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Abstract
Copper and sulphur co-doped titanium oxide nanoparticles have been prepared by sol-gel method to develop versatile catalysts presenting enhanced catalytic and photocatalytic properties. Structural, morphological, chemical composition, and optical characterization of synthesized titanium oxide nanoparticles have been carried out in order to study the effect of incorporation the copper and sulphur on the catalytic and photocatalytic activity of TiO2 nanoparticles. Optimal incorporation of copper and sulphur to the titanium dioxide nanoparticles promotes photocatalytic degradation of ciprofloxacin in water under irradiation of UV or visible light. Complete degradation of ciprofloxacin was obtained after 120 min with 0.4%Cu-0.5%S-TiO2 photocatalyst using UV and in 90 min applying visible light. Cu-S-TiO2 nanoparticles also exhibit high activity (94-98 % conversion) and excellent recyclability (with no loss of activity after 14 runs) in selective oxidation of thioanisole using H2O2 as oxidant.
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1. Introduction
Titanium dioxide nanoparticles possess high thermal and chemical stability, notable optical properties, low-priced availability and non-marked toxicity to be used as eco-friendly photocatalyst. Titanium dioxide also has the advantage of being simply modifiable by either doping or co-doping with no-metal and/or metal ions to enhance its photocatalytic activity. Doping and co-doping of TiO2 have being a widely used strategy in water and air purification, but there is the trending upward to the utilization of cheap and easily available metallic and non-metallic species, like copper or sulphur, respectively1, 2 . Some studies have proven that doping TiO2 with copper decreases the band gap of TiO2 and copper species could act as an electron trap, thus reducing the electron-hole recombination3. For example, Ganesh et al.4 prepared Cu-doped TiO2 powders by co-precipitation which showed activity for photodegradation of methylene blue under simulated solar light irradiation. Sulphur doping of TiO2 has also been reported to have positive effects on reducing the band gap energy and holes and on enhancing the photocatalytic activity under irradiation with visible light5. Boningari et al.6 doped TiO2 with sulphur using flame spray pyrolysis, observing that the band-gap of TiO2 decreases from 3.08 to 2.78 eV. In addition, co-doping with metal and non-metal atoms can change the electronic properties of TiO2 widening its absorption edge from UV to visible range and improving its textural properties of TiO27. Thus, Cu and S co-doped TiO2 materials have provided high photocatalytic activity in the degradation of organic dyes8, 9. For example, Yan et al.10 prepared Cu, S co-doped TiO2 for the degradation of neutral red solving the charge carrier’s recombination problems in TiO2 nanoparticles. To the best of our knowledge, the catalytic activity of Cu, S co-doped TiO2 materials have not been studied for oxidation reactions and either with an identical photocatalytic system for degradation of ciprofloxacin.
Ciprofloxacin (CIP) has been extensively detected in wastewater treatment plants, lakes and drinking water11. Accordingly, this antibiotic has been recently incorporated in the watch list of Europe12. In this sense, the antibiotic must be removed from water to avoid severe and no desired effects such as the induction of resistance13. Among all the Advanced oxidation processes (AOP), photocatalysis has demonstrated to be an efficient and low-cost procedure for the elimination of a wide range of pollutants from water. Photocatalytic degradation of ciprofloxacin has hardly been investigated using TiO2 modified with copper or/and sulphur. Durán-Álvarez et al.14 prepared Cu and Au-Cu nanoparticles supported on TiO2 for degradation of ciprofloxacin under UV-C and sunlight. They concluded that bimetallic nanoparticles on TiO2 exhibited the highest mineralization of ciprofloxacin.
On the other hand, titanium dioxide is not only an effective and non-toxic photodegradation agent, but also, it has demonstrated a high performance in a wide number of oxidation and photo-oxidation reactions15. Nevertheless, TiO2 has been rarely used in selective oxidation of sulphides under mild conditions16, whose products, sulphoxide or sulphone, are interesting since they are present in numerous pharmaceuticals, pesticides and organic functional materials17. Furthermore, there are only a few studies based on the immobilization of copper complexes in zeolites18 or MCM‐4119 for this oxidation reaction. 
In this work, copper and sulphur co-doped TiO2 nanoparticles have been prepared by sol-gel method and firstly tested and optimized for the photodegradation of ciprofloxacin as reference reaction. In addition, the selective oxidation of thioanisole has been studied as a novel application for these photocatalysts. We chose sulphur in combination with a cheap and abundant metal (copper) which has shown to be catalytically active in the oxidation reactions20. The co-doped TiO2 materials were exhaustively characterized by different analytical and spectroscopic techniques. Interestingly, XPS Cu2p3/2 line unveiled the copper species in the co-doped materials being mainly Cu2+. On the other hand, XPS measurements point out sulphur being present as sulphate species, and mainly located in the material surface. Therefore, the incorporation of Cu and S modifies the TiO2 nanoparticles, causing a decrease in the band-gap and energy changes in the charge transfer resistance. In this sense, the effect of different sulphur and copper amounts on the catalytic activity of TiO2 nanoparticles has also been studied. 

