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A B S T R A C T   

A new optimized photocatalyst for wastewater remediation at neutral pH has been developed and fully char
acterized. The catalyst features microparticles of SiO2 as a supporting substrate and a uniform shell of WO3 
nanoparticles externally decorated with Fe3O4 nanocrystals. The photocatalytic activity of SiO2@WO3@Fe3O4 
was evaluated and compared to its SiO2@WO3 counterpart on the photodegradation of methylene blue (MB) 
under visible light, with and without H2O2. Best results were obtained for SiO2@WO3@Fe3O4 in the presence of 
H2O2, whose potential for wastewater remediation was further evaluated on the photodegradation and miner
alization of a contaminant of emerging concern such as diclofenac (DCF). Furthermore, a photocatalytic 
mechanism was proposed based on the performed electron paramagnetic resonance (EPR) experiments, which 
provided evidence for the intermediates generated in all the involved photocatalytic processes. Hence it was 
proven that .OH is the species responsible for the photocatalyzed oxidation of MB and DCF. The generation of 
.OH is boosted by a synergistic effect between Fe3O4 and WO3 in the presence of light and H2O2.   

1. Introduction 

The intensive exploitation of agriculture, together with the rapid 
industrial development, are the main causes of surface and groundwater 
pollution, which lead to a decrease in freshwater availability, one of the 
biggest problems that society is facing today [1]. In this context, the 
presence of pharmaceutical compounds in water is particularly threat
ening due to their toxicity and the uncertainty of the extent of the 
problems they could arise [2]. Among them, diclofenac (DCF), a 
non-steroidal anti-inflammatory drug, is one of the most frequently 
detected compounds in aquatic environments, and its ecotoxicity, 
especially in the presence of other organic contaminants and metals, has 
been demonstrated [3–5]. However, conventional wastewater treat
ments are not able to effectively eliminate DCF, with reported degra
dation efficiencies of less than 10 % [6]. In consequence, it becomes 
crucial to develop efficient technologies able to remove contaminants of 
emerging concern (CECs) like DCF from the aquatic media, allowing 
water reuse. 

Advanced Oxidation Processes (AOPs), which are characterized by 
the production of hydroxyl radical (.OH), are presented as promising 

technologies for the oxidation of organic pollutants. Among AOPs, 
heterogeneous photocatalysis and specifically semiconductor-based 
photocatalysis, have been widely reported as a viable option for 
wastewater decontamination [7,8]. Thus, the absorption of photons 
with the appropriate energy by the semiconductor can stimulate an 
electron transfer process from the valence band (VB) to the conduction 
band (CB) on the semiconductor surface, generating a photo-excited 
electron-hole pair (e− —h+). From the photo-generated e− , species such 
as superoxide anion (O2

.¡) can be produced, while the photo-generated 
h+ could be able to produce hydroxyl radical (.OH) [9,10]. 

In this context, TiO2 has been the most widely studied material for 
photocatalytic applications due to its low cost, chemical and photo
chemical corrosion stability, and nontoxicity. However, it displays 
several drawbacks, such as a low photocatalytic quantum yield due to its 
fast e− —h+ pair recombination process or the impossibility of using 
visible light due to its band gap (3.2 eV) [11,12]. For that reason, other 
semiconductors, such as tungsten trioxide (WO3), are gaining mo
mentum in the field of photocatalysis for environmental applications. 
Among its advantages, WO3 performs efficient photocatalytic processes 
under visible light (band gap between 2.6-2.8 eV) [13–15]. 
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Nevertheless, its band edge (ca. +0.5 V vs NHE) prevents the production 
of O2

.¡, and consequently, the electron in the CB rapidly tends to 
recombine with the h+ in the VB, inhibiting the generation of .OH [15]. 
Therefore, different studies using WO3 as a semiconductor have been 
performed to overcome its disadvantages [16–30]. In this sense, the 
photoreactivity of WO3 has been improved by the presence of electron 
scavengers, such as H2O2 or Fe3+. These inorganic oxidants, acting as 
electron acceptors, would rapidly react with the photogenerated elec
trons in the CB of WO3 and consequently prevent recombination with 
the holes [17,25,28]. Nevertheless, coupling WO3 with other low band 
gap semiconductors has resulted in being one of the most promising 
ways to reduce the e− —h+pair recombination due to the charge 
migration between semiconductors [16,18,20–24,29–31]. In this 
context, recent studies have demonstrated a better photocatalytic ac
tivity of new hybrid photocatalysts containing WO3 and Fe2O3 or Fe3O4 
than the pristine semiconductors. Even more, improved water decon
tamination has been observed using H2O2 with WO3@Fe3O4 nano
powders under acidic conditions (pH ca. 2.8) or with nanocomposites 
formed by mixing magnetite nanoparticles and WO3 nanorods [18,23]. 
Nevertheless, although other studies have shown that Fe3O4 nano
particles are able to perform photo-Fenton oxidations in the presence of 
H2O2 [32], ambiguous explanations for the better photocatalytic activity 
of WO3@Fe3O4 nanocomposites have been provided in all cases [16,18, 
20,21,23,24,29]. 

