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Abstract

Synthesis of 3D photocatalysts offers great potential for chemical conversion and hydrogen
generation as appropriate solutions for environmental protection and energy shortage
challenges. In this study, the magnetic WOs.x@mesoporous carbon (M-WO3zx@MC) was
synthesized through evaporation-induced self-assembly (EISA) method applying diatom
frustules as a natural template. Then, plasma modification was used to prepare the N-doped M-
WO3x@MC (NM-WO3x@MC) with enhanced photocatalytic activity and durable
performance. The WOs.x was embedded in the conductive MC, which was also partially
reduced by the carbon precursor within the heat-treatment procedure. The obtained M-WOs.
x@MC was treated by the plasma under N2 atmosphere for the production of the final
photocatalyst containing both the N-doped WOz« and MC. As a result, the NM-WO3x@MC had
larger surface area (208.4 m? g%), narrower band gap (2.3 eV), more visible light harvesting
and confined electron-hole pairs recombination. The H> generation rates of net WO3 nanorods
and NM-WO;x@MC nanocomposite were estimated as 532 and 2765 pumol g?! ht,
respectively. Additionally, more than 90% of antibiotics (cephalexin, cefazolin and cephradine)
degradation and 76% of total organic carbon (TOC) elimination were obtained after 120 and
240 min of photocatalytic process under visible light irradiation. Eventually, more than eight
intermediates were detected for each antibiotic degradation using the GC-MS method and

based on the obtained results, the possible degradation pathways were suggested.

Keywords: Reduced tungsten oxide; Plasma modification; WOs.x@mesoporous carbon;

Nitrogen doping; Hydrogen evolution; B-lactam antibiotics degradation.



1. Introduction

Release of toxic pollutants in the environment, as well as a considerable enhancement of
non-renewable energy usage, occur as a result of rapid urbanization and industrialization % 2.
To confront the environmental issues and increase the utilization of renewable energy sources,
photocatalytic generation of hydrogen (Hz) has attained remarkable consideration * 3.
Furthermore, contamination of water resources, due to the considerable misuse of emerging
pollutants (such as antibiotics, hormones, endocrine-disrupting compounds, surfactants, etc.),
has become a serious menace to human beings and the ecological environment . Especially,
B-lactam antibiotic residues from humans or livestock medicines, hospital effluent and
aquaculture are extensively found in the environment. Observation of antibiotic-resistant
pathogens, carcinogenic influences in the ecological environment and toxic complex
production with metal ions are the main damages related to long-term misuse of antibiotics >
6 Adsorption and biological treatment are not suitable processes for antibiotics removal due to
secondary waste formation and their biotoxicity > °. Consequently, it is needed to apply

promising methods for the efficient treatment of biotoxic contaminants.

Photocatalysis as a green and environmentally-friendly technology relies on its benefits like
low cost, straightforward processing and ecological protection ’. It is common to excite the
photocatalysts by ultraviolet (UV) irradiation comprising only 3-5% of sunlight owing to their
high band gaps . Hence, their usages are confined from practical point of view and accordingly,
developing nanomaterials with an adequate response to visible light has great priority 8. N-type
tungsten trioxide (WOs, energy band gap (Eg) ~2.8 eV) can be excited by solar or domestic
indoor irradiations demonstrating reinforceable visible light excitement ° 10, Its proper features
including stability, nontoxicity, physicochemical behavior and low-cost make WO3 a suitable
material with diverse applications. However, the net WO3 has inadequate reduction potential

and instant charge carriers recombination, which leads to slight energy conversions * 1°. The
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WOz photocatalytic activity has been improved using helpful approaches including the
formation of binary and ternary composite nanomaterials, doping with non-metals and metals,
modification of catalysts surface and sensitization with dyes 2. Besides, a vacancy of oxygen
in the WOs. provides a shallow donor to enhance the conductivity and adsorption of various

substances 12 13,

The photocatalysts synthesis with desired morphology and nano-sized structure confronts
significant aggregation/agglomeration obstacles. To prevail this problem, a practicable method
is needed to form the three-dimensional (3D) structures with controllable sizes and
morphologies >, For instance, natural templates can be applied for this purpose like single-
cell diatoms to prepare required 3D structures *. The diatoms with 3D silica cell wall (frustule)
supply complex and ordered pore design, which cannot be produced by the existing synthesis

procedures 4,

Carbon-supported photocatalysts can be doped by the nitrogen atoms due to their notable
electron affinity to adjust the electrical and optical properties of the semiconductors > 6,
Different synthesis procedures have been described with various N-dopant sources including
direct amination by triethylamine, solvothermal method using guanidine carbonate, sol-gel
process using urea and photocatalyst precursor treatment with triethylamine/ethanol in
supercritical conditions 7. Moreover, N atoms can be incorporated into the semiconductors

lattice 18, graphene 1° and metal gate materials 2° efficiently by practical N2 plasma exposure.

Preparation of the magnetic WOz.x/mesoporous carbon (M-WO3z.x@MC) and its doped
form with the nitrogen (NM-WO3.x@MC) using the non-thermal plasma can resolve the above-
mentioned drawbacks. The as-synthesized Z-scheme photocatalyst not only possesses
enhanced harvesting of light, but also intensifies the transportation of electrons, decreases the

recombination rate of electron-holes and enhances the WO3 contact with the reactants. To the



best of our knowledge, there is no report on the fabrication of such high-performance and stable
nanocomposite using diatom template and plasma modification. Hence, the aim of this study
was the integration of mesoporous carbon and nitrogen heteroatoms with partially reduced
tungsten trioxide to produce the NM-WO3zx@MC nanostructures. Then, the photocatalytic
degradation of antibiotics and H> production were investigated using the recoverable catalyst.
The synthesis of the photocatalyst was proved according to the results attained from detailed
characterization and the role of each component and plasma modification were explained
elaborately. Moreover, a plausible mechanism of the photo-generated charge carriers transfer
was suggested for the antibiotics degradation and photocatalytic H. production based on the
results of electron spin resonance (ESR), linear sweep voltammetry (LSV) and free radical

scavenger suppression experiments.