2. Experimental Section
2.1.  Materials
[bookmark: _Toc233784523][bookmark: _Toc233784556][bookmark: _Toc233784622][bookmark: _Toc240001409]Titanium (IV) isopropoxide, thioanisole, ciprofloxacin, nitric acid 65 %, potassium persulfate and sodium chloride were purchased from Sigma Aldrich. Sodium sulfate (Na2SO4), copper sulfate (CuSO4·5H2O) and hydrogen peroxide solution (H2O2) 30 % were purchased from Scharlab. Ethanol, methanol and 2-propanol were purchased from SDS and used as received. Water was obtained from a Millipore Milli-Q system (Waters, USA).

2.2. Preparation of catalysts
2.2.1. Synthesis of TiO2 nanoparticles
TiO2 mesoporous nanoparticles were synthesized using a previous procedure described by our group21.
2.2.2. Synthesis of TiO2 nanoparticles doped with Cu and S (Cu-S-TiO2)
The synthesis procedure of Cu-S-TiO2 nanoparticles follows a classic sol-gel method. Thus, 40 mL of titanium (IV) isopropoxide were dissolved in dry 2-propanol (2:5) and the mixture was added dropwise to an aqueous solution of HNO3 at pH = 2. Simultaneously, the sources of Cu and S (CuSO4 and Na2SO4, respectively) in different quantities (2-0.2 % for Cu and 1.5-0.4 % for S) were dissolved in 100 mL of milliQ water and also added dropwise to the acidic solution. The white mixture was vigorously stirred during 16 hours and filtered. Then, the pale solid was dried at 90 C, and finally calcined in air in an oven at 400 oC for 16 hours (0.8 oC/min). The catalysts were labelled as X%Cu-Y%S-TiO2, where X and Y are the percentages of Cu and S incorporated in each sample, respectively.
2.3. Characterization 
The characterization techniques used in this work were: X-Ray diffraction (XRD) with a Phillips Diffractometer model PW3040/00 X'Pert MPD/MRD at 45 KV, 40 mA with Cu-Kα radiation (λ=1.5418 Å), adsorption-desorption isotherms of N2 gas using a Micromeritics TriStar 3000 analyser (pore size distributions were obtained through the Barret- Joyner-Halenda (BJH) model), infrared spectra recorded on a Varian Excalibur Series 3100 – UMA 600 spectrometer in Attenuated Total Reflectance (ATR) mode and DRUV-Vis spectra obtained using a Varian Cary 500 spectrophotometer in diffuse reflectance mode. This last spectrum can be used for the calculation of the band gap, through a proportional magnitude to the extinction coefficient (K) by means of the Kubelka-Munk function [F(R∞)]. Micrographs of the samples were obtained with Transmission Electron Microscope (TEM) using JEOL JEM1010 operating at 100 kV and Scanning Electron Microscope in high resolution (SEM-FEG) using a Nova NanoSEM 230 microscope. Cu content was determined by inductively coupled plasma (ICP) using a Varian 715-ES ICP-Optical Emission spectrometer and S content calculated by elemental analysis with Fisons EZ1108CHN-S apparatus. The electrochemical measurements were recorded with a potentiostat/galvanostat Autolab PGSTAT302 through modified carbon paste electrodes (MCPE) used as working electrode with the same procedure than in previous works21. Electrochemical impedance spectroscopy (EIS) data were recorded by using a potentiostat/galvanostat with a impedance module with AC signal of 10 mV amplitude in the frequency range between 0.01 Hz and 100 kHz in potentiostatic conditions. The electrode potentials were measured against a saturated Ag/AgCl(s) reference electrode. All the measurements were done in 0.2 mol L-1 Na2SO4 solution using deionized water. Last, X-ray photoelectron spectra were recorded with a SPECS spectrometer equipped with a Phoibos 150MCD-9 analyzer and using nonmonochromatic MgKα (1253.6 eV) operating at 100 W. An analyzer pass energy of 30 eV was selected, with 0.1 eV energy step and an operating pressure of 10-9 mbar. Intensities were corrected by the transmission function of the spectrometer. Gaussian-Lorentzian curves together with a nonlinear-Shirley background subtraction were used for peak fitting. During data processing of the XPS spectra, binding energy (BE) values were referenced to the signal C1s of C-C from the adventitious carbon (284.5 eV). CASAXPS software was used for spectra treatment and quantification. Mineralization of ciprofloxacin was determined by analysis of Total Organic Carbon (TOC) using a combustion/non-dispersive infrared gas analyzer model TOC-V from Shimadzu. The mineralization percentage after 2 hours of degradation was determined using the equation:


2.4. Photocatalytic degradation of ciprofloxacin (CIP).
TiO2 catalyst (20 mg) was dispersed in an aqueous CIP solution with a concentration of 15 ppm. Before switching on the lamp, the CIP solution with the photocatalyst was stirred during 1 h in the dark to ensure reaching the adsorption – desorption equilibrium of CIP on the catalyst surface. The photocatalytic reaction was carried out under UV light irradiation ( = 365 nm and 36 W) or under visible light irradiation ( > 420 nm and 300 W). The degradation of CIP was followed using a spectrophotometer (SP-830) at 272 nm wavelength, which is the maximum absorbance of CIP compound. With the aim of checking the effect of the presence of different salts on the photocatalytic process, K2S2O8 and NaCl were added in a concentration of 1mM. 

2.5. Oxidation of thioanisole
In a typical experiment, 20 mg of catalyst, 1 mmol or 3 mmol of thioanisole, 1.2 equivalents of hydrogen peroxide 30 % and 2 mL of methanol were mixed in a 5 mL flask tube and stirred at room temperature. Then, the reaction mixture was centrifuged, and the supernatant analysed by GC-FID (Perkin-Elmer GC Clarus 580) with a Velocity® column (dimethylpolysiloxane, 30 m, 0.25 mm, 1.00 µm). Typically, conversion and selectivity were calculated as in previous published works16. Conversion = [(initial moles of thioanisole - final moles of thioanisole)/initial moles of thioanisole] × 100 and selectivity = [(moles of product/moles of total products) × 100]. 

3. Results and Discussion
3.1. Synthesis and Characterization
Fig. 1 illustrates the X-Ray diffraction (XRD) patterns of non-doped TiO2 and Cu-S-co-doped TiO2 samples. In the diffractogram of bare TiO2 nanoparticles intense diffraction peaks appear, which have been assigned to anatase phase and, as well as some low intensity peaks ascribed to brookite phase, due to the calcination temperature used in the synthesis21. However, the XRD of co-doped samples did not show characteristic brookite peaks, despite of being calcined at the same temperature. The incorporation of copper and sulphur in the TiO2 nanoparticles modifies the structure of the TiO2, and co-doped materials only contain anatase phase. Cizmar et al.22 found the same anatase/brookite ratio for unmodified and Cu-modified TiO2-SiO2 materials which were only dried at 150 C. XRD patterns of S-doped TiO2/graphene composites prepared by Wang et al.23 showed that the incorporation of sulphur distorts the TiO2 lattice. In our case, only peaks of anatase phase are observed for S-doped TiO2 sample, whereas for Cu-doped TiO2 a remarkable decrease in brookite phase is detected (see XRD of doped TiO2 samples in Fig. S1). These results indicate that the incorporation of copper and/or sulphur presumably favours the formation of the anatase phase. Additionally, the peak of (101) reflection (Fig. S2) is slightly shifted and with lower intensity for Cu-S-co-doped samples having the highest dopant loading (1.8%Cu-1.4%S-TiO2), in comparison with the non-doped TiO2 sample. This effect may be due to some perturbation in the anatase phase by the substitution of Ti4+ by Cu2+ into TiO2 lattice24, although the contribution of sulphate species to this structural perturbation could not be completely discarded. Ganesh et al.4 prepared Cu-doped TiO2 materials by co-precipitation method, which were calcined at 550 C. They observed low intensity peaks at 31.258, 35.688, 40.146, and 60.998 2Ɵ associated to the formation of CuO. In this work, Cu-S-codoped TiO2 nanoparticles calcined at 400 C do not show any phase attributed to CuO or Cu2O. This fact is consistent with the results reported by Pedroza-Herrera et al.25 that synthesized Cu-TiO2 nanoparticles using low temperatures (350 C). In addition, a gradual decrease in the crystallite size is observed with increasing amounts of Cu and S in each sample (Table 1). Thus, the 1.8%Cu-1.4%S-TiO2 sample, which contains the highest amount of Cu and S atoms, has 5.6 nm of crystallite size (calculated by Scherrer equation), while the 0.2%Cu-0.5%S-TiO2 material shows 7.3 nm of particle size, which is similar to the size of bare TiO2 sample (7.6 nm). This decrease in the crystallite size is because some atoms such as sulphur can inhibit the crystal growth of TiO2 particles, as it has been previously published26. Other non-metal atom that has influence on the crystal growth process is fluorine, as it was reported by our group27.


