyes. The as-prepared samples of pure Ag3PO4, pure Ag2MoO4 and 267 

Ag2MoO4-Ag3PO4 (from 5 wt% to 15 wt %) composite photocatalysts have been used to 268 

degrade MB. Using, pure Ag3PO4, Ag2MoO4-Ag3PO4 and pure Ag2MoO4 the aqueous 269 

solution of MB was degraded after visible light irradiation which is confirmed from gradual 270 

decrement in characteristic absorption peak intensity (λ max) at 665 nm, 605 nm and 250 nm 271 
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and ultimately the peaks disappeared (see Figure 7). The percentage of photocatalytic 272 

degradation was calculated using equation (2) 273 

                                                                       ---------------------------------------------- (2) 274 

Where, oC , tC are the initial and residual concentrations of MB, RhB and MO at 275 

different interval times, respectively. 276 

From the Figure 8 (a), as-prepared Ag3PO4 and Ag2MoO4-Ag3PO4 composite 277 

photocatalyst exhibited almost complete degradation under visible light irradiation. In 278 

comparison between Ag2MoO4-Ag3PO4 composite photocatalyst, pure Ag3PO4 and pure 279 

Ag2MoO4, the 5 wt% Ag2MoO4-Ag3PO4 takes 11 min to degrade 98.3 % of MB whereas 10 280 

wt% Ag2MoO4-Ag3PO4 takes 8 min to degrade 98 % MB. However, the 15 wt% Ag2MoO4-281 

Ag3PO4 takes 35 min to achieve 97.4 % of MB degradation. Among the photocatalyst used, 282 

10 wt% Ag2MoO4-Ag3PO4 showed almost a complete degradation within 8 min whereas pure 283 

Ag3PO4, 5 wt% Ag2MoO4-Ag3PO4, 15 wt% Ag2MoO4-Ag3PO4 exhibited complete 284 

degradation within 35, 11 and 35 min, respectively. The pure Ag2MoO4 takes 180 min to 285 

degrade the 72% of MB. As the weight percentage of MoO3 increased from 10 wt% to 15 wt 286 

%, the MB degradation of 15 wt% Ag2MoO4-Ag3PO4 is prolonging the visible light 287 

irradiation time. The possible reason for increase in degradation time is that number of 288 

Ag2MoO4 formed on the surface of Ag3PO4 is more, which decreases light absorbance on the 289 

Ag3PO4, and is isolated from the contact between Ag3PO4 and MB molecules. Since, sample 290 

10 wt% Ag2MoO4-Ag3PO4 is considered as good catalyst, it is used to investigate the 291 

degradation of RhB and MO dye. Figure 8 (b) shows the degradation of RhB and MO using 292 

10 wt% Ag2MoO4-Ag3PO4. The 99 % of RhB degradation was achieved within 22 min 293 

whereas 98 % of MO degradation was achieved within 135 min. This result suggests that MB 294 

degradation is 2.75 times higher than RhB degradation and 16.87 times higher than MO 295 
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degradation. As discussed, a minimum visible light irradiation time is required to achieve the 296 

complete degradation of cationic dye molecules such as MB and RhB whereas longer visible 297 

light irradiation time is needed for degradation of anionic dye like MO. The reason is 298 

explained based on the interaction between dye molecules (cationic and anionic) and nature 299 

of Ag2MoO4-Ag3PO4 composite photocatalyst. Figure 9 illustrates the interaction between 300 

dye molecules and Ag2MoO4-Ag3PO4 composite photocatalyst under visible light irradiation. 301 

The surface charge of dye molecules and Ag2MoO4-Ag3PO4 plays the key role in 302 

photocatalytic degradation of dyes. In general, it is noticed that cationic dyes such as MB and 303 

RhB could be bounded with positive charge while negative charge is bounded on the surface 304 

of anionic MO dye. In addition to note, the surface energy of Ag2MoO4-Ag3PO4 composites 305 

show a negative potential is to be - 44.4 mV, - 50.2 mV and - 50.2 mV for 5 wt%, 10 wt% 306 

and 15 wt% Ag2MoO4-Ag3PO4 composite, respectively (see Figure 5). Moreover, it could be 307 

inferred from the FTIR spectra, the peak at 1651 cm-1 is attributed to stretching vibration of 308 