2. Materials and methods

2.1. Reagents and chemicals

Iranian Biological Resource Center (Iran) provided the diatom cells. Sodium hydroxide
(NaOH, > 98%), ferrous sulfate tetrahydrate (FeSOs.4H20, 99%), N-hydroxysuccinimide
(NHS), ammonium formate (NHsHCO2, 99.9%), ethanol (CoHsOH, 99%), sulfuric acid
(H2S04, > 98%), dimethylsulfoxide (DMSO), sodium sulphate (NazSO4, 99.9%) diethyl ether
(C4H100, > 99.7%), meso-2,3-dimercaptosuccinic acid (DMSA), hydrogen peroxide (H203,
30%), ferric chloride hexahydrate (FeClz.6H.O, > 98%), ferrous chloride tetrahydrate
(FeCl2.4H20, > 99%), N,O-bis-(trimethylsilyl)-acetamide (CgH2:NOSi,, > 95%) and
hydrochloric acid (HCI, 38%) were supplied from Merck (Germany). Formaldehyde solution
(CH20, 37 wt%), phenol (CeHsOH, > 99%)), 1-ethyl-3-(3- dimethylaminopropyl) carbodiimide

(CeH17N3, >99%), isopropyl alcohol ((CH3).CHOH, 99.5%), acetic acid (CH3CO2H, >99.8%),
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benzoquinone (CeHsO2, > 98%), tetrahydrofuran (THF, CsHsO > 99%), acetone (CsHeO,
99.8%), isopropanol (C3HsO, 99%), tungsten chloride (WCle, 99.9%) and
ethylenediaminetetraacetic acid disodium salt (EDTA-Naz, CioH14N2NaxOs, 99%) were
obtained from Sigma-Aldrich (USA). Cephalexin, cefazolin and cephradine were purchased

via Loghman Co. (Iran).

2.2. Synthesis of materials
2.2.1. Diatom cells preparation

To prepare nanoporous silica, the organic matrix coating the wall of diatom was eliminated
by applying the H.02/Fe?* (Fenton) process accompanied with ultrasound assistance, which
was explained concisely 2%, Briefly, FeSO4.4H,0 (15 mM) and H202 (60 mM) were added into
an aqueous suspension (80 mL) of the cells (48 x 10* cells mL™1). NaOH (0.1 M) and H2SO4
(0.1 M) solutions were used to adjust the pH of the suspension to 3. Then, the suspension was
placed in the exposure of the ultrasound irradiation at 40 °C for 4 h employing an ultrasonic
bath (300 W, 40 kHz, EP S3, Sonica, Italy). The obtained cells were centrifuged at 4500 rpm
for 15 min to separate them from the liquid phase. Finally, the gathered powder with white
color was washed first with the NHsHCO> (0.5 M) and then with deionized H>O followed by

drying at 10 °C for a day.

2.2.2. FesO4 nanoparticles preparation

The co-precipitation method at alkaline conditions was used for the synthesis of FezO4
nanoparticles (NPs). Briefly, FeCl>.4H20 (3.33 g) and FeCls.6H20 (9.10 g) were stirred in a
three-neck round-bottom vessel containing 400 mL of the water under an inert atmosphere at

room temperature for 20 min. In order to obtain FesO4 NPs, the pH was increased to 12 by


https://pubchem.ncbi.nlm.nih.gov/#query=C10H14N2Na2O8
https://bbibliograficas.ucc.edu.co:2152/topics/chemistry/coprecipitation
https://bbibliograficas.ucc.edu.co:2152/topics/chemistry/inert-atmosphere

adding ammonia (94 mL) to the solution with vigorous mixing. The resulted black precipitate
was centrifuged at 5000 rpm for 2 min and washed to eliminate the unreacted ions, which
eventually dried under vacuum condition (12 h) ?2. The FesO4 NPs (20 mg) were modified in
the toluene (2 mL) by adding the DMSA (20 mg) and DMSO (2 mL) solutions. The prepared
solution was stirred at 25 °C (12 h) and the formed precipitant was washed with the ethyl
acetate. Finally, the DMSA-Fe304 NPs were collected using a magnetic bar and stored in

the water %2,

2.2.3. Magnetic diatom frustules preparation

The mixture of an aqueous solution of FesO4 NPs (0.6 g/L, 100 mL), NHS (0.3 g), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (0.3 g) and treated diatom frustules (0.1 g) was prepared and
mixed at 25 °C for 48 h to produce magnetic diatom frustules, which afterward centrifuged and

washed by the Milli-Q water.

2.2.4. Synthesis of resol precursor

A solvable resol was prepared from formaldehyde and phenol polymerization as elaborated
elsewhere 2 24, Concisely, the melted phenol (6.10 g) was added dropwise to the NaOH
solution (1.30 g, 20%) and mixing for 10 min. Afterward, formaldehyde solution (10.0 g, 37%)
was poured into the mixture dropwise and stirred at 75 °C for 1 h. Next, it was cooled to room
temperature, followed by the addition of HCI (2.0 M) to achieve pH 7.0. Finally, the aqueous
solution was evaporated in the vacuum at 45 °C and the obtained yield was maintained in the

THF (20%).
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2.2.5. Synthesis of magnetic WOz x@mesoporous carbon applying diatom template
Magnetic WOs.x@mesoporous carbon (M-WO3.x@MC) was prepared through one-pot
evaporation-induced self-assembly (EISA) procedure as follows 2% 24: A suspension containing
the magnetic diatom frustules (0.1 g) and acetone (20 mL) was mixed with the prepared carbon
precursor (0.1 g resol, 20 wt% in THF) and WCle (0.13 g), which then stirred severely for 10
min. The obtained suspension was sonicated (2 h) after adding anhydrous ethanol (0.25 mL).
The resulted mixture was concentrated (50 °C, 8 h), and then, it was dried (100 °C, 8 h).
Afterward, the remaining solid was calcined (700 °C, 2 h) under the nitrogen atmosphere.
Eventually, the as-prepared nanocomposites were placed in the HF (10 wt%) for one day to
eliminate the silica cores. It should be noted that the WOs nanorods were attained by the

identical method without the diatom cells and resol precursor addition.

2.2.6. Nitrogen doping

Plasma reactor, which consists of a Pyrex tube equipped with two aluminum electrodes was
utilized for the N-dopping of M-WO3x@MC particles. The N2 gas was fed to the plasma
reactor (5 cm?®/s) by rotary and turbo-molecular pumps to reach 50 Pascal pressure. The non-
thermal plasma was generated by supplying the high-voltage (1200 V) and direct current (DC)
using a DC power source. A Schematic illustration of the preparation of NM-WOz;x@MC

nanocomposite is shown in Fig. S1.