Another interesting point about photocatalysts based on semi
conductors is that there are only a few cases in which they have been 
synthesized on supporting substrates, even though it offers advantages, 
such as the easier separation from the reaction medium or the preven
tion of the aggregation of the nanocrystals [33]. In this sense, although 
WO3@Fe3O4 photocatalysts have been used for water decontamination 
in batch reactors applying magnetic fields for separating and recovering 
this type of powder catalyst particles, no supported photocatalytic sys
tems based on WO3@Fe3O4 have been reported. 

With this background, the aim of the present work was to design a 
supported photocatalyst based on WO3 with improved oxidant proper
ties for wastewater remediation at neutral pH. In this context, micro
particles of SiO2 were selected as the support of the WO3 photocatalysts 
because they are cheap, easily available, offer high mechanical stability, 
and are transparent in the light spectral range where WO3 will be 
excited. Thereby, after the synthesis of SiO2@WO3@Fe3O4 and an 
extensive characterization, the photocatalytic activity of SiO2@
WO3@Fe3O4 and SiO2@WO3 (synthesized as a control) will be evalu
ated and compared in the presence and in the absence of H2O2, using 
methylene blue (MB) as a model contaminant. Furthermore, the reuse of 
the new supported photocatalyst will be demonstrated. Moreover, the 
potential of this new photocatalyst for water remediation will be tested 
against DCF, as a CEC, in the presence of H2O2. Finally, a deep mecha
nistic insight based on electron paramagnetic resonance (EPR) mea
surements, together with the photocatalytic results, will allow the 
postulation of plausible reaction mechanisms. 

2. Materials and methods 

2.1. Chemicals 

Tetraethyl orthosilicate (TEOS), ammonium hydroxide (28-32%, 
NH4OH), ammonium metatungstate (AMT), ferrous chloride tetrahy
drate (FeCl2⋅4H2O), ferric chloride anhydrous (FeCl3), methylene blue 
(MB) and hydrogen peroxide (50%, H2O2) were purchased from Sigma 
Aldrich. 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from 
TCI chemicals. Tungsten (VI) chloride (WCl6) was purchased from Fisher 
Scientific. Methanol (MeOH) and ethanol (EtOH) were purchased from 
Scharlab. 

2.2. Synthesis and characterization 

2.2.1. Synthesis of SiO2 spheres 
SiO2 spheres were synthesized following the Stöber method [34]. 

Thus, TEOS (269 mmol) was added to a solution of NH4OH (2.11 mmol) 
in EtOH (1500 mL) at 0◦C. After two hours under these conditions, the 
reaction was conducted at 22◦C for further 24 hours. Then, the SiO2 
particles were centrifuged (4000 rpm for 5 min) and washed with EtOH 
(200 mL). The obtained SiO2 particles were dried under vacuum. 

2.2.2. Synthesis of Fe3O4 nanoparticles 
Magnetite (Fe3O4) nanoparticles were synthesized via a co- 

precipitation method [35]. Thus, FeCl2⋅4H2O (11.8 mmol) and FeCl3 
(18.5 mmol) were dissolved in distilled H2O (100 mL) under a nitrogen 
gas flow at 50◦C. After 45 minutes under vigorous stirring, NH4OH (260 
mmol) was added to the mixture, which was stirred at the same condi
tions for further 2 hours. Finally, the obtained Fe3O4 nanoparticles were 
washed with water, centrifuged (3500 rpm for 15 min), washed with 
EtOH, and finally centrifuged (5000 rpm for 5 min). The obtained Fe3O4 
nanoparticles were dried under vacuum. 

2.2.3. Synthesis of SiO2@WO3 photocatalyst 
A suspension of the synthesized SiO2 particles (500 mg) in EtOH (24 

mL) was prepared under sonication. In parallel, a mixture of WCl6 (1.56 
mmol) and EtOH (40 mL) was sonicated prior to its addition dropwise to 
the SiO2 suspension under vigorous stirring at room temperature. After 2 
hours, the suspension was submitted to a humidified airflow of 100 mL 
min− 1 for 20 h at room temperature and then centrifuged to obtain a 
precipitate which was washed several times with water and ethanol and 
centrifuged (3500 rpm for 15 minutes). The obtained microparticles 
were dried under vacuum overnight, prior to calcination (500 ◦C for 3 
hours with a calcination ramp of 57 ◦C h− 1), giving rise to the 
SiO2@WO3 photocatalyst. 

2.2.4. Synthesis of SiO2@WO3@Fe3O4 photocatalyst 
SiO2@WO3@Fe3O4 photocatalyst was synthesized using the previ

ously synthesized Fe3O4 nanoparticles and SiO2@WO3 microparticles. 
Thus, an aqueous ammonium metatungstate (AMT) solution (1 mM, 6.5 
mL) was added dropwise to SiO2@WO3 (650 mg) under vigorous stir
ring. After 45 minutes at room temperature, Fe3O4 nanoparticles (27.1 
mg) were added, and the reaction was stirred for further 15 hours. Then, 
the suspension was centrifuged, and the obtained precipitate was 
washed with water (3000 rpm for 15 minutes) and with ethanol (3000 
rpm for 15 minutes). The obtained SiO2@WO3@Fe3O4 photocatalyst 
was dried under vacuum. 

