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Abstract 19 

A novel superparamagnetic Ag@silver-based salt photocatalyst, 20 

MFNs@SiO2@Ag4SiW12O40/Ag, was created, which demonstrated highly efficient 21 

photocatalytic performance under visible light illumination in both the degradation of methylene 22 

blue (MB) and the disinfection of Escherichia coli (E. coli) bacteria. In this composite 23 

photocatalyst, well-dispersed, superparamagnetic magnesium ferrite nanoparticle (MFNs) were 24 

used as the core for its easy magnetic separation capability. A passive SiO2 mid-layer was used to 25 

separate MFNs and Ag4SiW12O40, and form a strong bonding with silver ions for their loading 26 

after –SH surface modification. Ag4SiW12O40 layer was subsequently formed by the reaction with 27 

silicotungstic acid to avoid the commonly adopted calcination procedure after 28 

deposition/precipitation, and silver nanoparticles were formed on the surface of Ag4SiW12O40 29 

layer after UV irradiation to further enhance their photocatalytic performance and stability under 30 

visible light illumination. The surface modification on the passive SiO2 mid-layer and the 31 

bridging procedure for material loading developed in our approach could be readily applied to 32 

other material systems for the creation of novel composite materials with various functions. 33 

 34 

Keywords:  magnesium ferrite nanocrystallites, Ag salts, photocatalytic degradation, 35 

photocatalytic sterilization. 36 

37 
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1. Introduction 38 

Semiconductor-based photocatalysis could be a promising approach to solve energy and 39 

environmental problems faced by human beings now and in the near future if solar energy could 40 

be efficiently utilized
1
. Among various semiconductor-based photocatalysts, TiO2 had been 41 

extensively studied during the last several decades because of its high chemical stability, good 42 

photoactivity, relatively low cost, and nontoxicity
2
. However, its photocatalytic capability is 43 

limited to only ultraviolet (UV) light (wavelength λ < 400 nm), which just occupies about 4% in 44 

the solar spectrum. To enhance their solar efficiency, extensive research efforts therefore had 45 

been made to explore photocatalysts that could be activated by visible light, including 46 

modified-TiO2
3, 4

, multimetal oxides
5-7

, sulfides
8
, oxynitrides

9
, graphite oxide

10
, C3N4

11
, 47 

BiVO4
12

and heterojunctions
13

.  48 

Recently, a series of silver-based compounds attracted much research attention due to their 49 

excellent performance as visible-light-driven photocatalysts, including AgX (X= Cl, Br, I)
14, 15

, 50 

Ag3PO4
16

, Ag2CO3
17

, Ag3VO4
18

, AgSbO3
19

, AgNbO3
20

, AgIn(WO4)2
21

, Ag4SiW12O40
22

, silver 51 

titanates
23

 and delafossite AgMO2 (M = Al, Ga, In)
24

. With the enhancement by the localized 52 

surface plasmon resonance (LSPR) effect of silver nanoparticles in the visible light region, their 53 

photocatalytic performance and stability were further improved under visible light illumination
11, 

54 

21, 22
. For example, Huang et al. reported that plasmatic Ag@AgX (X= Cl, Br, I) exhibited highly 55 

efficient and stable photocatalytic activity under visible light illumination
14, 15

, and Gondal et al. 56 

found that Ag@Ag3PO4 showed enhanced both UV and visible light photocatalytic activities in 57 

the degradation of Rhodamine B
25

. The photocatalytic performance of Ag@silver-based salt 58 

photocatalysts could also be tuned by altering the negative charged anions in this material system, 59 

and it had been reported that anions with higher charges led to a stronger photocatalytic 60 
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capability
22

. Thus, Ag@Ag4SiW12O40 might be a promising candidate with a highly efficient 61 

visible-light-driven photocatalytic activity, and it should be further explored towards various 62 

technical applications, including the organic pollutant degradation, pathogen microorganism 63 

disinfection, and water splitting under visible-light illumination. 64 

To remove nanomaterials from an aqueous environment efficiently and selectively after water 65 

treatment, magnetic separation was considered as a promising alternative, compared with the 66 

conventional centrifugation or filtration processes
26

. Magnetic photocatalysts of 67 

Ag@silver-based salt (ASS), such as Fe3O4@SiO2@AgCl-Ag
27

, AgCl doped Fe3O4@SiO2
28

, 68 

Ag–AgI/Fe3O4@SiO2
29

 and Ag/AgBr/ Fe3O4@SiO2
30

, had been reported. However, there were 69 

several drawbacks in these ASS synthesis processes. First, silver based compounds were 70 

immobilized on Fe3O4@SiO2 cores with deposition/precipitation procedures, resulting in 71 

nonuniform morphology
27

. Second, the calcination procedure after deposition/precipitation 72 

increased energy consumption/cost and usually led to their aggregation and a subsequent lower 73 