2.3. Characterization
The phase purity and crystal structure of the materials were investigated by a Bruker D8
(Germany) diffractometer with Cu Ka radiation functioned at 40 kV. The morphologies of the

materials were investigated using a JEM-2100F transmission electron microscope (TEM,
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JEOL, Japan) and a Zeiss Sigma HD VP scanning electron microscope (SEM, Zeiss NTS,
Cambridge, UK) with an energy-dispersive x-ray spectroscopy (EDS) analyzer. The diameter
size distributions for diatom frustules pores, Fe3O4 nanoparticles and WOz3.x nanorods were
measured using Microstructure Distance Measurement software (Nahamin Pardazan Asia Co.,
Iran). Raman measurements were carried out by Ntegra Spectra spectrometer (NT-MDT,
Russia) with 532 nm laser excitation. The textural properties of the catalysts were examined
by performing N adsorption-desorption experiments using Micromeritics 3Flex (USA)
analyzer at 77 K. Barrett—Joyner—Halenda (BJH) and Brunauer-Emmett-Teller (BET) methods
were applied to evaluate pore size distribution, BET specific surface area (Sget) and total pore
volume. A Thermo Fisher Scientific Escalab 250Xi (USA) spectrometer with a monochromatic
Al Ko radiation (1486.6 €V) was used to collect X-ray photoelectron spectra (XPS). Valence
band X-ray photoelectron spectroscopy (VB-XPS) with an energy step of 0.1 eV was also
performed by the same equipment. The 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin

trapping ESR spectra were recorded on a Bruker ESR 300E spectrometer (Germany).

2.4. Optical and electrochemical tests

The electrochemical studies were carried out by an Autolab potentiostat/galvanostat
instrument (PGSTAT128N, Metrohm, Netherlands). For fabrication of work electrode,
photocatalyst (40 mg) was blended with Nafion (5%, 200 uL) and ethanol (800 uL), then
ultrasonically dispersed (3 h). The obtained suspension was dip-coated on a clean glassy carbon
electrode (GCE, 1 x 1 cm?) with 0.07 cm? geometric area and dried at room temperature.
Platinum (Pt) and saturated calomel electrode (SCE) were operated as the counter and
reference electrodes, respectively. The LSV was conducted at 10 mV s scan rate.
Electrochemical impedance spectra (EIS) were plotted at 200 mV overpotential against normal

hydrogen electrode (NHE) with 5.0 mV amplitude and the range of frequency from 0.01 to 100

9



Hz in the Na2SOs solution (0.5 M). A Perkin Elmer LS45 spectrometer (USA) was used to
record the photoluminescence (PL) spectra. The absorption characteristics of the samples were
studied by an Ultraviolet-visible diffuse reflectance spectrophotometer (UV-Vis DRS, UV-

3700, Shimadzu, Japan).

2.5. Test of photocatalytic performance for H. generation

The tests for photocatalytic H, generation were performed in a Pyrex flask (100 mL) at
ambient conditions. Briefly, a photocatalyst (50 mg) was added into the Na,SO3 (0.25 M) and
NazS (0.35 M) solution (80 mL), then the mixture was sonicated (1 h). Afterward, the N2 gas
was used for degassing the obtained mixture for 0.5 h to gain the anaerobic state. A LED lamp
(300 W, A > 420 nm, Shenzhen StarVang Technology, China) acted as the visible light source.
Through the run, the mixture was stirred by a magnetic bar to maintain the photocatalyst in the
suspension. A gas chromatography instrument (Agilent Technologies 7890A, TCD) was
applied to analyze the generated H,. The apparent quantum efficiency (AQE) was evaluated

using the following equation 2°:

2Xthe number of evolved H, molecules 2Xrygo XL
AQE (%) = ferorel x 100 =222k 100 (1)
the number of incident photons e
c

where ry2 is the evolved H; per second in molar amount, L is the Avogadro constant, | is the
power of incident light, A is the wavelength of irradiation, h is the Planck constant, and c is the

light speed.

2.6. Test of photocatalytic activity for antibiotics degradation

Cephalexin, cefazolin and cephradine were selected as model pollutants to evaluate the
photocatalytic activity of the as-synthesized catalysts for photodegradation of B-lactam
antibiotics in the contaminated water. In general, a photocatalyst (60 mg) was dispersed into

100 mL of antibiotics solution (concentration of each compound = 2 mM) and the mixture was
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agitated (0.5 h) in dark condition to achieve the equilibrium of adsorption-desorption.
Subsequently, the LED lamp was switched on and the mixture was placed in the exposure of
the visible light. Within the photocatalytic process, 1.0 mL of the antibiotics solution was
withdrawn at distinct intervals of time and then the photocatalyst particles were separated from
the treated solution using a magnet. The antibiotics degradation efficiencies were monitored
using an HP-1090 Series Il liquid chromatography (USA), equipped with a UV detector. Just
prior to determining the concentration of the pollutants, the antibiotics solution containing
sodium chloride (1%) in the MQ water (1 + 9) was prepared as the working solution. The
aqueous mobile phase consisted of acetic acid (10%) in the water-isopropyl alcohol-water (4 +
9 + 87) and the flow-rate was set at 1.0 mL min™. The system was equipped with 4.6 x 250
mm C18 reversed-phase column. After trying different wavelengths (235, 240, 247, 250, and
255 nm), the optimal analytical wavelength for the studied B-lactam antibiotics was found to
be 247 nm, since both high sensitivity and good chromatographic response were obtained at
this wavelength 26. Fig. S2 shows the separation chromatogram of the antibiotics using the
explained method. The retention time of the cefazolin, cephalexin and cephradine were
appeared at 2.8, 4.5 and 7.3 min, respectively. Table S1 presents the calibration data for each
antibiotic; high linear correlation coefficients (R?> > 0.9971) demonstrate that the proposed
method offers a reasonable precision for the simultaneous determination of 3-lactam antibiotics
in the range of 0.2-4.0 mM. Degradation by-products were recognized by Agilent 6890 gas
chromatography (GC, Canada) combined with Agilent 5973 mass spectrometer (MS, Canada),
which had a capillary column of TG-5MS. The elaborated explanation for the sample
preparation and intermediates identification has been presented elsewhere 2. The total organic
carbon concentration was measured by a TOC analyzer (multi N/C 2100S, Analytik Jena,
Germany). The concentration of anions was determined by a DIONEX ICS-2100 ion

chromatography (IC) system (ThermoFisher, USA).
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3. Results and discussion

3.1. Morphological and structural characteristics of the catalysts

Fig. 1 (a) and (b) demonstrates that before treating the diatom cells, impurities covered the
frustules. with a disk-like morphology (~7 um outer diameter). The ultrasound-assisted
H,02/Fe?* procedure 2! was applied to eliminate them and to prepare the treated diatom
frustules, which can be seen in Fig. 1 (c) and (d). The prepared frustules have an ordered porous
structure with controlled nano-pores size (10-20 nm), which are uniformly spread on the walls
of cell. Fig. 1 (e) and (f) reveal the proper stabilization of FezOs NPs on the frustule surface.
As can be seen from the SEM images of NM-WOs:x@MC (Fig. 1 (g) and (h)), this
nanocomposite possesses almost a similar shape (disk-like) and the diameter with the diatom
template even after its elimination. It is concluded that the diatom template surface is firstly
coated with WO3x@MC and the 3D morphology of the prepared nanostructure is not changed
after the template elimination by the HF. A homocentric growth occurred, which led to the
hierarchical 3D nanostructures with a hole in its center by the EISA method. Based on the SEM
images, pore diameter size of diatom frustules (Fig. S3 (a)), diameter size of FesOs
nanoparticles (Fig. S3 (b)) and WOs.x nanorods (Fig. S3 (c)), were measured to be in the ranges

of 10-22 nm, 1040 nm and 14-26 nm, respectively.