2.2.5. Characterization 
All the instrumentation employed is described in Section 2 of SI. 

2.3. Photocatalytic activity 

The photocatalytic activity of the synthesized SiO2@WO3 and 
SiO2@WO3@Fe3O4 photocatalysts was evaluated using MB as a model 
organic contaminant. An LZC-4V photoreactor from Luzchem Research 
Inc. was used to perform the photocatalytic degradation experiments, 
using 8 lamps of 8 W with λem centered at ca. 420 nm. Samples were 
placed in the center of the photoreactor where the light intensity was ca. 
3.8×10− 3 W cm− 2, measured with a radiometer (P-2110, Gigahertz- 
Optik with radiometric detector head RW-3705-5). MB degradation 
was determined by UV-Vis analysis using a Cary 60 UV-Vis spectro
photometer from Agilent Technologies. 

Thus, photocatalytic degradations of MB were performed by adding 
12 mg of SiO2@WO3 or SiO2@WO3@Fe3O4 to 12 mL of MB (6×10− 5 M) 
aqueous solutions with and without H2O2 (4.4 mM). The reaction mix
tures were adjusted to pH 7 using NaOH (1 M). Each assay was per
formed keeping the aqueous mixture under stirring in the dark for 30 
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minutes prior to irradiation, to reach the adsorption/desorption equi
librium. To monitor the progress of the photoreactions, aliquots of 500 
μL were taken at different times. Prior to the analysis of the samples, 
they were mixed with methanol (2 mL) and stirred for 15 minutes to 
recover the adsorbed MB from the photocatalyst surface, and then 
filtered with a CLARIFY-PTFE 13 mm syringe filter with 0.45 µm porous. 
Finally, the MB degradation was determined by UV-Vis analysis. 

The reusability of the SiO2@WO3@Fe3O4 photocatalyst was assessed 
in consecutive photodegradation of aqueous MB solutions (6×10− 5 M) 
in the presence of H2O2. After each cycle, the reaction mixture was 
centrifuged, and the photocatalyst was washed several times with water 
and ethanol, centrifuged (3500 rpm for 15 minutes), and dried overnight 
under vacuum. 

Finally, the activity of SiO2@WO3@Fe3O4 was tested on the photo
degradation and mineralization of DCF. Thus, an aqueous DCF solution 
(1.5×10− 4 M) was irradiated in the presence of SiO2@WO3@Fe3O4 (1 
mg mL− 1) and H2O2 (1.1×102 M) under the same conditions as the 
above mentioned. The progress of the photoreactions was monitored by 
taking aliquots of 200 μL at different times. Prior to the analysis of the 
samples, they were mixed with 1.8 mL of an aqueous solution containing 
4-nitrobenzoic acid (1×10− 4 M). After filtering the samples with a 
CLARIFY-PTFE 13 mm syringe filter with 0.45 µm porous, samples were 

submitted to UPLC analysis. A C18 column (2.1 × 50 mm, 1.7 μm par
ticle size) was employed for the UPLC studies. The mobile phase was 
fixed at 0.5 mL min− 1 with an isocratic mixture of a 0.1 % aqueous 
formic acid solution (50 %) and acetonitrile (50 %). Aliquots of 5 μL 
were injected, and the detection wavelength was fixed at 277 nm. 
Additionally, the mineralization was monitored via total organic carbon 
using a Shimadzu TOC-L total organic carbon analyzer. 

2.4. Electron Paramagnetic Resonance (EPR) tests 

For detection of .OH, 1 mg mL− 1 aqueous suspensions of SiO2@WO3 
or SiO2@WO3@Fe3O4 were prepared in the presence of DMPO (10 mM), 
with and without H2O2 (4.4 mM). In parallel, for the detection of O2

.− , 
suspensions of SiO2@WO3 or SiO2@WO3@Fe3O4 (1 mg mL− 1) in the 
presence of DMPO (10 mM) were prepared in EtOH:H2O (4:1). After
wards, the EPR spectra were recorded in a flat cell, in darkness, and after 
one-minute irradiation. 

2.5. Photoluminescence emission measurements 

For the photoluminescence emission studies, samples of SiO2@WO3, 
SiO2@WO3@Fe3O4, and Fe3O4 were placed in flat quartz 0.1 cm 

Figure 1. TEM images of: (a) SiO2@WO3 photocatalyst and (b-c) SiO2@WO3@Fe3O4 photocatalyst. (d) FESEM image of SiO2@WO3@Fe3O4 photocatalyst. (e) 
HRTEM image of WO3 and Fe3O4 lattices in SiO2@WO3@Fe3O4 photocatalyst. (f) STEM dark field image of SiO2@WO3@Fe3O4 photocatalyst and its elemental 
mapping of Si (g), W (h), and Fe (i) by EDS analysis. 
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cuvettes. 