surface-to-volume ratio, deteriorating their photocatalytic activity
27

. Third, incorporated 74 

magnetic cores may contain remanent magnetism and magnetic attraction existed between these 75 

nano-ASSs even without the external magnetic field for separation. So it was difficult to disperse 76 

them in water to have a better contact efficiency with pollutants
31

. Thus, new approaches should 77 

be developed to overcome these difficulties for the design and synthesis of novel magnetic ASSs 78 

with high photocatalytic performance.  79 

We report here a novel superparamagnetic ASS, magnesium ferrite nanoparticles 80 

(MFNs)@SiO2@Ag4SiW12O40/Ag. In this photocatalyst material system, well-dispersed, 81 

superparamagnetic magnesium ferrite nanoparticles were used as the core
32-34

. A passive SiO2 82 

mid-layer was introduced to coat MFNs, which could separate MFNs and Ag4SiW12O40 to 83 
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prevent the charge carrier recombination in MFNs for the enhancement of their photoactivity and 84 

provide an easy surface modification potential. After –SH modification on the SiO2 mid-layer 85 

surface, silver ions could be uniformly bridged onto the surface of MFNs@SiO2, and 86 

Ag4SiW12O40 layer was subsequently formed by the reaction with silicotungstic acid to avoid the 87 

commonly adopted calcination procedure after deposition/precipitation. Finally, silver 88 

nanoparticles were formed on the surface of Ag4SiW12O40 layer after UV irradiation to further 89 

enhance their photocatalytic performance and stability under visible light illumination, which 90 

was demonstrated in both the degradation of methylene blue (MB) and the disinfection of 91 

Escherichia coli (E. coli) bacteria. 92 

 93 

2. Experimental Section 94 

2.1. Chemicals and Material. Well-dispersed, superparamagnetic magnesium ferrite 95 

nanoparticles were synthesized as detailed in our previous report
33

. Tetraethyl orthosilicate 96 

(TEOS, C8H20O4Si，99.9%, Tianjin Kermel Chemical Reagents Development Center, Tianjin, P. 97 

R. China), aqueous ammonia (NH3·H2O, 25~28%，Sinopharm Chemical Reagent Co., Ltd., 98 

Shanghai, P. R. China), mercaptopropyltriethoxy-silane (MPTES, C9H22O3SSi，98%，Sinopharm 99 

Chemical Reagent Co., Ltd., Shanghai, P. R. China) and methylbenzene (C7H8，99.9%，100 

Sinopharm Chemical Reagent Co., Ltd., Shanghai, P. R. China) were used to coat the SiO2 layer 101 

on MFN to obtain MFN@SiO2, and modify the SiO2 layer surface with –SH. Cetyl trimethyl 102 

ammonium bromide (CTAB, C19H42BrN，99 %，Sinopharm Chemical Reagent Co., Ltd., 103 

Shanghai, P. R. China), silver nitrate, sodium chloride, sodium carbonate, sodium phosphate and 104 

silicotungstic acid (99.9%，Sinopharm Chemical Reagent Co., Ltd., Shanghai, P. R. China) were 105 

used to synthesize MFNs@SiO2/Ag4SiW12O40 photocatalyst. Methylene blue (C16H18ClN3S2，106 
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99 %，Shanghai Huyu biotechnology Co., Ltd, Shanghai, P. R. China) and E.coli bacteria (ATCC 107 

15597, American type culture collection) were used for the photocatalytic degradation and 108 

disinfection experiments, respectively. Commercially available Degussa P25 TiO2 nanoparticles 109 

(Evonik Industries, Germany) were used for comparison purpose. 110 

2.2. Synthesis of MFNs@SiO2/Ag4SiW12O40 /Ag Photocatalyst. Figure 1 schematically 111 

shows the synthesis process of MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst. 0.05 g 112 

superparamagnetic MFNs were firstly dispersed into a mixed solution of 80 mL ethanol and 20 113 

mL deionized water, and ultrasonicated for 30 min. Then, 100 µL TEOS was added into the 114 

suspension dropwise under mechanical stirring at 200 r/min, and 2 mL NH3·H2O was added into 115 

it quickly after 5 min. The suspension was kept stirring for 6 h before MFN@SiO2 nanoparticles 116 

were magnetically separated and re-dispersed into 5 mL ethanol. These steps were repeated to 117 

get enough amounts of MFN@SiO2 nanoparticles dispersed in ethanol. 50 mL of such 118 

suspension was transferred into a 250 mL three-neck flask and kept at 80 
o
C in a water bath. 200 119 

µL MPTES was then added dropwise into the flask and the suspension was refluxed for 12 h. 120 

After magnetic separation and washing with deionized water and ethanol for three times, 121 