The EDS spectra of the samples were illustrated in Fig. S4 (a-d). The treated and untreated
frustules have similar elements including oxygen, carbon, calcium and silicon. The elimination
of organic materials from the frustule surface results in a remarkable decrease in the carbon
peak intensity, and a vice versa trend is observed for the peak of silicon; it is clearly owing to
the diatom frustule purification, which mainly consisted of silica. Moreover, extra peaks related
to the Fe are observed in the EDS spectra of magnetic frustules due to the presence of Fe3Oa
(Fig. S4 (c)). Eventually, the EDS of NM-WO3.x@MC has a strong peak related to the W as
well as the peaks assigned to O and C beside the N peak, which confirms the proper

12



nanocomposite synthesis using the prepared magnetic template 2*. It can also be concluded that

nitrogen was appropriately introduced into the catalyst structure after the plasma modification.

Spm

15.6 nm

200 nm

200 nm

Fig. 1. SEM images of untreated frustule (a and b), treated frustule (c and d), magnetic

frustule (e and f) and NM-WO3x@MC nanocomposite (g and h).
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Further investigations were carried out using the high-resolution TEM (HRTEM) to obtain
further data for the structural and morphological properties of the prepared samples including
WOz nanorods, FesO4 nanoparticles, M-WO3.x@MC and NM-WO3x@MC nanocomposites.
Uniform morphology of WO3 nanorods with a length of < 120 nm and diameter of <20 nm are
seen in Fig. 2 (a and b); the ~0.383 and ~0.372 nm interplanar distances between the regular
lattice fringes are attributed to the (002) and (020) planes of hexagonal WO3 crystal [Fig. 2 (b)]
28 Moreover, FesO4 nanoparticles display an appropriate dispersity with spherical morphology
[Fig. 2 (c) and (d)]; the ~0.293 nm interplanar distance between the common lattice fringes is
related to the (220) crystal plane of the FesO4 [Fig. 2 (d)] 2. Besides, TEM images of M-WOQOg3.
x@MC [Fig. 2 (e) and (f)] show that tungsten oxide is uniformly and completely embedded
into the MC. Eventually, a rougher surface was observed for the NM-WO3.x@MC [Fig. 2 (g)
and (h)] due to the etching effect of plasma, which is the effective surface treatment method.
The plasma with highly energy species can also etch the carbon-based substances generating
controllable defects *°; the extra ~0.382 nm interplanar spacing attributed to (010) WO-¢ plane

confirmed its partially reduction, which is incorporated in the carbon 3L,
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Fig. 2. TEM and HRTEM images of WO3 nanorods (a and b), FesO4 nanoparticles (¢ and d),

M-WO3.x@MC (e and f) and NM-WOzx@MC (g and h) nanocomposites.
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Structural and crystallinity properties of the prepared samples including the diatom
frustules, WO3, M-WO3.x@MC and NM-WO3;.x@MC were investigated by the XRD analyses,
which are displayed in Fig. 3 (a). The XRD plot of diatom frustules demonstrates no sharp
peaks, proving its amorphous structure; the peak in the range of 13.5° to 29.5° is related to the
amorphous silica %2, which is commonly observed in the diatoms structures 33. The XRD
patterns confirm the preparation of FezO4 and WO3 based on the diffraction peaks at 260 =30.1,
35.7,43.2,54.2, 57.3, and 63.0° (JCPDS card 19-0629) and 26 = 13.7, 22.8, 24.1, 26.6, 28.1,
33.3, 36.4, 46.4, and 57.2° (JCPDS No. 75-2187), respectively 2> 3. The parameters of the unit
cell for the prepared WO3 were determined as a = 7.279 A and ¢ = 3.899 A, which are in proper
agreement with the hexagonal WOj3 specifications *°. The XRD patterns of prepared
nanocomposites including the M-WO3z,x@MC and NM-WO3zx@MC have a sharp peak at
~25°, further peaks located at 54.9°, 48.2°, and 42.5°and the peaks related to the Fe3O4
compared to the pure WOs. The peaks centered at ~25° and 42.5° are assigned to the (002) and
(100) planes of the graphite (JCPDS No. 08-0415) confirming the generation of the MC via the
resol addition during the procedure of nanocomposite materials synthesis 3. Moreover, the
extra peaks observed at 48.2° and 54.9° are related to (220) and (310) planes of the WO
(JCPDS No. 18-1417), verifying the reduction function of the precursor in the synthesis method
37 Debye-Scherrer formula was applied to calculate the mean crystalline sizes of tungsten
oxide in the prepared WO3, M-WO3.x@MC and NM-WOz.x@MC using the full width at half
maximum (FWHM) of (200) plane, which was 23, 19 and 18 nm, respectively . These data
reveal that the magnetic diatom surface can function as a nucleation agent for the carbon
precursor graphitization and the formation of tungsten oxide nanorods lead to the

nanostructured material generation with the smaller crystalline size .

Surface electronic properties and elemental composition of the samples were studied using

the XPS spectroscopy; the obtained XPS spectra and elemental compositions are shown in Fig.
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3 (b) and Table S2, respectively. The WO3 has C=15 at%, W=19 at% and O=66 at% in its
composition; the M-WOzx@MC and NM-WO;z.x@MC have more carbon levels of 22 at% and
25 at% with Fe amount of 10 at% and 11 at%, respectively. Furthermore, the NM-WO3zx@MC
spectrum shows a peak at ~399.2 + 0.1 eV compared to M-WOszx@MC, which is attributed to
N 1s with atomic content of 1% [Fig. 3 (b)]. The major W part in the tungsten oxide
composition has the 6+ oxidation state, which is confirmed by the W 4f high-resolution
spectrum of WOz, exhibiting the peaks at 37.7 + 0.1 and 35.6+ 0.1 eV related to 4f5/2 and
Af7/2, respectively [Fig. 3 (c)] “°. On the other hand, extra peaks at 34.3 + 0.1 and 36.6+ 0.1
eV in the WA4f curves of M-WO3x@MC and NM-WO3.x@MC confirm the W®°* presence as
well. These results are in good agreement with the data gained from the XRD analysis, which
reveals the partial reduction of tungsten oxide with resol polymer during the EISA synthesis
procedure 3> 40, As shown in Fig. 3 (d), the N 1s spectrum is deconvoluted into three
constituents, which are related to the graphitic nitrogen (402.3 £ 0.1 eV), pyrrolic nitrogen
(400.2 + 0.1 eV) and pyridinic nitrogen (398.6 + 0.1 eV) *L. Actually, as M-WO3x@MC was
exposed to the reactive species, their interactions resulted in the nitrogen-doped nanocomposite
material with graphitic, pyrrolic and pyridinic bonding configurations after nitrogen groups
transformation and the rearrangement of structure %2. Rybin et al. ** proved that the graphene
electronic structure is affected by the N doping, which leads to a shift of Fermi level of pure
graphene. The N-doped graphene becomes an n-type semiconductor in the case of pyrrolic or
graphitic N-bond types, in which the Fermi level shifts to conduction band; moreover, the N-
doped graphene becomes a p-type semiconductor in case of pyridinic nitrogen impurities, in