Fig. 1. XRD patterns of (a) TiO2, (b) 1.8Cu-1.4%S-TiO2, (c) 0.4%Cu-0.5%S-TiO2 and (d) 0.2%Cu-0.5%S-TiO2

The morphological structure of the TiO2 samples prepared with this method were visualized by SEM and TEM images (Fig. 2), which show homogeneous distributions of small nanoparticles with mesoporous structures and rough morphologies. Additionally, EDX analysis was also obtained for a representative sample, 1.8%Cu-1.4%S-TiO2. The Fig. 3 displays an EDX elemental mapping with the element distribution along the nanoparticle surface. The coloured spots represent the signal of each element from the co-doped TiO2 sample, indicating the presence of the elements Ti, O, Cu and S in the sample. The mapping images, including the Ti, O, Cu and S overlapping picture, clearly show that all the atoms are spread on the doped nanoparticles and uniformly distributed throughout the surface. TEM images and related particle size distribution plots of 1.8%Cu-1.4%S-TiO2 and 0.4%Cu-0.5%S-TiO2 samples are also displayed in Fig. 2. Slightly higher particle aggregation is observed for 1.8%Cu-1.4%S-TiO2 with a wider particle size distribution centred in 8.13 nm, while 0.4%Cu-0.5%S-TiO2 sample shows a narrower size distribution at 8.50 nm. Thus, the particle sizes calculated by TEM analysis agree with the crystallite size results obtained by Scherrer’s equation, thereby indicating that the higher the doping percentage, the smaller the particle size. 
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Fig. 2. (a), (b) TEM images of 1.8%Cu-1.4%S-TiO2 and 0.4%Cu-0.5%S-TiO2 samples and particle size distributions (below), respectively.
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Fig. 3. SEM/EDX images of 1.8%Cu-1.4%S-TiO2 sample. The colored spots are the different elements in the sample: blue (Ti), red (O), magenta (Cu) and green (S). 

The nitrogen adsorption-desorption isotherms of all synthesized materials were measured and some of them plotted in Fig. S3. As expected, non-doped titanium dioxide (TiO2) shows a type IV isotherm typical of mesoporous materials (IUPAC classification) with a H2 hysteresis loop21. With the introduction of Cu and S atoms, the co-doped materials isotherms turn into type III isotherms with a H1 hysteresis loop, due to the modification of TiO2 framework. Pore size distribution was also calculated by applying the BJH model and the results were shown in Fig. S3. All materials display narrow pore distributions between 3.5 and 8.0 nm, smaller in co-doped-TiO2 nanoparticles. The values of pore volume (cm3·g-1), pore size (nm) and BET specific surface area (m2·g-1) are given in Table 1. The co-doped-TiO2 samples present higher values of BET superficial area than non-modified TiO2 sample. In good agreement with this fact, superficial area of doped samples increases when the amount of doped agents increases. This fact has also been observed by other authors28. Thus, the sample with the highest Cu and S content shows the highest superficial area BET with 152 m2·g-1, while 0.2%Cu-0.5%S-TiO2 sample possesses a BET surface area value of 111 m2·g-1, closer to bare TiO2 sample. Therefore, modified TiO2 nanoparticles have higher superficial area and smaller particle size, which might assist the adsorption, desorption and diffusion of reactants. These properties, along with metal and non-metal doping, make these nanoparticles suitable and promising for their use as catalytic and photocatalytic materials.