MFNs@SiO2 with –SH surface modification were obtained. 122 

These MFNs@SiO2 with –SH surface modification were then dispersed into 50 mL silver 123 

nitrate solution (0.01 M) by ultrasonication, and the Ag
+
 adsorption lasted for 12 h. Nanoparticle 124 

samples were magnetically separated and washed with deionized water until no Ag
+
 was found in 125 

water. Then, they were re-dispersed in 50 mL deionized water with a proper amount of CTAB, 126 

and 50 mL silicotungstic acid solution (0.0025 M) was slowly added into the suspension to react 127 

with Ag
+
 bridged on the surface of MFNs@SiO2 to form Ag4SiW12O40. After being magnetically 128 

separated and dried at 80 
o
C in a vacuum oven for 8 h, MFNs@SiO2/Ag4SiW12O40 samples were 129 
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obtained. Finally, MFNs@SiO2/Ag4SiW12O40 samples were irradiated for 0.5 h, 1 h, 2 h, 4 h and 130 

8 h, respectively, by UV light (365±15 nm, 5 mW/cm
2
) to form Ag nanoparticles on the surface 131 

of Ag4SiW12O40 layer. 132 

2.3. Materials Characterization. The crystal structures of samples were analyzed by 133 

D/MAX-2004-X-ray powder diffractometer (Rigaku Corporation, Tokyo, Japan) with Ni-filtered 134 

Cu (0.15418 nm) radiation at 56 kV and 182 mA. Their morphologies were examined by 135 

transmission electron microscopy (TEM) and field emission scanning electron microscopy 136 

(FESEM). TEM observations were carried out on a JEM 2100 transmission electron microscope 137 

(JEOL Corporation, Tokyo, Japan) operated at 200 kV. TEM samples were made by dispersing a 138 

thin film of samples on Cu grid pre-coated with thin and flat carbon film. SEM images were 139 

obtained with a SUPRA35 Field Emission Scanning Electron Microscope (ZEISS, Germany). 140 

SEM samples were prepared by applying a drop of the sample on a conductive carbon tape, and 141 

drying in air. Prior to imaging, the sample was sputtered with gold for 20 s (Emitech K575 142 

Sputter Coater, Emitech Ltd., Ashford Kent, UK). BET surface area was measured by N2 143 

adsorption-desorption isotherm with an Autosorb-1 Series Surface Area and Pore Size Analyzers 144 

(Quantachrome Instruments, Boynton Beach, FL, U.S.A.). The surface chemical states of the 145 

samples were examined by X–ray photoelectron spectroscopy (XPS) using an ESCALAB250 146 

X–ray Photoelectron Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) with 147 

an Al K anode (1486.6 eV photon energy, 0.05 eV photon energy resolution, 300 W). FTIR 148 

spectroscope (Bruker TENSOR 27, MCT detector) was used to investigate the surface organic 149 

functional groups. Samples for FTIR observation were ground with spectral grade KBr in an 150 

agate mortar. Then a fixed amount of sample (1%w:w) in KBr was used to prepare all the pellets. 151 

The UV-vis spectra of samples were measured on a UV-Vis 2550 spectrophotometer (Shimadzu 152 
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Corporation, Kyoto, Japan). To explore the influence of SiO2 coating and Ag salt loading on the 153 

magnetic properties of samples, MPMS-XL Superconducting Quantum Interference Device 154 

Magnetometer (Quantum Design, U.S.A.) was used to measure the magnetization curve with 155 

external magnetic field of 0 ~ 1 T. 156 

2.4. Photocatalytic Degradation of Methylene Blue under Visible Light Illumination. 157 

Methylene blue (MB) was used as a model organic pollutant to evaluate the photocatalytic 158 

activity of samples under visible light illumination. The initial MB concentration was 1 ×10
-5

 M, 159 

and a fixed concentration of 0.5 mg photocatalyst/mL solution was used in the photocatalytic 160 

degradation experiments. Photocatalysts were firstly dispersed in MB solutions by mechanical 161 

stirring for 30 min in dark to reach adsorption equilibrium before visible light illumination 162 

started. A 300 W xenon lamp (PLS-SXE300, Beijing Perfect Light Technology Co., Ltd., Beijing, 163 

P. R. China) was used as the light source, which has a glass filter to provide zero light intensity 164 

below 400 nm. The light intensity striking the MB solution was at ca. 23 mW/cm
2
, as measured 165 

by a FZ-A optical Radiometer (Photoelectric Instrument Factory of Beijing Norman University, 166 