which the Fermi level shifts to valence band 4% 43,

Raman spectroscopy was also used to obtain more detailed electronic and structural
properties of the samples [Fig. 3 (€)]. The peaks at 273 and 322 cm™ are related to 5(O—W-0)

bending modes and the peaks at 712 and 808 cm™ are assigned to v(O-W-0) stretching modes
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44,45 Besides, two broad bands are observed at 1350 (D-band) and 1595 (G-band) cm™ in the
NM-WO3x@MC spectrum; the former band is assigned to the Aiq vibration of carbon, and the
latter band is attributed to the Ezq vibration of sp2-bonded carbon #* %°; these results are in good
agreement with those studied for WO3 mesosponge@carbon *°. The successful preparation of
tungsten oxide embedded MC is also confirmed by the comparison of the Raman spectra for

the pure WO3 and synthesized nanocomposite materials.

Nitrogen adsorption-desorption isotherms of the prepared samples including WO3, M-
WO3zx@MC and NM-WQO3x@MC are shown in Fig. 4 (a). Based on the IUPAC classification,
all of them demonstrate type IV isotherms with the obvious type H3 hysteresis loops, which is
the characteristics of mesoporous materials [Fig. 4 (a)]. The observed results were investigated
by the Barrett-Joyner—Halenda (BJH) and Brunauer—-Emmett-Teller (BET) to obtain data
about pore size distribution, total pore volume and specific surface area for the produced
materials (Table S3). The peaks for distribution of pore size [Fig. 4 (b)] are placed at 11.9, 9.3,
6.2 nm for WO3, M-WO3z,x@MC and NM-WOs:x@MC, respectively. The lower total pore
volume and Sget for WO3 are owing to its remarkable density. It is presumed that the density
of reduced WO3 in the M-WO3.x@MC and NM-WOz:x@MC nanocomposites is near to the
density of WOs3 due to their similar shape and crystallinity with the WOs, which is based on
the results acquired from the HRTEM and XRD analyses. On the other hand, when WOz is
embedded into the MC, the total pore volume and Sget increase considerably (Table S3). It is
owing to the production of mesoporous nanostructures with high order yielded from the
efficient carbonization, remaining lots of voids in the structure of carbon 6. Furthermore, NM-
WO3.x@MC demonstrates superior textural properties than the M-WO3zx@MC. Combined
with the TEM results, defects induced by the plasma etching may cause a greater surface area

and hence, active sites.
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nanorods, M-WO3x@MC and NM-WO;.x@MC nanocomposites.

The mechanism of the plasma modification to prepare NM-WOzx@MC could be concisely
explained as follows: lonized species had a substantial function for the implementation of the
nitrogen doping in addition to the roughness enhancement of the photocatalyst surface. They
could convey the energy, resulting in the CN bonding, which was in the excited state. The
alteration in the modified photocatalyst surface could be related to the generation of volatile
CN within the plasma procedure "8, It should be mentioned that the nitrogen plasma had a
lower etching effect in comparison with other plasmas leading to the relative graphite phase
stability in the etching process *°. Furthermore, the nitrogen incorporation in the sp® structure
could act as a bridge between sp? clusters, resulting in the n- and n*-bands localization that are
in charge of the aromatic ring clusters “. Hence, these ionized species in the N2 plasma caused
the graphitic phase predominance compared to the amorphous one and consequently,
hierarchical networks comprised of the aromatic ring clusters accumulated during the plasma
modification gradually. According to the XPS results, N-including ions bond with carbon and

nitrogen-doped MC is produced in the whole nanocomposite outer surface *°.
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3.2. Optical and electrochemical properties

The potential of the as-prepared samples for the light absorption was evaluated using UV—
Vis DRS analysis. Fig. 5 (a) clearly shows high UV light harvesting with insignificant visible
absorption. However, a wider and more absorption of both visible and UV lights were observed
for the M-WO3zx@MC and NM-WOsx@MC, revealing the formation of extra photo-generated
electron-hole pairs, particularly under the visible light wavelengths. The Eg4 of the samples was
estimated via the slops of (ahv)? against hv curves as 2.88, 2.44 and 2.30 eV for the WO3, M-
WO3x@MC and NM-WO3zx@MC, respectively; where a, h and v are absorbance coefficient,
Planck constant and light frequency, respectively [Fig. 5 (b)] 1. Three reasons can explain the
enhancement of the enhanced light absorption of M-WOs:x@MC. First, the presence of the
Fe3Os4 can change the normal charge-transfer mechanism to Z-scheme photocatalytic
procedure, which enhances the harvesting of light, spatially separated oxidative and reductive
active sites and capability of the well-preserved strong redox *°. Second, the MC porous
structure with considerable surface area is desirable for subjecting extra active sites to the
visible light ®1. Third, partial reduction of WO3 (confirmed by the XPS and XRD analyses)
results in the oxygen vacancies in its structure generating filled impurity band, which
remarkably declines the amount of Eq *2. The same results have been reported by Zhang et al.,
in which the red-shift of the band edge absorption for the WO3_,/C was observed in comparison
to the pristine WOs3, demonstrating that the oxygen vacancies and carbon coating in the WOz
«/C enhance the light absorption and separation of charge carriers considerably 3. Visible light
absorption after nitrogen doping is considerably increased by the NM-WOs;x@MC
nanocomposite [Fig. 5 (a)], which is owing to the narrower band gap and consequently, the
observed red-shift °2. Mechanism of the increased light absorption by the N-doped
photocatalysts can be explained from the following main point of views %2 (1) theory of band-

gap narrowing: the overlap of O 2p and N 2p orbitals results in the rise of valence-band top;
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(2) theory of local energy level: local energy level of N 2p is formed above the valence band
leading to the response for visible-light; (3) theory of oxygen vacancy: oxygen vacancy
generates the response for visible-light, and the doped-N stabilizes the oxygen vacancy; (4)
theory of synergy: the synergy of oxygen vacancies and N 2p local energy levels leads to the
visible-light response. Thus, the visible light can be effectively harvested by the N-doped
nanocomposite for charge carrier production. Eventually, it should be mentioned that the n-
conjugated species like polycyclic aromatic hydrocarbons in the nanocomposite photocatalysts
cause the band at approximately 320 nm in the absorption spectra, which is in agreement with

the other studies 1.