3. Results and discussion 

3.1. Characterization of the novel photocatalyst 

A scheme illustrating the synthesis of the photocatalysts can be found 
in SI, section S1. Two new photocatalysts were synthesized using the 
same homemade supporting silica substrate (SiO2 microparticles with a 
diameter size of 598 ± 22 nm, see Figures S3a and S4a). TEM analysis 
reveals that the nanocrystal shell of WO3 is homogeneously distributed 
over the surface of SiO2 cores, resulting in SiO2@WO3 microparticles 
with a rough surface and increased diameter (673 ± 31 nm, see 
Figure 1a and S4c). A WO3 thin shell of ca. 37 nm was determined from 
the diameter difference between SiO2 and SiO2@WO3. Furthermore, 
based on the diameters and estimated density of both SiO2 and 

SiO2@WO3 particles, a 53 % (w/w) WO3 in SiO2@WO3 was calculated 
(see more details in section S4 of SI), while an experimental value of 30 
% of WO3 (w/w) was found from ICP-OES analysis. The smaller value 
found from the ICP analysis clearly indicates that the WO3 shell is 
formed by nanocrystals with small gaps. 

The previously synthesized Fe3O4 nanoparticles (see Figure S1 and 
S3b), which showed a diameter size of ca. 12 ± 2 nm (Figure S4b), were 
used to decorate SiO2@WO3 microspheres in order to get SiO2@
WO3@Fe3O4 photocatalyst (see synthesis procedure in Figure S2 and 
TEM images in Figure 1b,c). This new material shows a particle diameter 
increased up to 680 ± 30 nm (Figure S4d), keeping a rough texture quite 
similar to the observed for SiO2@WO3. Moreover, this diameter value is 
indicative that a monolayer of magnetite nanocrystals would partially 
cover the SiO2@WO3 microspheres. The FESEM analysis also shows the 
rough texture of the surface of SiO2@WO3@Fe3O4 photocatalyst, which 
is composed of small nanocrystals of WO3 and Fe3O4 (see Figure 1d). 

Figure 2. (a) Magnetization curve of SiO2@WO3@Fe3O4 photocatalyst. Inset: results obtained for pure Fe3O4 nanoparticles. (b) DR spectra of SiO2@WO3 (blue) and 
SiO2@WO3@Fe3O4 (red) photocatalysts. Inset: results obtained for pure Fe3O4 nanoparticles. (c) XRD patterns of SiO2@WO3 (blue) and SiO2@WO3@Fe3O4 (red) 
with references of SiO2 (black), WO3 (green), and Fe3O4 (olive). (d) Raman spectra of SiO2@WO3 (blue) and SiO2@WO3@Fe3O4 (red) photocatalysts. N2 adsorption- 
desorption isotherms of (e) SiO2@WO3 and (f) SiO2@WO3@Fe3O4 photocatalysts. 
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Moreover, a high-resolution TEM (HRTEM) image of SiO2@WO3@
Fe3O4 (Figure 1e) shows the junction between WO3 and Fe3O4. A more 
careful analysis of the interplanar crystal distances shows a value of 0.39 
nm for WO3 and 0.29 nm for Fe3O4, which correspond to the (002) and 
(220) crystal planes, respectively [36,37]. Furthermore, the SAED 
pattern of WO3 crystals on SiO2@WO3@Fe3O4 photocatalyst was also 
analyzed to further investigate the crystallinity of the material 
(Figure S4). Thus, the polycrystal analysis (Figure S5a) shows the 
presence of (002), (202), (140), and (420) planes of monoclinic WO3 
(JCPDS No. 00-043-1035). Single crystal analysis shows the presence of 
two planes with d spacings of 0.37 nm and 0.36 nm, which correspond to 
the (002) and (200) planes of the monoclinic phase, respectively 
(Figure S5b) [38]. 

Moreover, the STEM-EDS elemental mapping displays a homoge
neous distribution of WO3 and Fe3O4 on the coating shell of SiO2@
WO3@Fe3O4 (Figure 1f-i). This result was confirmed by SEM-EDS 
analysis (see Figure S6). The STEM-EDS elemental analysis also 
revealed 41% of WO3 and 8% of Fe3O4 (w/w) in SiO2@WO3@Fe3O4. 
Although the values obtained from STEM-EDS must be used with caution 
because they are only an estimation [39], this percentage of magnetite is 
compatible with the amount of Fe3O4 nanoparticles that would produce 
an increase in the diameter size of SiO2@WO3 of ca. 6 nm. 

The magnetization saturation of Fe3O4 and SiO2@WO3@Fe3O4 was 
determined at 300 K for the evaluation of the magnetic response to an 
external field (see Figure 2a). Thus, Fe3O4 and SiO2@WO3@Fe3O4 

presented values of 72.5 and 0.4 emu g− 1, respectively. Magnetization 
saturation of Fe3O4 nanoparticles agreed with the values described for 
magnetite nanocrystals of sizes ca. 12 nm [40]. Therefore, after adding 
SiO2@WO3, a substantial decrease in the magnetic properties of the 
samples was observed. This behavior can be mainly attributed to the 
increase in the mass caused by the addition of SiO2@WO3. 