Beijing, P. R. China). At each time interval, photocatalysts were magnetically separated, and the 167 

light absorption of the clear solution at ~ 663.5 nm was measured by the UV-2550 168 

spectrophotometer to determine the MB remaining concentration. P25 TiO2 nanoparticles were 169 

also used in the photocatalytic degradation of MB experiments for comparison purpose under the 170 

same experimental conditions. All analyses were in triplicate. 171 

2.5. Photocatalytic Disinfection of Bacteria Escherichia coli (E. coli) under Visible Light 172 

Illumination. Wild-type E. coli AN 387 (ATCC 15597, the American Type Culture Collection, 173 

Manasss, VA, USA) was used for photocatalytic disinfection experiment under visible light 174 

illumination, which is a commonly used non-pathogenic bacterium with a short reproductive 175 
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cycle. After overnight culture, E. coli cells were diluted to a cell suspension (ca. 10
7
 cfu/mL) in 176 

buffer solution (0.05 M KH2PO4 and 0.05 M K2HPO4, pH 7.0) prior to the use for photocatalytic 177 

disinfection experiments, and the fixed concentration of 1 mg photocatalyst/mL cell suspension 178 

was used for Degussa P25 TiO2 nanoparticles, and 0.05 mg photocatalyst/mL cell suspension 179 

was used for MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts. All solid or liquid materials had 180 

been autoclaved for 30 min at 121 
o
C before use. The same visible light source was used as in the 181 

photocatalytic degradation of MB. In the photocatalytic disinfection experiment, aliquot of 10 182 

mL E. coli cell suspension was pipetted onto a sterile 50X10 mm petri dish with photocatalytic 183 

powder samples placed at the bottom. At regular time intervals, 100 µL of aliquots of the 184 

powder-treated cell suspensions were withdrawn in sequence. After appropriate dilutions in 185 

buffer solution, aliquot of 100 µL was spread onto an agar medium plate and incubated at 37 
o
C 186 

for 48 h, and the number of viable cells in terms of colony-forming units was counted. The 187 

survival ratio of E. coli was determined by the ratio of Nt/N0, where N0 and Nt are the numbers of 188 

colony-forming units at the initial and each following time interval, respectively. Tests were also 189 

performed in the dark in the presence of the photocatalyst for comparison. Analyses were in 190 

triplicate, and control runs were carried out each time under the same experiment conditions, but 191 

without any photocatalytic materials. 192 

 193 

3. Results and Discussion 194 

3.1. Creation of MFNs@SiO2/Ag4SiW12O40/Ag Photocatalyst. Figure 2a shows the TEM 195 

image of MFNs, in which well-dispersed nanocrystallites were observed and their size was 196 

around several nanometers. After the coating with SiO2 by the Stöber reaction
35

, well-dispersed 197 

MFNs@SiO2 core/shell structured nanoparticles were created, in which SiO2 shell wrapped a 198 
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bunch of MFNs as the superparamagnetic core to provide strong magnetic attraction for their 199 

effective magnetic separation as demonstrated clearly in the insert image of their TEM 200 

observation in Figure 2b. The particle size distribution of these MFNs@SiO2 nanoparticles was 201 

relatively small at ~ 100 to 200 nm, and their surface was relatively smooth. The MFNs/TEOS 202 

ratio was carefully modulated to obtain samples with good dispersity, small size, and enough 203 

MFNs as the superparamagnetic core for proper magnetic separation. 204 

To enhance the dispersion and subsequent contact efficiency with pollutants in water, a 205 

non-traditional, three-step process was adopted for the deposition of Ag4SiW12O40 layer onto the 206 

surface of MFNs@SiO2 nanoparticles. In the first step, the surface of MFNs@SiO2 nanoparticles 207 

was modified to have –SH by the reaction with MPTES. According to Pearson’s HSAB 208 

principle
36

, –SH is a typical soft alkaline coordination group which has a strong attraction with 209 

soft acidic coordination groups like Ag
+
. Thus, Ag

+
 could be strongly adsorbed onto the surface 210 

of MFNs@SiO2 nanoparticles in the second step because of its interaction with -SH. In the third 211 

step, the active Ag4SiW12O40 layer was formed on the surface of MFNs@SiO2 nanoparticles by 212 

the following reaction with silicotungstic acid. This process eliminated the calcination procedure 213 

commonly adopted in the deposition of silver salts onto substrates, and could form silver salt 214 

layers strongly attached to substrates. The Ag4SiW12O40 loading amount could be estimated by 215 

the sample weight change before Ag
+
 adsorption and after the reaction with silicotungstic acid, 216 

and a relatively large loading amount of ~ 24 wt% was achieved in this process. Figure 2c shows 217 

the SEM image of MFNs@SiO2/Ag4SiW12O40 nanoparticles, which demonstrated that a rough 218 

layer was formed on the smooth surface of MFNs@SiO2 nanoparticles. The insert image in 219 