OH- ions, which also reveals that the as-obtained Ag2MoO4-Ag3PO4 composite inherits 309 

negative charge on the surface [51]. As shown in Figure 9, when Ag2MoO4-Ag3PO4 is in 310 

contact with dye molecules in aqueous medium, it tends to stabilize electrostatically and 311 

further the negative surface potential on the Ag2MoO4-Ag3PO4 composite photocatalyst 312 

facilitates the strong interaction due to electrostatic attraction between cationic dye molecules 313 

and Ag2MoO4-Ag3PO4 composite photocatalyst. The electrostatic attraction induces the 314 

strong interaction between positively bounded dye molecules and negatively charged 315 

Ag2MoO4-Ag3PO4 which causes the faster degradation of cationic dyes. Also, it could be 316 

explained that the better degradation of MB than RhB probably comes from complicated 317 

structure of RhB [52].  Moreover, in the case of anionic dye, there is an electrostatic 318 

repulsion which is due to interaction between negatively charged Ag2MoO4-Ag3PO4 319 

composite and negatively bounded dye molecules. Ultimately, the longer irradiation time in 320 
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MO leads to slower degradation. Thus the cationic dye (RhB or MB) could be easily 321 

adsorbed on the catalyst surface by the electrostatic field, and charge transfer is facilitated. 322 

However, for the anionic dye (MO) this effect is not operative as such. Hence, Ag3PO4 323 

catalyst is good at removing the cationic dyes efficiently. 324 

In addition, to understand the influence of reactive species, trapping experiments and 325 

recyclability measurements are carried out on the photocatalytic degradation of MB over 10 326 

wt% Ag2MoO4-Ag3PO4. The disodium ethylenediaminetetraacetate (Na2-EDTA), p-327 

benzoquinone (BZQ) and tert-butanol (t-BuOH,) were used as scavengers for holes, O2−• 328 

radicals and •OH radicals, respectively. The concentration of all scavengers are used to be 1 329 

mmol/L in the reaction system.  The addition of 1 mM of Na2-EDTA greatly suppresses the 330 

percentage of photocatalytic degradation from 98 % to 18 % in 8 min (Figure 10 (a)), 331 

whereas introduction of 1 mM of BZQ exhibited 48.82 % of photocatalytic degradation of 332 

MB. However, 61.02 % of photocatalytic degradation of MB was observed in the presence of 333 

1 mM of t-BuOH in the system. This decreasing photocatalytic degradation efficiency clearly 334 

indicates that the holes are main reactive species playing an important role in the 335 

photocatalytic degradation of MB than O2
−• and •OH radicals. In comparison to •OH radicals, 336 

the O2
−• radicals have little more influence in the photocatalytic degradation. In recyclability 337 

measurement, after every 8 min of photocatalytic degradation, the catalyst was recollected by 338 

slow evaporation process at 60 °C and is used for recyclability measurement. The 89 % of 339 

MB photocatalytic degradation was achieved after 4 recycle measurements suggest that slight 340 

decrease in the efficiency and catalyst has significant photostability as shown in Figure 10 341 

(b). 342 

In order to study the robustness of 10 wt% Ag2MoO4-Ag3PO4 composite 343 

photocatalyst, XRD and FTIR studies were carried out after photocatalytic degradation 344 

reaction. The XRD and FTIR studies also performed after four successive experimental runs 345 
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and the results are depicted in Figure 10. It is observed that from Figure 10 (c), there is no 346 

obvious change in peak location before and after photocatalytic reaction indicated good 347 

stability and a decrement in peak intensity was observed suggesting declined crystallinity 348 

after photocatalytic reaction. Figure 10 (d) shows the FTIR spectra of different functional 349 

groups associated with pure MB, RhB and MO before and after visible light irradiation of 10 350 

Ag2MoO4-Ag3PO4. In case of  pure MB, the observed peaks at 3428 cm-1
 (stretching 351 

vibration of H-OH), 1600 cm-1 (CH=N), 1500-1400 cm-1 (C=C), 1400-1300 cm-1 (-CH2 or -352 