Diffuse reflectance spectra (DRS) were performed for both photo
catalysts and for Fe3O4 nanoparticles (Figure 2b). The Fe3O4 incorpo
ration to the WO3 shell structure produces a slight red shift on the diffuse 
reflectance spectrum, improving the visible-light harvesting capability 
of the SiO2@WO3@Fe3O4 photocatalyst compared to SiO2@WO3, 
reaching ca. 700 nm. Furthermore, the band-gap energy for both com
posites was calculated through the Kubelka-Munk function and the Tauc 
plot method [41] and resulted in being lower for SiO2@WO3@Fe3O4 
(2.77 eV) than for SiO2@WO3 (2.87 eV) (Figure S7). Those values are in 
concordance with the reported band gap for WO3 [17,42]. 

SiO2@WO3 and SiO2@WO3@Fe3O4 XRD patterns (Figure 2c) 
showed broad peaks at 2θ = 23.7◦, 26.5◦, 28.9◦, 33.9◦, 41.7◦ and 55.0◦, 
which, as demonstrated previously from the SAED analysis, could be 
attributed to the monoclinic phase of WO3 [43]. However, the small size 
of the WO3 crystals clustered in the coating shell can lead to the broadly 
observed signals, which are coherent with the XRD pattern for the 
monoclinic WO3 (JCPDS No. 00-043-1035). In fact, the WO3 crystal size 
was averaged over ca. 6.5 nm through the Scherrer equation, where the 
diffraction peak at 2θ = 23.6◦ was used for the crystal size estimation. 

Figure 3. High-resolution XPS spectra of Si2p (a), W4f (b), Fe2p3/2 (c), and O1s (d) in SiO2@WO3@Fe3O4 photocatalyst. Inset (c): complete Fe2p spectra.  
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The monoclinic phase of WO3 is further confirmed in both photo
catalysts by Raman spectroscopy (Figure 2d), which shows Raman 
active modes at 801 cm− 1, 710 cm− 1, 325 cm− 1, and 273 cm− 1 [44]. The 
signals found at 801 cm− 1 and 710 cm− 1 correspond to the W-O-W 
stretching modes, while 325 cm− 1 and 273 cm− 1 signals correspond to 
the W-O-W bending modes [45]. The signals corresponding to Fe3O4 on 
SiO2@WO3@Fe3O4 were not observed, nor in Raman spectroscopy or in 
XRD analysis, probably due to the low content of Fe3O4. 

Specific surface area (SSA), as a relevant characteristic directly 
linked with the catalytic activity of heterogeneous materials, was also 
determined. N2 adsorption-desorption isotherms (Figure 2e,f) showed a 
value of 15.2 m2 g− 1 for SiO2@WO3, and of 9.4 m2 g− 1 for SiO2@
WO3@Fe3O4. The decrease in SSA for SiO2@WO3@Fe3O4 could be due 
to the partial coverage of WO3 nanocrystals (ca. 7 nm) by the higher 
Fe3O4 nanoparticles (ca. 12 nm). 

The chemical composition of the surface of SiO2@WO3@Fe3O4 
photocatalyst was studied by X-ray photoelectron spectroscopy (XPS). 
The XPS survey spectra show the presence of Fe2p, O1s, C1s, W4f, and 
Si2p, respectively (see Figure S8). The high-resolution XPS spectrum of 

Si2p (see Figure 3a) shows a peak at 103.3 eV, which agrees with the 
reported one for SiO2 [46]. The high-resolution W4f spectrum shows 
peaks at 37.6 and 35.4 eV, which can be assigned to W4f5/2 and W4f7/2, 
respectively (see Figure 3b). These peaks correspond to the VI oxidation 
state of tungsten in WO3 [47]. Figure 3c shows that a low-resolution 
peak is achieved for Fe2p3/2 due to the low content of Fe3O4. Thus, 
the peaks at 712.1 and 710.2 eV could be attributed to the Fe2p3/2 of 
Fe3+ and Fe2+ species, respectively [48]. Figure 3d shows the 
high-resolution O1s spectrum with two peaks at 532.6 and 530.6 eV, 
corresponding to the oxygen present in SiO2 and WO3, respectively [46, 
49]. The data of the chemical composition of the surface of SiO2@WO3 
photocatalyst by X-ray photoelectron spectroscopy (XPS) agree with 
those of SiO2@WO3@Fe3O4 photocatalyst commented above (see 
Figure S9). 