Figure 2c shows the high magnification SEM image of a MFNs@SiO2/Ag4SiW12O40 220 

nanoparticle, which clearly demonstrated that this rough layer was composed of fine 221 
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nanoparticles with size ~10 to 20 nm. A rough layer of Ag4SiW12O40 could increase their contact 222 

area with pollutants in water, beneficial to their photocatalytic performance. 223 

Figure 2d compares the FTIR spectra of samples synthesized during this process, which 224 

confirms the formation of MFNs@SiO2/Ag4SiW12O40 nanoparticles. The FTIR spectrum of 225 

MFNs was demonstrated by curve a, in which their two characteristic absorption bands at ~ 593 226 

cm
-1

 and 442 cm
-1

 could be observed, corresponding to the vibration of tetrahedral and 227 

octahedral sites, respectively
34

. After SiO2 coating, a characteristic Si-O bond peak (980~1220 228 

cm
-1

)
37

 occurred in the FTIR spectrum of MFNs@SiO2 nanoparticles (curve b in Figure 2d), 229 

while the intensity of the two characteristic peaks of MFNs (~ 593 and 442 cm
-1

) was largely 230 

depressed. These changes suggested clearly that SiO2 coating was formed on MFNs, which was 231 

in accordance with the TEM observation (Figure 2b). After the reaction with MPTES, the 232 

characteristic –SH peak (~ 2547 cm
-1

) could be observed in curve c, indicating the successful 233 

surface –SH modification. Curve d shows the FTIR spectrum of MFNs@SiO2/Ag4SiW12O40 234 

nanoparticles. After Ag
+
 adsorption and the reaction with silicotungstic acid to form 235 

Ag4SiW12O40 layer, the –SH peak disappeared, while the vibration absorption peak of W-O bond 236 

and W-O-W bond appeared at 978.2 cm
-1

 and 794.4 cm
-1

, respectively, demonstrating that –SH 237 

on the surface of MFN@SiO2 nanoparticles played the key role in the bridging of Ag4SiW12O40 238 

onto the surface of MFN@SiO2 nanoparticle. 239 

Finally, UV light illumination was used to form Ag nanoparticles on the surface of 240 

Ag4SiW12O40 layer to further enhance its photocatalytic performance and stability. Figure 2e 241 

shows the XRD patterns of MFNs@SiO2/Ag4SiW12O40 nanoparticles after UV illuminations for 242 

different times. Without UV illumination, only the diffraction peaks of Ag4SiW12O40 could be 243 

observed, which further illustrated that the SiO2 layer could effectively wrap MFNs to avoid their 244 
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contact with the Ag4SiW12O40 layer. After UV illumination, Ag nanoparticles were formed due to 245 

the photo-decomposition of silver salts. Diffraction peaks of Ag (111) (2θ ∼ 38.08
o
), Ag (220) 246 

(2θ ∼ 64.48
o
) and Ag (311) (2θ ∼ 77.36

o) could be observed on samples after 2 h and more UV 247 

illumination treatment, which clearly demonstrated the formation of Ag nanoparticles. With the 248 

increase of UV illumination time, their peak intensities increased gradually, indicating the 249 

increase of Ag nanoparticles formed. Figure 2f shows the high resolution XPS scans over Ag 3d 250 

peaks of MFNs@SiO2/Ag4SiW12O40 nanoparticles after UV illuminations for different times. 251 

Without UV illumination, the Ag 3d 5/2 peak was at ~ 368.5 eV and the Ag 3d 3/2 peak was at ~ 252 

374.5 eV, indicating that silver was at its oxidized state as Ag
+
. With the increase of UV 253 

illumination time, the Ag 3d peaks got broader and the peak positions gradually moved to the 254 

lower end, also indicating the formation of metallic silver (3d 5/2 peak ~ 368.0 eV) from light 255 

reduction on these samples
38

. 256 

3.2. The Magnetic Properties of MFNs@SiO2/Ag4SiW12O40/Ag Photocatalyst. The 257 

magnetic properties of MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst are critical to its separation 258 

performance after water treatment. Figure 3a compares the magnetic field-dependent behaviors 259 

of MFNs, MFNs@SiO2 nanoparticles, and MFNs@SiO2/Ag4SiW12O40/Ag nanoparticles at room 260 

temperature. All three samples demonstrated the typical superparamagnetic behavior with zero 261 

remanence and zero coercivity, which was not affected by SiO2 coating or the further coating of 262 

Ag4SiW12O40/Ag layer. The saturation magnetization, Ms, could be obtained by extrapolating a 263 

graph of M vs. 1/H to 1/H → 0 (for H > 10 kOe). At room temperature, MFNs possessed a high 264 