Table 1. Textural properties of TiO2-synthesized materials.
	Material
	SBET
(m2.g-1)
	Vpa
(cm3.g-1)
	Dpa
(nm)
	Cu Content (%)b
	S Content (%)b
	Particle size (nm)d
	Band gap (eV)e

	TiO2
	100
	0.21
	8.0
	-
	-
	7.6
	3.16

	1.8%Cu-1.4%S-TiO2
	152
	0.20
	4.6
	1.8
	1.4
	5.6
	2.96

	0.4%Cu-0.5%S-TiO2
	120
	0.34
	4.1
	0.4
	0.5
	7.2
	3.04

	0.2%Cu-0.5%S-TiO2
	111
	0.38
	4.4
	0.2
	0.5
	7.3
	3.12


a Total pore volume and pore size as calculated by the BJH method from the adsorption branch of the N2 isotherm.
b Cu content was obtained by ICP analysis.
c S content was calculated by elemental analysis.
d Determined by Scherrer’s equation.
e Calculated by the application of the Kubelka-Munk algorithm. 

Fig. 4 shows FT-IR spectra of all synthesized samples in the range of 500-4000 cm-1. For all the samples, a relatively strong band is shown at 1633 cm-1 corresponding to the O-H bending vibration of chemisorbed and/or physiosorbed water molecules on the surface. In the spectra an intense peak around 3300-3400 cm-1 can also be observed, characteristic of stretching vibrations of -OH groups and surface absorbed water. The corresponding peak of Ti-O-S bond at 1051 cm-1 confirm the incorporation of sulphur atoms into TiO226 and the band of S-O vibration at 1128 cm-1 is related with SO42- functional group and, more specifically, with a bidentate SO42- group when is coordinated to Ti4+ cation29. Regarding the signals comprised between 900-1300 cm-1 in our spectra, which are not present in the TiO2 sample, a slight signal can be deduced around 978 cm-1, two marked peaks at 1051 and 1128 cm-1 and a shoulder-type peak around 1200 cm-1, more defined in the sample with the highest percentage of sulphur incorporated. According with literature26, 30, the first signals are attributed to asymmetric and symmetric stretching vibration of S-O and the latest ones are assigned to asymmetric and symmetric stretching of S=O. All these peaks are related with SO42- functional group and, more specifically, with a bidentate SO42- group when is coordinated to Ti4+ cation29  (See also Fig. S4 in Supplementary material). Finally, the spectrum shows a strong peak between 500 and 800 cm-1, corresponding to stretching vibrations of Ti-O and the probable signal of Cu-O vibration bond is overlapped with this intense band.