3.2. Photocatalytic activity of SiO2@WO3 and SiO2@WO3@Fe3O4 

The photocatalytic activity of the synthesized SiO2@WO3 and 
SiO2@WO3@Fe3O4 photocatalysts was evaluated through the 

Figure 4. (a) Degradation of an aqueous MB solution (6×10− 5 M) under visible-light irradiation (8 lamps of λem ca. 420 nm) in the presence of 1 mg mL− 1 of the 
different photocatalysts with and without 4.4 mM of H2O2: SiO2@WO3 (blue), SiO2@WO3@Fe3O4 (red), SiO2@WO3 with H2O2 (navy) and SiO2@WO3@Fe3O4 with 
H2O2 (orange). (b) Degradation of MB aqueous solutions (6×10− 5 M) reusing the SiO2@WO3@Fe3O4 photocatalyst (1 mg mL− 1) and in the presence of H2O2 (4.4 
mM). (c) Photodegradation of an aqueous DCF solution (1.5×10− 4 M) under visible-light irradiation (8 lamps of λem ca. 420 nm) in the presence of 1 mg mL− 1 of 
SiO2@WO3@Fe3O4 and 11 mM of H2O2. 
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degradation of MB as a model contaminant. Hence, when aqueous 
mixtures of MB (6×10− 5 M) in the presence of SiO2@WO3 or SiO2@
WO3@Fe3O4 (1 mg mL− 1) were irradiated under visible light (λmax 420 
nm), with and without H2O2 (4.4 M) at pH ca. 7, different MB degra
dation profiles were observed (see Figure 4a). A clear enhancement in 
the MB photodegradation was observed for both photocatalysts in the 
presence of H2O2. Even more, the presence of Fe3O4 on SiO2@WO3 
(SiO2@WO3@Fe3O4) produced a positive increase in the degradation of 
MB, resulting in more than 90% degradation after 120 minutes of irra
diation (pseudo-first order constant values were 0.018 min− 1 for 
SiO2@WO3@Fe3O4 and 0.010 min− 1 for SiO2@WO3, respectively, both 
in presence of 4.4 mM of H2O2). 

Control experiments such as irradiation of MB solutions in the 
presence of Fe3O4 (0.06 mg mL− 1, which would be approximately the 
amount of magnetite in 1 mg mL− 1 of SiO2@WO3@Fe3O4) and H2O2 
(4.4 mM), or dark solutions of MB in the presence of SiO2@WO3@Fe3O4 
(1 mg mL− 1) and H2O2 (4.4 mM), did not produce any MB degradations 

during 120 minutes of irradiation (see section S5 in the SI). The insig
nificant capability of the free nanoparticles of magnetite to produce MB 
oxidation in the presence of light could be attributed to the low light 
intensity used. In fact, other studies reported higher degradation of 
organic pollutants when irradiating similar free Fe3O4 nanoparticles in 
the presence of H2O2 or WO3 nanomaterials with 10 times fold intensity 
of light [18,23,29]. 

The reusability of the SiO2@WO3@Fe3O4 was evaluated by per
forming four consecutive photocatalytic cycles (see Figure 4b). Results 
showed that there was not any remarkable decrease in its photocatalytic 
activity. These results clearly support the high expected stability of the 
WO3 nanocrystals shell and also that the iron leaching from the 
magnetite is negligible, which was also evidenced using the 1,10-phe
nanthroline test, where ferroin (a complex of Fe2+ with phenanthro
line) was not observed (see details in section S6 in SI). Thereby, there is 
no MB degradation occurring by Fenton and/or photo Fenton processes 
from Fe2+ leached in the aqueous media. 

Figure 5. EPR spectra of DMPO (10 mM) solutions irradiated with visible light in the presence of 1 mg mL− 1 of SiO2@WO3 and SiO2@WO3@Fe3O4 in water (a, b, 
respectively), in aqueous H2O2 (4.4 mM) (c, d, respectively), in H2O:EtOH (1:4) (e, f, respectively). 
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With these results, it was decided to evaluate the potential of 
SiO2@WO3@Fe3O4 photocatalyst for wastewater remediation against 
the photodegradation of a contaminant of emerging concern like DCF. 
Thus, the combination of SiO2@WO3@Fe3O4 and H2O2 produced the 
photodegradation of 80 % of DCF (1.5×10− 4 M) in 180 minutes of 
visible light irradiation, together with a 34% of decrease of the total 
organic carbon (Figure 4c). Control experiments showed that DCF is not 
degraded in the presence of light and H2O2 in the absence of the pho
tocatalyst (results not shown). 

3.3. Evidence of intermediates generated upon irradiation of the 
photocatalysts by EPR spectroscopy measurements 

For the EPR experiments, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) 
was used as a spin trap to detect the potential formation of hydroxyl 
radical and superoxide radical anion, upon irradiation of the photo
catalysts, through the formation of DMPO-OH and DMPO-O2

− spin ad
ducts, respectively [50]. Thus, when aqueous suspensions of the two 
photocatalysts were irradiated with DMPO (Figure 5a-d), a four-line EPR 
signal with 1:2:2:1 intensity with hyperfine coupling constants of aN =

14.97 G and aH = 14.77 G was detected, which can be safely associated 
with the DMPO-OH spin adduct as a piece of evidence for the formation 
of .OH [51,52]. Results from the control experiments are shown in 
Figure S12. It is noteworthy that the presence of H2O2 produces a 
notable DMPO-OH signal increment (see Figure 5a,b vs Figure 5c,d, 
respectively). Moreover, the intensity of the DMPO-OH signal was 
higher when using SiO2@WO3@Fe3O4, rather than with SiO2@WO3. 