The behavior of photo-excited charge carriers in photochemical procedures can be
appropriately studied by the PL spectroscopy analysis. As seen in Fig. 5 (c), the NM-WOs-
x@MC demonstrates the weakest intensity of PL, revealing more efficient inhabitation of the
recombination of the electron-hole pair. This indicates that the recombination phenomena were
noticeably retarded, and the separation of photogenerated charge carriers is accomplished by

the presence of MC and nitrogen doping % %3,

The electrochemical impedance spectroscopy (EIS) test was performed to study the
electron-transport capacity of the generated materials [Fig. 5 (d)]. Variations in the
electrochemical impedance are significant indicators to evaluate the changes in the interfacial
properties. A remarkable interfacial transport promotes the charge carrier's separation and
consequently declines their recombination, which leads to the decreased impedance in
semiconductors. The order of WO3> M-WO3x@MC > NM-WOz«@MC was obtained for the
arc radius of EIS Nyquist plot; its lower amount for a photocatalyst demonstrates faster
transportation of the interfacial charge to an acceptor of the electron, which results in efficient
separation of the electron-hole pairs *. It can be explained by the transportation of the excited
electrons in WOsx, to the mesoporous carbon, inhibiting the rapid electron-hole pairs
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recombination. The MC acts as a separation center for the electron-hole pairs due to its
conjugated structure 4. Furthermore, the radius of arc on the EIS spectra also indicates the
migration rate happening on the photocatalyst surface and hence, it proposes a more efficient
separation of charge carriers under the identical operational condition and quicker transfer of
interfacial charges takes place on the surface of NM-WO;.«@MC nanocomposite >°. The EIS
results were simulated properly by an electrical equivalent circuit diagram (inset of Fig. 5d).
From this diagram, it can be concluded that all the electrodes are affected by the interfacial
charge transfer resistance (Rct), the internal resistance (Rs), the constant phase element (CPE)
and the Warburg impedance of diffusive resistance (Zw), respectively. The Rs and Rt values
were obtained from the first intersecting point with the real axis in the high-frequency region
and the diameter of the semicircle, respectively (Table S4). Obviously, the NM-WOz;x@MC
demonstrates the lower Ret (513 ohm) than the M-WO3zx@MC (757 ohm) and WOs (1401
ohm). Hence, the NM-WO3.x@MC possesses a lower resistance for charge separation than that
gained in the other materials, consequently indicating an improvement in the charge transfer

and separation transfer between the interfaces, which is consistent with previous literature 6.

For more confirmation of the above proposed photocatalytic procedure, the transient
photocurrent responses of the samples were examined using typical irradiation with switch on-
off cycles. Fig. 5e displays a comparison of photocurrent—time (I-t) plots for the NM-WOs.
x@MC, M-WO3x@MC and WOs. The photocurrent yielded in three electrodes when the
samples were subjected to the visible light, and the photocurrent amount rapidly declined to
zero as the irradiation was turned off, which showed the acceptable reproducibility of the
samples. The reversible phenomenon of photoresponsivity revealed that the majority of
photogenerated electrons were transported to the back contact across the sample to generate
the photocurrent under the irradiation. Meanwhile, the NM-WO3:.x@MC composite

demonstrates the highest photocurrent amount, which is 7.1 and 1.6 times greater than the pure
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WO3 and M-WO3x@MC, respectively, confirming the better separation rate of photoinduced

carriers 1,

Fig. 5 (f) displays the LSV curves for the prepared photocatalysts, in which NM-WOs.
x@MC has the most current density with the highest electron migration. A Commercial Pt/C
electrode was also applied to compare LSV curves in this study. It is common to utilize the
potential value for the generation of 10 mA cm™ current density to determine the
electrochemical properties of the photocatalysts °’. A considerable small overpotential is
observed for the maximum activity of the Pt/C electrode (0.08 V vs NHE); the NM-WOz-
x@MC overpotential is estimated as 0.16 V against NHE, which is lower than the M-WO3.

x@MC and WOs3 (0.23 and 0.35 vs NHE) and nearer to the Pt/C.
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3.3. Photocatalytic H2 generation

Fig. 6 (a) demonstrates the photocatalytic H2 generation by the visible light in the presence
of WO;3 (532 pmol g h'l), M-WO3x@MC (1569 umol g h't) and NM-WO3x@MC (2765
umol g h'1). The low rate for the Hz formation by the WOj3 can be attributed to the small
specific surface area, limited charge transfer and high Eq. Approximately 5-fold enhancement
was achieved in the NM-WOsx@MC activity owing to its extra surface area, light absorption,
and electron transfer as well as low recombination of the electron-hole pairs. The AQE of WOs3,
M-WO3.x@MC and NM-WO3x@MC was calculated to be 4.2%, 12.3% and 21.7% at 420 nm,
respectively. After excitation of electrons in the valance band (VB) of WO3.x hanorods to form
the charge carriers, these photo-generated electrons in the conduction band (CB) can directly
migrate to the MC through their solid-solid interface due to its remarkable electron transfer
capability. The surface reduction for the H. production occurs by these electrons participation
%8, The valance band positions of the WO3 and Fe3O4 were estimated using the VB-XPS by
linearly extrapolating the leading edge of valence band XPS curve to the baseline (Fig. S5) as
2.59 eV and 0.81 eV (vs. NHE), respectively. Moreover, the bandgap amounts were calculated
optically as 2.88 and 1.76 eV for the WOs3 and FesO4, respectively. Then, the CB positions can
be determined as —0.29 and —0.95 eV (vs. NHE) for the mentioned samples, respectively (Ecs
= Evs - Eg). These results are in good agreement with other studies > For the Hz evolution,
the CB position of WOs3 should be more negative than the reduction potential of H*/H, (0 V vs.
NHE) and the VB position of WOz should be more positive than the oxidation potential of
02/H20 (1.23 eV vs. NHE). However, the wide band gap of WOs3 has a wide band gap leads to
low absorption of the solar-light. On the other hand, fast recombination of the photogenerated
electron-hole pairs also confines the utilization of solar energy 2. The optically obtained band