Ms of ~ 27.4 emu/g. The Ms of MFNs@SiO2 nanoparticles dropped to ~ 16.3 emu/g due to the 265 

inclusion of nonmagnetic SiO2 coating, while the Ms of MFNs@SiO2/Ag4SiW12O40/Ag 266 

nanoparticles did not decrease much after the further loading of photocatalytic Ag4SiW12O40/Ag 267 
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layer. Figure 3b shows that all three samples could disperse well in DI water when there was no 268 

external magnetic field, which could be attributed to their supermagnetic behavior. So, no 269 

magnetic attraction existed when there was no external magnetic field applied during the water 270 

treatment, beneficial to their better dispersion and the subsequent better contact efficiency with 271 

pollutants in water. When an external magnetic field was applied for just 5 min, all three samples 272 

were efficiently separated from water as shown in Figure 3b. This observation demonstrated that 273 

although the Ms of MFNs@SiO2/Ag4SiW12O40/Ag nanoparticles was lower than that of MFNs, it 274 

was strong enough for the efficient separation of these photocatalysts from water, which is very 275 

desirable for its easy recovery after water treatment and enhances its application potential in real 276 

practice. 277 

3.3. Optical Properties of MFNs@SiO2/Ag4SiW12O40/Ag Photocatalyst. The optical 278 

properties of MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts with different UV treatment time 279 

were investigated by measuring their diffuse reflectance spectrum. From the reflectance data, 280 

optical absorbance can be approximated by the Kubelka-Munk function, as given by Eq. (1): 281 

R

R
RF

2

)1(
)(

2−
=                            (1) 282 

where R is the diffuse reflectance
39

. Figure 4 shows their light absorbance spectra (in term of 283 

Kubelka-Munk equivalent absorbance units). Without UV treatment, Ag4SiW12O40 demonstrated 284 

an evident light absorption into the visible light region, and its absorbance stopping edge was 285 

found at ~ 460 nm. After UV treatment, all Ag4SiW12O40/Ag samples demonstrated enhanced 286 

visible light absorption than Ag4SiW12O40. With the increase of the UV treatment time, their 287 

visible light absorption gradually increased until the UV treatment time reached 4 h. Further UV 288 

treatment did not show more enhancement effect. A broad absorption peak could be observed for 289 

all Ag4SiW12O40/Ag samples from ~ 500 nm to 600 nm, which should correspond to the 290 
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absorption by Ag nanoparticles from LSPR effect. 291 

3.4. Photocatalytic Degradation of Methylene Blue by MFNs@SiO2/Ag4SiW12O40/Ag 292 

Photocatalyst under Visible Light Illumination. The photocatalytic activities of 293 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts were first demonstrated by their degradation effect 294 

on a model organic contaminant, methylene blue (MB), under visible light illumination. Prior to 295 

the visible light illumination, photocatalysts were dispersed in MB solutions by mechanical 296 

stirring for 30 min in dark to reach adsorption equilibrium. Figure 5a shows the representative 297 

light absorption spectra of MB solutions at different treatment times by the 298 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst with 4 h prior UV irradiation. During the dark 299 

adsorption, large portion of MB was removed as demonstrated by the decrease of light 300 

absorption for MB solution from the “original” curve to the “0 min” curve. After the visible light 301 

illumination began, the light absorption of MB solution decreased steadily, indicating the 302 

continuous decrease of MB concentration. After just 10 min, the light absorption of MB 303 

solutions dropped to near zero, indicating a near complete degradation of MB. A clear change 304 

was observed on the shape of MB light absorption curve as new peaks occurred besides the 305 

characteristic MB peaks at 664 nm and 615 nm after the visible light illumination began. The 306 

insert image in Figure 5a shows MB solutions at different treatment times. After visible light 307 

illumination began, the MB solution color changed from pure blue to light purple, which was in 308 

accordance with their light adsorption spectra. This observation suggested that intermediate 309 

products were produced during the photocatalytic degradation process
40

.  310 

Figure 5b shows the relative residue MB concentration after being treated by 311 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts with different prior UV irradiation time under 312 

visible light illumination, compared with that treated by P25 TiO2 nanoparticles under the same 313 
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visible light illumination. MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts demonstrated a better 314 

adsorption and a much faster degradation on MB than P25 TiO2 nanoparticles. With only 10 315 

minute visible light illumination, the relative MB concentration dropped to around zero by 316 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts, while the relative MB concentration treated by 317 

P25 TiO2 nanoparticles was still round 90% and most of the drop was due to its adsorption onto 318 

P25 TiO2 nanoparticles. The prior UV irradiation treatment affected their photocatalytic 319 

degradation effect on MB. With the increase of the UV irradiation time from zero up to 4 h, the 320 

photocatalytic degradation efficiency of MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts increased, 321 

while the further increase of UV irradiation time to 8h demonstrated a deteriorated effect on their 322 

photocatalytic degradation efficiency. The slope of the MB degradation curve in Figure 5b 323 

represents the MB degradation rate at certain treatment time. The initial MB degradation rate was 324 