Additional EPR assays were performed in a mixture of H2O:EtOH 
(1:4) as a solvent to increase the probability of detecting O2

.¡, since 
EtOH acts as an efficient quencher of .OH; thus, no formation of DMPO- 
OH was expected. Thereby, as it can be observed in Figure 5e,f, an EPR 
signal with hyperfine coupling constants of aN = 13.42 G, aH

β = 10.70 G, 
and aH

γ = 1.23 G, attributable to the DMPO-O2
¡ spin adduct [53] was 

generated using SiO2@WO3@Fe3O4, and with less intensity also for 
SiO2@WO3. The results of the control experiments are shown in 
Figure S13. The high intensity of the signals detected for SiO2@
WO3@Fe3O4 compared to the ones from SiO2@WO3 can be attributed to 
the presence of Fe3O4, because previous EPR studies have reported the 
generation of O2

.¡ from magnetite nanoparticles [23]. In fact, it is well 
known that reduced iron species are rapidly oxidized by O2 at 
near-neutral pH, yielding Fe3+ and O2

.¡ [54]. 

3.4. Photoluminescence emission properties of the photocatalysts 

Photoluminescence (PL) emission spectra of SiO2@WO3 and 
SiO2@WO3@Fe3O4 photocatalysts were recorded at the excitation 
wavelength of 366 nm using Fe3O4 nanoparticles as reference. Thus, an 
emission maximum of ca. 440 nm was observed for the three samples 
(see Figure 6). Besides, the lifetime of the PL emission was 1.10 ns for 
both photocatalysts (SiO2@WO3 and SiO2@WO3@Fe3O4). 

The PL observed for SiO2@WO3 photocatalyst is quite similar to the 
one registered for mesocrystals of WO3 [55]. However, a higher in
tensity of PL emission was observed for SiO2@WO3@Fe3O4 compared to 
SiO2@WO3. Although it is widely accepted that the higher the PL in
tensity, the higher the e− /h+ recombination and, therefore, the lower 
the photocatalytic activity, exceptions to this trend have already been 
reported for other kinds of semiconductors [56,57]. In fact, the partic
ipation of the surface, oxygen vacancies, etc, in the observed PL is still 
under controversy. Furthermore, an anomalous enhancement in pho
toluminescence emission has been reported for Fe3O4@SiO2 core@shell 
materials [58]. In that case, the authors attributed that increase to the 
reduction of the non-radiative centers at the interfaces of the core and 
shell. This effect could be operating in our case. Thus, the lower PL in
tensity exhibited by SiO2@WO3 compared to that of SiO2@WO3@Fe3O4 
could be attributed to a decrease of non-radiative processes when the 
Fe3O4 nanoparticles are added to the WO3 surface. Therefore, the ex
pected PL decrease attributable to a reduction of e− /h+ recombination 
processes in SiO2@WO3@Fe3O4 could be masked by the mentioned 
effect. 

3.5. Plausible mechanisms for the photooxidation of organic compounds 
by SiO2@WO3 and SiO2@WO3@Fe3O4 

After a detailed characterization and evaluation of the performance 
of the photocatalysts, hydroxyl radical ought to be the reactive species 
responsible for MB and DCF oxidative photodegradation. Plausible 
mechanisms to explain the photocatalytic generation of this intermedi
ate from SiO2@WO3 or SiO2@WO3@Fe3O4, with and without H2O2, are 
shown in Figure 7. 

First, as expected, in the absence of H2O2, SiO2@WO3 does not show 
relevant photoactivity due to the fast recombination of charge carriers 
(Figure 4a, blue trace). In fact, although the generation of .OH is ther
modynamically feasible from the holes of the VB of WO3, the reduction 
potential of the electrons of the CB of WO3 is, theoretically, insufficient 
to generate O2

.¡ from O2 [15]. In agreement with the observed photo
activity, signals attributable to .OH were detected by EPR, while the 
signals corresponding to O2

.¡ showed very low intensity (Figure 5e). 
Nevertheless, the addition of H2O2 to the reaction media leads to a 
significant enhancement in the MB photodegradation rate (Figure 4a, 
navy trace) due to a parallel generation of .OH from two different 
pathways. The first pathway involves the reaction of the photogenerated 
electrons in the CB of WO3 with H2O2 (E0

red (H2O2/.OH) = + 0.80 V vs 
NHE). This process also reduces the e− —h+ pair recombination, 
enhancing the efficiency of the second pathway: the oxidation of H2O in 
the holes of the VB of WO3 [59]. This proposed mechanism (Figure 7a) is 
supported by the results obtained from the EPR experiments, where a 
more intense signal corresponding to DMPO-OH is detected when add
ing H2O2 (Figure 5c vs 5a). 