gaps of the M-WO3x@MC and NM-WO3x@MC are estimated as 2.44 and 2.30 eV,
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respectively, which are narrower than the pure WOs. Moreover, the N doping forms a new
impurity level above the of WOs3, which explains the lower band gap of the NM-WOz;x@MC
compared to the M-WO3zx@MC. Besides, the N-doped mesoporous carbon can be employed
as the electron donors and electron acceptors %3; hence, it accepts the excited electrons from the
WOz« conduction band via the photoinduced charge transfer mechanism and increases the
electron-hole pairs life time. It should be noted that the presence of FesO4 can change the
normal charge-transfer mechanism to a Z-scheme, which results in the high reactivity of CB
and VB. The schematic diagram for the mechanism of photocatalytic hydrogen production
using NM-WOsx@MC is shown in Fig. S6. Furthermore, the 3D structure of the
nanocomposite decreases the charge carriers diffusion length and intensifies its electron
transfer on the terminal sites 8. The improvement in the H, production rate of the NM-WOs.
x@MC can also be related to its superior absorption ability in the visible region as shown in
Fig. 5a. According to the XPS results, the N atoms present in the NM-WOzx@MC structure
increases the oxygen vacancies, which decreases the recombination of electron-holes within
the photocatalysis; consequently, this photocatalyst has the highest absorption of visible light,
and thus, intensifies the catalytic activity in the visible area. In order to monitor the stabilities
of WO3 and NM-WOs.x@MC within long-term usages for the H> formation, the five repeated
photocatalytic runs were implemented and the results are shown in Fig. 6 (c). The activity of
both photocatalysts demonstrates no significant decrease after the subsequent cycles (total 20
h) confirming their suitable durability for the visible-light-driven H. generation. Table S5
compares H production rates and stabilities of NM-WOz;x@MC and other materials reported
in the literature. This comparison demonstrates that the nanocomposite fabricated in this study
possess higher activity and durability than those of previously reported WO3-based

nanostructures.
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The used catalyst was characterized to determine the morphological, chemical and
structural conversions. The catalyst morphology was characterized by the SEM after its usage.
As can be observed in Fig. S7 (a and b), the used catalyst showed no evident morphological
difference compared to the fresh catalyst. The XRD (Fig. S8 (a)), Raman (Fig. S8 (b)) and XPS
spectra (Fig. S8 (c)), corresponding to the used NM-WO3z.x@MC, demonstrated that the
crystallinity and chemical structure remained quite stable along the treatment, without any
evidence of its change. The W 4f high-resolution spectra of used NM-WO3.x@MC represented
that like unused photocatalyst the curve was deconvolved into four peaks at 34.3 + 0.1, 35.6+
0.1, 36.6+ 0.1 and 37.7 + 0.1 indicating both +6 and +5 oxidation states for the tungsten (Fig.
S8 (d)). The N 1s high-resolution spectrum exhibited all of the obtained peaks related to the
graphitic nitrogen, pyrrolic nitrogen and pyridinic nitrogen were the same as fresh NM-WOs-

x@MC (Fig. S8 (e)).

3.4. Photocatalytic degradation of antibiotics

3.4.1. Comparison of different photocatalysts activities

To further study the photocatalytic activity NM-WOsx@MC, a number of treatment runs
were performed for the cephalexin [Fig. 7 (a)], cefazolin [Fig. 7 (b)] and cephradine [Fig. 7 (c)]
antibiotics as model emerging pollutants. Control tests revealed that the adsorption of the
antibiotics on NM-WOsx@MC in the dark was insignificant (less than 17%). Moreover, sole
visible light irradiation had a negligible role in the degradation of antibiotics (less than 6%)
after 150 min. The pure WOz demonstrated low activity for the photocatalysis of cephalexin,
cefazolin and cephradine after 120 min under the visible light due to broad band gap and rapid
electron and hole recombination * 1°. Application of nanocomposite photocatalysts including

the M-WO3x@MC and NM-WO3z.x@MC increased the antibiotics degradation under identical
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experimental conditions. The M-WO3x@MC possesses extra active sites to form higher
reactive species due to higher specific surface area *. The best photocatalytic behavior of NM-
WO3zx@MC can be attributed to (1) easier active species formation due to the narrower
bandgap and effective visible light-harvesting, (2) special mesoporous structure and
crystallinity with the high surface area for proper transportation of reactants to the catalyst site,
and (3) appropriate separation of photogenerated electron-hole pairs owing to the above-

mentioned synergistic effects 5% %,

The positions of band edge for the WO3 and Fe3O4 were determined by the VB-XPS (Fig.
S5). Clearly, the VB of WO3z and Fe304 is 2.59 ¢V and 0.81 eV (vs. NHE), respectively. Given
Eg of the WO3 nanorods and FezO4 nanoparticles as 2.88 and 1.76 eV, corresponding Ecs could
be estimated to be —0.29 and —0.95 eV, respectively, which is consistent with the literature >
%1 The schematic diagram for the mechanism of photocatalytic degradation of the antibiotics
using NM-WOzx@MC is shown in Fig. S9. Under the visible irradiation, the WOz« gets photo-
excited to form charge carriers, which emanate via the electron transfer from the WOz« valence
band to its conduction band. Nitrogen doping produces impurity levels above the WOz«
valence band, absorbing visible light efficiently. The electrons could migrate to the
mesoporous carbon surface via the photo-induced charge transfer procedure and therefore, it
confines the electron-hole recombination. The NM-WOz:.x@MC with a higher surface area and
the porous structure is desirable to expose the active sites for adsorption of the H* and
enhancement of the mass transfer. Furthermore, the CB potential of WOs.« is less positive than
the VB potential of FesO4; hence, the photoexcited electron from the WOs.x can migrate via
the Z-scheme photocatalytic system to the FesOa. It is also proven that the N-doped mesoporous
carbon can act as the charge transfer mediator between the WOz« and FesO4 ®3. On the other

hand, some other parts of the photoinduced electrons from the FezO4 valance band can transfer

to its conduction band to produce the O3 while inhibiting the e /h* recombination by the N-
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doped MC. Eventually, the generated reactive h* in the WOs.x valance band can also generate

the "OH radicals owing to its VB higher potential compared to the OH/*OH potential (1.99 eV

vs. NHE) ©°,
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3.4.2. Mechanisms and pathways for degradation of antibiotics

Organic scavengers affect the photocatalytic process through the prevention of the
oxidizing species reactivity resulting in the restricted antibiotics destruction. To identify the
main reactive species that contributed to the antibiotics degradation, scavenging reactions were

performed with the photocatalytic treatment using 1,4-benzoquinone (BQ), isopropanol (IPA)
and ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) as the scavengers of O3 , ‘OH
and h*, respectively . The order of scavenging effect was found to be BQ > IPA > EDTA-2Na,
which indicates the substantial role of O; radicals in the photocatalytic degradation of

cephalexin [Fig. 8 (a)], cefazolin [Fig. 8 (b)] and cephradine [Fig. 8 (c)] antibiotics. The

formation of the reactive oxygen species was confirmed via the ESR spin trapping method. The

obtained ESR signals for the DMPO-0;" 516 more than the DMPO—"OH, which also verify the

main function of superoxide during the antibiotics photodegradation.