CH3), 1254 cm-1 (-C-N), 1222 cm-1(N-N), 1200-1000 cm-1(C-O), and 947 cm-1 (-N-O) are 353 

disappeared in the degraded sample as shown in Figure 10 (d-ii). The pure RhB exhibit peaks 354 

at 1588 cm-1, 1693 cm-1, and 1645 cm-1 corresponding to the characteristic of C-C stretching 355 

vibration in aromatic ring, C=O bands and C=N band vibration, respectively. Figure 10 (d-iv) 356 

shows the disappearance of the functional groups in the degraded sample [53]. The FTIR of 357 

MO shows peaks corresponding to the asymmetric stretching CH3 vibrations at 2924.06 cm-1, 358 

ring vibrations at 1036.7 cm-1, and the -C-N band finger prints of the azo nature of dye at 359 

1119.1 cm-1 and there distinct bands are absent in degraded sample [54] as shown in Figure 360 

10 (d-vi). Hence, this FTIR study gives evidence for degradation of MB, RhB and MO dyes. 361 

The total organic carbon analysis (TOC) was carried out to determine changes in the total 362 

organic carbon of the dyes. For TOC measurement, the 10 wt% Ag2MoO4-Ag3PO4 composite 363 

is taken into account which is used to degrade MB, RhB and MO dye within 8 min, 22 min 364 

and 135 min illumination of visible light irradiation, respectively. The 5.730 ppm of MB is 365 

decreased into 3.994 ppm denotes degradation of 30.29 % of MB dye. For RhB, the 6.905 366 

ppm is decreased to 3.837 ppm showed 44.43 % and the 7.765 ppm of MO is decreased into 367 

5.617 ppm confirmed 27.66 % of degraded dyes. This indicates the dyes removed over 10 368 

wt% Ag2MoO4-Ag3PO4 composite was mainly by mineralization. Since the carbon 369 

concentration in the final solution is lower than the dyes concentration.  370 
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3.3 Possible photocatalytic mechanism of Ag3PO4 - Ag2MoO4 composites 371 

The conduction band (ECB) and valence band (EVB) edge potentials of Ag2MoO4-372 

Ag3PO4 can be estimated using Mulliken electronegativity theory which is given in equation 373 

(3) and (4). 374 

                                           EVB = χ - E0+ 0.5Eg         ----------------------------------------  (3)  375 

                                           ECB = EVB - Eg               ----------------------------------------- (4) 376 

Where EVB and ECB are the valence and conduction band edge potentials, respectively; 377 

χ is electronegativity of the semiconductor, determined by the geometric mean of the absolute 378 

electronegativity of constituent atoms; Eo is the energy of free electrons on the hydrogen scale 379 

(about 4.5 eV); Eg is the bandgap of semiconductor material. The absolute electronegativity 380 

of both Ag2MoO4 and Ag3PO4 to be 5.90 and 5.96 eV, respectively [55, 39]. The EVB values 381 

of Ag3PO4 and Ag2MoO4 were determined to be 2.635 and 2.925 eV, respectively and   ECB  382 

values of Ag3PO4 and Ag2MoO4 were calculated to be 0.285 and -0.125 eV, respectively. 383 

According to EVB and ECB values, the alignment of band energy level diagram and possible 384 

charge transfer process is illustrated in Figure 11. Under visible light irradiation, electrons are 385 

excited to CB, inducing the formation of holes at VB of both Ag3PO4 and Ag2MoO4. 386 

Meantime, the photoexcited holes in VB of Ag2MoO4 can be migrated to VB of Ag3PO4 due 387 

to its higher valence band edge potential The photogenerated electrons can be migrated from 388 

conduction band of Ag2MoO4 to conduction band of Ag3PO4 (see Figure 11). As it is noted 389 

that strong oxidation potential of holes at valence band of pure Ag3PO4 and Ag2MoO4 could 390 

directly oxidize MB, RhB and MO dye molecules. On other hand it has been reported that the 391 

EVB of Ag3PO4 and standard redox potentials of •OH /H2O are 2.67 eV and 2.72 eV (vs 392 

NHE), respectively [56-57]. This suggests that the photogenerated holes on the VB of the 393 