Second, when SiO2@WO3@Fe3O4 was used as the photocatalyst in 
the absence of H2O2, the degradation of MB resulted in being only sig
nificant during the first few minutes of the irradiation (Figure 4a, red 
trace). In this case, photogenerated electrons in the CB of WO3 would be 
transferred to the CB of magnetite to reduce Fe3+ into Fe2+. In fact, the 
redox potential of CB of magnetite (ECB ca. 0.2 V vs NHE), that of the CB 
of WO3 (ECB 0.2-0.5 V vs NHE), and the E0

red (Fe3+/Fe2+) = + 0.77 V vs 
NHE) are very close (see Figure 7b) [15,60,61]. Thereby, the e—h+ pair 
recombination is initially prevented, thus .OH can be generated from the 
holes of the VB of WO3. However, the insignificant MB degradation after 

Figure 6. Photoluminescence (PL) emission spectra of Fe3O4 (black), 
SiO2@WO3 (blue), and SiO2@WO3@Fe3O4 (red) at an excitation wavelength of 
366 nm. Inset: PL emission decay lifetime of SiO2@WO3@Fe3O4 at 455 nm 
(black) and its fitting (red). 
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the first few minutes of irradiation indicates that the .OH generation 
would stop when most of the Fe3+ of Fe3O4 nanoparticles was reduced to 
Fe2+. As a result, the recombination of the photogenerated electrons in 
CB of WO3 with the holes of the VB would be again the main process. 
Although a photo-Fenton reaction between Fe3+ and H2O to generate 
Fe2+ and .OH would also be occurring in the magnetite particles, this 
process must be minor. In fact, control irradiations performed with 
Fe3O4 nanoparticles showed insignificant MB degradation. 

Interestingly, the addition of H2O2 in the reaction media (Figure 4a, 
orange trace) using SiO2@WO3@Fe3O4 as photocatalyst produces an 
even higher MB photodegradation rate than the observed only using 
SiO2@WO3@Fe3O4 or SiO2@WO3 plus H2O2. Hence, H2O2 and Fe3O4 
must play important roles in the photocatalytic generation of .OH. Thus, 
as discussed above, in the presence of only SiO2@WO3@Fe3O4, .OH 
generation occurs initially due to the efficient decrease of e—h+ pair 

recombination of WO3 due to the reduction of Fe3+ to Fe2+ in the shell of 
magnetite. Nevertheless, the presence of H2O2 in the reaction medium 
boosts a Fenton reaction (Fe2+ + H2O2 → Fe3+ + .OH + − OH), which 
maintains the cycle Fe3+/ Fe2+ active, allowing a continuous generation 
of .OH from magnetite and from VB of WO3 (see Figure 7b). The 
reduction of H2O2 by the electrons in the CB of WO3 could also be taking 
place as an additional source of .OH generation in SiO2@WO3@Fe3O4. 
However, the fact that MB degradation in the presence of H2O2 was 
faster using SiO2@WO3@Fe3O4 than using SiO2@WO3 must be due to a 
more efficient electron transfer process from the photoexcited CB of 
WO3 to Fe3O4 nanoparticles than to H2O2. In fact, as can be observed in 
Figure 7a,b, if the two common .OH generation processes were also the 
major pathways in SiO2@WO3@Fe3O4, MB photodegradation reaction 
rate would be similar for both photocatalysts. Thereby, the combined 
presence of light and H2O2 induces a synergistic effect between Fe3O4 

Figure 7. Hydroxyl radical generation processes involved in the MB degradation produced from visible light excitation of SiO2@WO3 or SiO2@WO3@Fe3O4 
photocatalysts (a and b, respectively) in the presence of H2O2. 
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and WO3 that boosts its photocatalytic activity. In this context, same .OH 
generation processes ought to be occurring for the DCF photo
degradation and mineralization. 

4. Conclusions 

New SiO2@WO3@Fe3O4 microparticles were carefully designed and 
synthesized to obtain a supported WO3 photocatalyst with improved 
oxidant properties. Thereby, a homogeneous WO3 shell formed by WO3 
nanocrystals lower than 7 nm was obtained over SiO2 cores, and a 
subsequent fine and homogeneous decoration with Fe3O4 nanoparticles 
linked to the surface of WO3 photocatalyst gave rise to the final robust 
and recyclable SiO2@WO3@Fe3O4 photocatalyst. Thereby, after an 
extensive characterization, the results of the photocatalytic activity of 
SiO2@WO3@Fe3O4 and SiO2@WO3 (synthesized as a control) using 
methylene blue (MB) as a model contaminant in the presence/absence of 
hydrogen peroxide, have evidenced that hydroxyl radical is the inter
mediate responsible for MB photooxidation. Moreover, all the pathways 
involved in the generation of this oxidant species from the SiO2@
WO3@Fe3O4 photocatalyst have been evaluated. Electron paramagnetic 
resonance (EPR) experiments further support the proposed mechanism. 
It should be highlighted that the presence of light and H2O2 induces a 
synergistic effect between Fe3O4 and WO3 that boosts its photocatalytic 
activity. In fact, this combination has been demonstrated to be effective 
in the degradation and mineralization of the well-known CEC diclofe
nac. In view of the results achieved and especially considering the 
inexpensiveness of silica derivatives as supporting substrates for WO3- 
based photocatalysts, we believe that this study could be used as the 
starting point for the development of semiconductor-based photo
catalysts supported on a different type of silica derivatives. 
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