The GC-MS was utilized to determine the by-products of contaminants degradation using
the NM-WO3.x@MC catalyst. Identified structures of the intermediates are listed in Tables S6-
S8, and the plausible pathways for the degradation of cephalexin, cefazolin and cephradine are
presented in Figs. S10-S12, respectively. For the cephalexin, eight by-products were identified
with various retention times (min) and fragments and the related degradation pathway is
displayed in Fig. S10. In the beginning, the cephalexin was reacted with the active species,
resulting in the production of (2S)-2-amino-N-methyl-2-phenylacetamide, 2,4-azetidinedione
(azo-heterocyclic substance) and 3-methylbut-2-enoic acid (unsaturated acid). Afterward, the
(2S)-2-amino-N-methyl-2-phenylacetamide undergoes deamination and more oxidation,
producing 2-amino-2-hydroxyacetamide and 1,4-benzoquinone. The 1,4-benzoquinone then
experienced ring-opening oxidation to form (Z)-but-2-enedioic acid. Moreover, the subsequent

loss of NH in 2,4-azetidinedione resulted in the heterocycle cleavage, producing (Z)-but-2-
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enedioic acid through more oxidation. The C=C bond of 3-methylbut-2-enoic acid was attacked
by addition reactions and as a consequence, the saturated 2-hydroxy-3-methylbutanoic acid

was generated.
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Fig. 8. Effect of different scavengers on the degradation of cephalexin (a), cefazolin (b),
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For the cefazolin, the N-C and N-N bonds cleavage can be considered as the early steps of
the degradation reactions leading to the B-lactam ring opening to form the five-membered
aliphatic and aromatic rings with S and N heteroatoms. The complexity of cefazolin
degradation is confirmed by the formation of various cyclic compounds. According to the
recognized intermediates, three degradation routes were proposed for the conversion of
cefazolin (Fig. S11). In the first route, the cefazolin was destructed to 2-[(5-methyl-1,3,4-
thiadiazol-2-yl)sulfanyl]acetic acid and then, to 5-methyl-1,3,4-thiadiazol-2(3H)-one. In the
next step, the 5-methyl-1,3,4-thiadiazol-2(3H)-one was changed to the carboxylic acids and
aliphatic compounds such as 2-hydroxypropanehydrazide. In the second pathway, the
contaminant was degraded to 3-methyl-1,3-thiazinane-4-carboxylic acid and next to (4S)-3-
acetyl-1,3-thiazolidine-4-carboxylic acid. Then, the (4S)-3-Acetyl-1,3-thiazolidine-4-
carboxylic acid was degraded to aliphatic compounds such as (2S)-3-Hydroxy-2-
(methylamino)propanoic acid. In the initial step of the last pathway, N-(2,2-dihydroxyethyl)-
2-(tetrazol-1-yl)acetamide was formed and then destructed to 2-(tetrazol-1-yl)acetic acid and
2-aminoacetic acid; then, these two by-products were degraded to 2H-tetrazole and oxalic acid.
The destruction route of cephradine (Fig. S12) was similar to the cephalexin (Fig. S10);
however, a difference was observed between the degradation of cephalexin aromatic ring and
cephradine 1,4-cyclodihexene ring. For the cephradine, (2S)-2-amino-N-methyl-2-(1,4-
cyclohexadiene)acetamide was directly degraded to 2-aminooctanoic acid and then smaller
amides and aliphatic carboxylic acids such as 2-amino-2- hydroxyacetamide and hexanoic acid.
For all the contaminates, the as-generated aliphatic compounds and carboxylic acids were
destructed to low-carbon-content aliphatics and finally converted to the inorganic ions, carbon
dioxide and water for their complete mineralization. Eventually, it should be noticed that there
were other by-products generated from the degradation of the antibiotic, which could not be

identified owing to their short life-time or their low match factor.
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The TOC and IC runs were carried out to determine the capability of the NM-WO3z.x@MC
for the mineralization of the antibiotics. The outcomes gained from the TOC analysis reveals

the TOC elimination of 53% and 76% after 120 and 240 min, respectively, under the optimized
conditions. Furthermore, based on the IC data, the concentrations of NO;, NH; and SO2

enhanced from 0.9, 0.4 and 0.7 mg L to0 7.3, 3.9 and 6.4 mg L* after 120 min of the treatment.
This demonstrates the formation of ionic species from antibiotics destruction. A decrease of
the TOC amount in addition to the release of nitrogen and sulfur products within the treatment

procedure confirms the efficient contaminants mineralization.

4. Conclusions

This study demonstrated a method for the preparation of the durable and high-efficient
photocatalyst using the diatom template. for energy production and environmental protection.
The magnetic diatom frustules were successfully applied to prepare a highly ordered
photocatalyst, in which the reduced tungsten oxide was embedded into mesoporous carbon (M-
WO3.x@MC) via the one-pot evaporation-induced self-assembly procedure. The M-WO:s.
x@MC was then treated by the non-thermal plasma using the N2 gas to obtain the N-doped
catalyst (NM-WO3zx@MC). The XPS and XRD results confirmed successful preparation of
NM-WOsx@MC nanocomposite as well as the WOz nanorods, which was then partially
reduced by the resol in the nanocomposites. The specific structure of the diatom frustule could
prevent the NM-WOz;x@MC from aggregation and consequently its accessible surface area
and active sites enhanced considerably. The EIS and PL results revealed that the e/h*
recombination was remarkably prohibited by the combination of both N-doped mesoporous
carbon and reduced tungsten oxide. The band gap of M-WO3zx@MC and NM-WOz;x@MC

nanocomposites was estimated as 2.44 and 2.30 eV, respectively; These values were lower than
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WOs3 band gap (~2.8 ¢V), which could be excited by the visible light efficiently. NM-WOs3.
x@MC showed the highest hydrogen formation rate of 2765 umol g h?, which was
approximately 5 folds greater than that of the WOs3 nanorods (532 pumol g* h'). The O}

radicals were discovered to have a significant role in the degradation of the antibiotics by the
implementation of the scavenging runs and ESR analysis. Eventually, it could be concluded
that the NM-WOs:x@MC photocatalyst had the advantage for the B-lactam antibiotics
destruction and mineralization, as the EISA procedure and plasma treatment were involved as
the simple and practical methods as well as using the low-cost diatom frustule as the natural

template.

Supporting Information

Brief statement in nonsentence format listing the contents of the material supplied as

Supporting Information.
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