Ag3PO4 could not react with H2O to form •OH. However, the holes generate •OH radicals due 394 
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to higher EVB of Ag2MoO4. In other hand, O2
•- radicals produced from CB of Ag2MoO4 have 395 

more potential of -0.125 eV than -0.046 eV vs NHE [58-59]. Finally, it could be explained 396 

that both holes and O2
•- effectively take part in the degradation of dyes.  397 

In general, the strong light absorption capability and high separation efficiency of 398 

electron-hole pairs are the main factors which deciding the photocatalytic activities. The 399 

Ag2MoO4-Ag3PO4 composites exhibit a strong visible light absorption (see Figure 4 (b)). 400 

From Table 3, it could be observed that 10 wt% Ag2MoO4-Ag3PO4 shows higher valence 401 

band edge potential which is about 2.67 eV is beneficial to strong oxidation for photocatalytic 402 

degradation of MB, RhB and MO. Also, it is reported that the recombination rate of 403 

electrons-holes is a crucial one and obviously related to its photocatalytic degradation. Since, 404 

the PL study can be correlated with photocatalytic degradation results. The lower PL intensity 405 

of pure Ag3PO4 and Ag2MoO4-Ag3PO4 composite photocatalysts follows the order of 10 wt% 406 

Ag2MoO4-Ag3PO4 > pure Ag3PO4 > 5 wt% Ag2MoO4-Ag3PO4 > 15wt% Ag2MoO4-Ag3PO4. 407 

This clearly demonstrates that Ag2MoO4 on Ag3PO4 promotes the efficient separation of 408 

electrons-holes, which ultimately reduces the electron-hole recombination, the similar kind of 409 

phenomena was observed by Yiming He et al., [60].  410 

CONCLUSIONS 411 

High efficiency new visible light driven Ag2MoO4-Ag3PO4 composite photocatalysts were 412 

successfully prepared using MoO3 as precursor by simple solution based in-situ experimental 413 

process. The as-prepared Ag2MoO4-Ag3PO4 composite photocatalyst exhibited superior 414 

photocatalytic degradation efficiency than those pure Ag3PO4 and Ag2MoO4. This superior 415 

photocatalytic degradation may originate from efficient separation of photogenerated 416 

electron-hole between Ag2MoO4 and Ag3PO4. The reason for higher and faster degradation of 417 

cationic dyes were explained based on the Ag2MoO4-Ag3PO4 composite photocatalysts which 418 
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embrace the negative charges on the surface thus facilitating attraction of charges together. 419 

Moreover, Ag2MoO4-Ag3PO4 composite photocatalyst shows good stability and the 420 

mineralization of dyes also confirmed. On the basis of present study, Ag2MoO4-Ag3PO4 is 421 

efficient and highly stable photocatalyst system which is expected to be a new composites 422 

system useful to degrade industrial toxic dyes.  423 
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Figure captions: 540 

Figure 1. XRD patterns of pure Ag3PO4, 5 wt% Ag2MoO4-Ag3PO4, 10 wt% Ag2MoO4-541 

Ag3PO4, 15 wt% Ag2MoO4-Ag3PO4 and pure Ag2MoO4 542 

Figure 2. XPS spectra of the as-synthesised 10 wt% Ag2MoO4-Ag3PO4 (a) XPS survey 543 

spectrum (b) Ag (3d) spectrum (c) Mo (3d) spectrum (d) P (2p) spectrum (e) O (1s) spectrum 544 

Figure 3. SEM images of (a) pure Ag3PO4 (b) pure Ag2MoO4 (c) 10 wt% of Ag2MoO4-545 

Ag3PO4 composite  546 

Figure 4. (a) FTIR spectra (b) UV-vis diffuse reflectance spectra (c) Bandgap (d) 547 

Photoluminescence spectra of pure and Ag2MoO4-Ag3PO4 composite 548 

Figure 5. Zeta potential measurement of Ag2MoO4-Ag3PO4 composite 549 

Figure 6. Self photolysis of MB, RhB and MO under visible light irradiation 550 

Figure 7. Photodegradation of MB (a) pure Ag3PO4 (b) 5 wt% Ag2MoO4-Ag3PO4 (c) 10 wt% 551 