~ 0.0038 mg/(g·min) when Degussa P25 TiO2 nanoparticles were used. The initial MB 325 

degradation rate by MFNs@SiO2/Ag4SiW12O40 photocatalyst without prior UV irradiation 326 

increased to ~ 0.115 mg/(g·min), ~ 30 times as that of Degussa P25 TiO2 nanoparticles. The 327 

initial MB degradation rate by the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst with 4 h prior 328 

UV irradiation further increased to ~ 0.144 mg/(g·min), ~ 38 times as that of Degussa P25 TiO2 329 

nanoparticles and ~ 1.27 times as that of the MFNs@SiO2/Ag4SiW12O40 photocatalyst without 330 

prior UV irradiation. Thus, these MFNs@SiO2/Ag4SiW12O40 photocatalysts demonstrated 331 

superior photocatalytic performance under visible light illumination. 332 

3.5. Photocatalytic disinfection of Escherichia coli Bacteria by 333 

MFNs@SiO2/Ag4SiW12O40/Ag Photocatalyst under Visible Light Illumination. The superior 334 

photocatalytic performance of these MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts under visible 335 

light illumination was further demonstrated by their photocatalytic disinfection effect on the 336 
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viability of E. coli cells. Figure 6a shows the survival ratio of E. coli with the treatments by the 337 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst with 4 h prior UV irradiation under visible light 338 

illumination and in dark, respectively, compared with that by Degussa P25 TiO2 nanoparticles 339 

under visible light illumination. When there was no photocatalyst presence, no obvious E. coli 340 

disinfection was observed under visible light illumination (not shown in Figure 6a). Degussa P25 341 

TiO2 nanoparticles demonstrated a weak disinfection capability on E. coli bacteria. After 10 min 342 

treatment, the survival ratio of E. coli bacteria was still ~ 40%, which could be attributed to its 343 

weak photocatalytic activity under visible light illumination from its mixture nature of both 344 

anatase and rutile phases. When the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst was present, it 345 

demonstrated a moderate disinfection effect on E. coli without light illumination. After 10 min 346 

treatment, the survival ratio of E. coli dropped to ~ 3 %, which should come from the 347 

well-known bactericidal effect of silver. Under visible light illumination, however, the 348 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst demonstrated a much better disinfection effect on 349 

E. coli. The survival ratio of E. coli continuously decreased with the increase of the treatment 350 

time. After just 10 min treatment, the survival ratio of E. coli dropped to ~ 3x10
-6

, which was 351 

more than 5 magnitudes lower than that treated by Degussa P25 TiO2 nanoparticles, although its 352 

usage was just 5% as that of Degussa P25 TiO2 nanoparticles. The E. coli survival ratio treated 353 

by the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst under visible light illumination was about 4 354 

magnitudes lower than that without visible light illumination. From this comparison, it is clear 355 

that its demonstrated superior bactericidal effect on E. coli under visible light illumination could 356 

be mainly attributed to the superior photocatalytic performance of these 357 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts, not the modest bactericidal effect from silver 358 

itself.  359 
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Figure 6b and 6c show the SEM images of E. coli cells before and after photocatalytic 360 

treatment by the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst under visible light illumination. 361 

Before the photocatalytic treatment, E. coli cells had damage-free surface. During the 362 

photocatalytic disinfection treatment, E. coli cells could not sustain their structure. Severe 363 

surface damages were clearly observed on these cells. Large holes and pits occurred on their cell 364 

membranes, and they lost their flagella completely. This observation indicated that the 365 

disinfection of E. coli cells by the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst was irreversible 366 

due to its destructive nature. The MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst also demonstrated 367 

a good stability during the photocatalytic disinfection of E. coli cells for four consecutive runs. 368 

After each run, the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst was separated from the E. coli 369 

cell suspension by an external magnetic field, washed with DI water, and then reused for the next 370 

run. As demonstrated in Figure 6d, the survival ratio of E. coli all dropped to ~ 10
-6

 after just 10 371 

min treatment for all four runs. The demonstrated good stability was beneficial for their potential 372 

applications. 373 

3.6. Photocatalytic Mechanism of MFNs@SiO2/Ag4SiW12O40/Ag Photocatalyst. Figure 7 374 

schematically illustrates the mechanism for the superior photocatalytic performance of 375 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst under visible light illumination. Only Ag4SiW12O40 376 

shell and Ag nanoparticles were demonstrated in this illustration to make it easier for 377 

understanding. After being treated with UV irradiation, Ag nanoparticles were formed due to the 378 

photo-decomposition of Ag4SiW12O40
22

. Thus, the localized surface plasmon resonance (LSPR) 379 

effect from Ag nanoparticles on the surface of Ag4SiW12O40 could enhance its light absorption in 380 

the visible light region
22

. Ag nanoparticles could promote the electron/hole separation in 381 

Ag4SiW12O40 when it was under visible light illumination by acting as the electron trapping 382 
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center, which further enhance its photocatalytic performance. The electron trapping on Ag 383 

nanoparticles could reduce and finally inhibit the further photo-decomposition of Ag4SiW12O40. 384 