Ag2MoO4-Ag3PO4 (d) 15 wt% Ag2MoO4-Ag3PO4 composite photocatalyst and (e) pure 552 

Ag2MoO4 553 

Figure 8. Photocatalytic activity of (a) pure Ag3PO4, pure Ag2MoO4 and Ag2MoO4-Ag3PO4 554 

composites for MB degradation (b) RhB and MO degradation using 10 wt% Ag2MoO4-555 

Ag3PO4 composite 556 

Figure 9. Interaction between dye molecules (cationic and anionic) and Ag2MoO4 - Ag3PO4 557 

composite 558 

Figure 10. (a) Reactive species trapping experiments on the MB degradation over 10 wt% 559 

Ag2MoO4-Ag3PO4 (b) recyclability experiment of 10 wt% Ag2MoO4-Ag3PO4 composite (c) 560 

XRD pattern of 10 wt% Ag2MoO4-Ag3PO4 before and after the photocatalytic degradation of 561 

MB (d) FTIR spectra of dyes before degradation (i) MB, (iii) RhB (v) MO powder and (ii), 562 

(iv), (vi) after photocatalytic reaction  563 
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Figure 11. Schematic representation of band energy levels of Ag2MoO4-Ag3PO4 composite 564 

under visible light irradiation 565 
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 589 
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 591 

 592 

 593 

 594 

 595 

 596 
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 598 

 599 

 600 

Figure 1. XRD patterns of pure Ag3PO4, 5 wt% Ag2MoO4- Ag3PO4, 10 wt% Ag2MoO4- 601 

Ag3PO4, 15 wt% Ag2MoO4- Ag3PO4 composites and pure Ag2MoO4 (♦♦♦♦- Indicates 602 

Ag2MoO4 phase). 603 
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 630 

 631 

 632 

Figure 2. XPS spectra of the as-synthesised 10 wt% Ag2MoO4-Ag3PO4: (a) XPS survey 633 

spectrum; (b) Ag (3d) spectrum; (c) Mo (3d) spectrum; (d) P (2p) spectrum; (e) O (1s) 634 

spectrum; 635 
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 645 

Figure 3. SEM images of (a) pure Ag3PO4, (b) pure Ag2MoO4 (c) 10 wt% Ag2MoO4-646 

Ag3PO4 composites. 647 
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 648 
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 650 

 651 

 652 

 653 

 654 

 655 

 656 

Figure 4. (a) FTIR spectra pure Ag3PO4 and Ag2MoO4-Ag3PO4 composites (b) UV- vis 657 

diffuse reflectance spectra pure Ag3PO4, pure Ag2MoO4 and Ag2MoO4-Ag3PO4 658 

composites (c) Bandgap and (d) Photoluminescence spectra of pure Ag3PO4 and 659 

Ag2MoO4-Ag3PO4 composites   660 

 661 

300 400 500 600 700 800

(b)
 Pure Ag

3
PO

4

 5 wt% Ag
2
MoO

4
-Ag

3
PO

4

 10 wt% Ag
2
MoO

4
-Ag

3
PO

4

 15 wt% Ag
2
MoO

4
-Ag

3
PO

4

 Pure Ag
2
MoO

4

 

  
A
b
s
o
rb
a
n
c
e
 (
a
.u
.)

Wavelength (nm)

350 400 450 500 550 600 650 700 750

 Pure Ag3PO4

  5  wt% Ag
2
MoO

4
-Ag

3
PO

4

  10 wt% Ag
2
MoO

4
-Ag

3
PO

4

  15 wt% Ag
2
MoO

4
-Ag

3
PO

4

 

In
te
n
s
it
y
 (
a
.u
.)

Wavelength (nm)

(d)

2.2 2.3 2.4 2.5

0.00

0.01

0.02

0.03

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

  Pure Ag
2
MoO

4

 

 

 

 

hυυυυ/eV

(( (( αα αα
h

υυ υυ
)2
 (
e
V
)2

Eg= 3.05 eV

  Pure Ag
3
PO

4

  5 Ag
2
MoO

4
- Ag

3
PO

4

  10 Ag
2
MoO

4
-Ag

3
PO

4

 15 Ag
2
MoO

4
-Ag

3
PO

4

2.42 eV2.35 eV

 

(( (( αα αα
h

νν νν
)) ))2

    (
e
V
)2

hνννν/eV

(c)

4000 3500 3000 2500 2000 1500 1000 500

  

Wavenumber (cm
-1
)

T
ra
n
s
m
it
ta
n
c
e
 (
%
)

Pure Ag
3
PO

4

  

  

5 wt% Ag
2
MoO

4
-Ag

3
PO

4

10 wt% Ag
2
MoO

4
-Ag

3
PO

4

  

15 wt% Ag
2
MoO

4
-Ag

3
PO

4

(a)

Page 28 of 39Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

29 

 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

Figure 5. Zeta potential measurement of (a) 5wt% Ag2MoO4-Ag3PO4 (b) 10wt% 669 

Ag2MoO4-Ag3PO4 and (c) 15 wt% Ag2MoO4-Ag3PO4 composites 670 

 671 
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 673 
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Figure 6. Self photolysis of MB, RhB and MO under visible light irradiation 693 
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Figure 7. Photodegradation of MB (a) pure Ag3PO4, (b) 5 wt% Ag2MoO4-Ag3PO4 (c) 10 710 

wt% Ag2MoO4-Ag3PO4 (d) 15 wt% Ag2MoO4-Ag3PO4 composite photocatalyst and (e) 711 

pure Ag2MoO4 712 

 713 
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 738 

Figure 8. Photocatalytic activity of (a) pure Ag3PO4, pure Ag2MoO4 and Ag2MoO4-739 

Ag3PO4 composites for MB degradation (b) RhB and MO degradation using 10 wt% 740 

Ag2MoO4-Ag3PO4 composite  741 
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Figure 9. Interaction between dye molecules (cationic and anionic) and Ag2MoO4-768 

Ag3PO4 composite 769 

 770 

 771 

 772 

Electrostatic attraction  

Electrostatic repulsion  
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Figure 10. (a) Reactive species trapping experiments on the MB degradation over 10 785 

wt% Ag2MoO4-Ag3PO4 composite (b) recyclability experiment of 10 wt% Ag2MoO4-786 

Ag3PO4 composite (c) XRD pattern of 10 wt% Ag2MoO4-Ag3PO4 composite before and 787 

after the photocatalytic reaction of MB (d) FTIR spectra of dyes before degradation (i) 788 

MB, (iii) RhB, (v) MO powder and (ii), (iv), (vi) after photocatalytic reaction. 789 
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Figure 11. Schematic representation of band energy levels of Ag2MoO4-Ag3PO4 806 

composite under visible light irradiation. 807 
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 816 

 817 

Table 1.  Elemental composition of pure Ag3PO4 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

Table 2. Elemental composition of 10 wt% Ag2MoO4-Ag3PO4 composite 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

Element Weight % Atomic % 

O K  

Ag L 

P K 

        14 

       79.34 

       6.66 

     47.94 

     40.29 

     11.77 

Total (%)        100      100 

Element    Weight %     Atomic % 

O K  

Ag L 

P K 

Mo L 

       22.66 

       64.88 

       7.69 

       4.77 

      61.16 

      25.97 

      10.72 

       2.15 

Total (%)        100       100 

Page 37 of 39 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

38 

 

 843 

 844 

Table 3. The calculated Bandgap (Eg), valence band edge potential (EVB) and conduction 845 

band edge potential (ECB) of pure Ag3PO4, Ag2MoO4-Ag3PO4 composites and pure  846 

Ag2MoO4.   847 

 848 

Sample Name Pure Ag3PO4 5wt%Ag2MoO4 

-Ag3PO4           

10wt%Ag2MoO4

-Ag3PO4 

15wt%Ag2MoO4 

-Ag3PO4  

Pure 

Ag2MoO4 

 

   Eg  (eV) 

 

2.35 

 

2.41 

 

2.42 

 

2.38 

 

3.05 

 

   EVB (eV) 

 

2.63 

 

2.66 

 

2.67 

 

2.65 

 

2.92 

 

   ECB (eV) 

 

0.28 

 

0.25 

 

0.25 

 

0.27 

 

-0.12 
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