Thus, the prior UV treatment of the MFNs@SiO2/Ag4SiW12O40 photocatalyst could also enhance 385 

its stability. 386 

 387 

4. Conclusions 388 

In summary, MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst was synthesized by our approach, 389 

which overcame the difficulties in the current synthesis practices of magnetic ASSs and created a 390 

novel magnetic ASS photocatalyst with highly efficient photocatalytic performance under visible 391 

light illumination and easy magnetic separation capability. The initial MB degradation rate by 392 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst with 4 h prior UV irradiation was ~ 38 times as 393 

that of Degussa P25 TiO2 nanoparticles, and the survival ratio of E. coli treated by it was more 394 

than 5 magnitudes lower than that treated by Degussa P25 TiO2 nanoparticles even though its 395 

usage was just 5% as that of Degussa P25 TiO2 nanoparticles. Furthermore, the surface 396 

modification on the passive SiO2 mid-layer and the bridging procedure for material loading 397 

developed in our approach could be readily applied to other material systems for the creation of 398 

novel composite materials with various functions. 399 
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Figure Captions: 467 

Figure 1. The schematic illustration of the synthesis process of MFNs@SiO2/Ag4SiW12O40/Ag 468 

photocatalyst (A: MFNs, B: MFNs@SiO2, C: MFNs@SiO2 with –SH surface modification, D: 469 

MFNs@SiO2/Ag
+
, E: MFNs@SiO2/Ag4SiW12O40, and F: MFNs@SiO2/Ag4SiW12O40/Ag). 470 

 471 

Figure 2. (a) The TEM image of MFNs. (b) The TEM image of MFNs@SiO2 core/shell 472 

structured nanoparticles. (c) SEM image of MFNs@SiO2/Ag4SiW12O40 nanoparticles. (d) The 473 

FTIR spectra of MFNs, MFNs@SiO2, MFNs@SiO2-SH, and MFNs@SiO2/Ag4SiW12O40 474 

samples. (e) The XRD patterns of MFNs@SiO2/Ag4SiW12O40 nanoparticles after UV 475 

illuminations for different times. (f) The high resolution XPS scans over Ag 3d peaks of 476 

MFNs@SiO2/Ag4SiW12O40 nanoparticles after UV illuminations for different times. 477 

 478 

Figure 3. (a) The magnetic field-dependent behaviors of MFNs, MFNs@SiO2, and 479 

MFNs@SiO2/Ag4SiW12O40/Ag at room temperature. (b) Magnetic separation of MFNs, 480 

MFNs@SiO2, and MFNs@SiO2/Ag4SiW12O40/Ag from water under external magnetic field for 5 481 

min. 482 

 483 

Figure 4. The light absorbance of MFNs@SiO2/Ag4SiW12O40/Ag photocatalysts with different 484 

UV treatment time. 485 

 486 

Figure 5. (a) The representative light absorption spectra of MB solutions at different treatment 487 

times by the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst with 4 h prior UV irradiation. (b) The 488 

relative residue MB concentration after being treated by MFNs@SiO2/Ag4SiW12O40/Ag 489 
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photocatalysts with different prior UV irradiation time under visible light illumination, compared 490 

with that treated by P25 TiO2 nanoparticles under the same visible light illumination. 491 

 492 

Figure 6. (a) The survival ratio of E. coli with the treatments by the 493 

MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst with 4 h prior UV irradiation under visible light 494 

illumination and in dark, respectively, compared with that by Degussa P25 TiO2 nanoparticles 495 

under visible light illumination. The SEM images of E. coli cells (b) before and (c) after 496 

photocatalytic treatment by the MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst under visible light 497 

illumination. (d) The survival ratio of E. coli for four consecutive runs. 498 

 499 

Figure 7. The schematic illustration of the mechanism for the superior photocatalytic 500 

performance of MFNs@SiO2/Ag4SiW12O40/Ag photocatalyst under visible light illumination. 501 

502 
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 503 

Figure 1504 
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(a) 506 

 507 

(b) 508 

 509 

(c) 510 
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(d) 512 

 513 

(e) 514 

 515 

(f) 516 

Figure 2 517 

Page 27 of 32 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



27 
 

 518 

(a) 519 

 520 

(b) 521 
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Figure 4 525 
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(a)  528 

 529 

(b) 530 

Figure 5 531 
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(a)                                  (b) 534 

 535 

(c)                                     (d) 536 

 537 

 538 
Figure 6 539 
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 541 

Figure 7 542 
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