Fig. 4. FTIR spectra of all synthesized samples.
With the aim of having and insight into the chemical bonding after the incorporation of the dopants, XPS analyses for the sample with the highest dopant concentration together with the bare TiO2 were carried out. Fig. 5a shows the Ti2p3/2 signal for the co-doped sample with an important upshift with respect to that of pure TiO2 (≈458.4 eV)31. This might be due, not only to the presence of sulphate32, 33, but also to the hydroxylated state of TiO2 on the material surface (see O1s explanation below)34, 35. Additionally, the peak widening can be ascribed to a strong interaction between Cu and Ti36. Although the peak widening might also be due to loss of crystallinity and greater amorphization, XRD of the non-doped and co-doped samples do not support this conclusion (Fig. 1). These results point to the incorporation of both dopants (Cu, S) into the TiO2 lattice, which is in good agreement with the XRD results. However, comparison between XPS and ICP quantitative analyses reveal the surface being richer in sulphur than the bulk material (see Tables 1 and 2). Additionally, although no introduced in the fitting out of precaution, the asymmetry observed on the right side of the Ti2p3/2 in the co-doped sample is likely to be unveiling the presence of some partially reduced Ti species.
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Fig. 5. (a) Ti2p and (b) O1s XPS of 1.8%Cu-1.4%S-TiO2 and bare TiO2 samples.
The corresponding O1s XP spectra are shown in Fig. 5b. Because of its importance to understand the changes in the material and in order to avoid being considered adventurous, the peak fitting for this region has been made considering sensible restrictions, a list of which can be found at Table S1. As can be seen, the introduction of dopants gives rise to a significant different set of peaks than those observed for the bare TiO2. The signal at ≈529.6 eV, associated to TiIV-O-TiIV 37, is observed in both cases, but its relative content decreases from 78 % to 10 % when the dopants are introduced. According to the asymmetry observed for the Ti2p region, a signal at ≈530.3 eV attributed to TiIII-O-TiIII 38 has been added to the fitting for the co-doped material. As opposed to what has been observed for the component associated to oxygen in the TiO2 lattice, the signal at ≈531.3 eV increases from 15 to 46 % with the dopants. This signal can be ascribed to Ti-OH39 and/or oxygen vacancies (Ov)40, but also, in a much minor extent in these samples, to oxygen associated to carboxylic groups41. All this suggests that the dopants modify the material surface, probably reflecting a higher amount of surface defects. Last, at 532.0 eV, and just appearing in the co-doped sample; a signal mainly coming from oxygen associated to sulphate42 can be observed, while at ≈533.0 eV both samples exhibit a signal corresponding to oxygen from water43. 
Fig. 6a shows the Cu2p3/2 signal centred at 933.7 eV BE, which appears in a similar position (933.6 eV) to that found for 2%Cu-doped TiO2 material prepared by Corma and co-workers44. Additionally, the Cu2p3/2 signal is accompanied by the characteristic broad, higher binding energy shake-up satellite of Cu2+ 45 around 943 eV, with the area ratio between them being 0.53. The slight deviation of the s / m from the one expected for pure Cu2+ (0.55) is simply indicating that the Cu is starting to get partially photoreduced. It is important to point out that, as in a previous published work by our group46, a study was carried out about the photoreduction of Cu to assure finding the best signal to noise ratio without significantly modifying the copper reduction state (Fig. S6). On the other hand, Fig. 6b confirms the presence of S in the co-doped material, with a feature at 169.3 eV corresponding to surface sulfate33, 47. This result is consistent with that observed from FTIR.
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Fig. 6. (a) Cu2p3/2 and (b) S2p XPS of 1.8%Cu-1.4%S-TiO2 sample.

Table 2. Assignments of main spectral bands based on their binding energies (BE) and atomic concentration (AC)* for 1.8%Cu-1.4%S-TiO2 and bare TiO2 samples.
	Element

	1.8%Cu-1.4%S-TiO2
	TiO2
	Assignments

	
	BE (eV)
	AC (%)
	BE (eV)
	AC (%)
	

	O1s
	529.5
	10
	529.6
	78
	TiIV-O

	O1s
	530.2
	3
	-
	0
	TiIII-O

	O1s
	530.9
	47
	531.2
	15
	TiIV-OH, Ov

	O1s
	532.1
	28
	-
	0
	Sulfates, Carbonates

	O1s
	533.4
	12
	533.1
	6
	Water

	
	
	
	
	
	

	
	
	
	
	
	
	

	Total O
	
	70
	
	71
	
	

	Ti2p3/2
	459.7
	24
	458.4
	29
	Ti4+

	Cu2p3/2
	933.7
	1
	-
	0
	Cu2+

	S2p3/2
	169.3
	5
	-
	0
	SVI (sulfates)


* As carbon comes from adventitious contamination, its contribution has been excluded (see Fig. S5)

The DRUV-Vis spectra of co-doped and undoped TiO2 nanoparticles are illustrated in Fig. 7. The reflectance data shows a broad band which is characteristic of this type of nanomaterials, with an absorbance maximum around 340 nm associated to band-band transition. In the case of Cu-S-codoped TiO2 nanoparticles, a different layout of the bands is observed due to the internal modification of the TiO2 network. The inset in Fig. 7a shows a slight absorption at higher wavelengths in the range of visible spectrum (from 400 to 700 nm) for the doped TiO2 samples. Additionally, the band gap of the samples was calculated by the extrapolated line draw through the application of the Kubelka-Munk equation (Fig. 7b). The absorption shift to the visible region entails a decrease of band gap values, which is more pronounced in those samples with higher amounts of dopant agents. Thus, 1.8%Cu-1.4%S-TiO2, 0.4%Cu-0.5%S-TiO2 and 0.2%Cu-0.5%S-TiO2 samples possess lower band gap values with 2.96, 3.04 and 3.12 eV, respectively, in comparison with non-doped TiO2 (3.16 eV, Table 1), which confirms that the doping procedure is beneficial to reduce the band gap data. 
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Fig. 7. DRUV-Vis spectra of TiO2 and Cu-S-co-doped TiO2 samples.

The photoluminescence spectra of TiO2 samples were recorded at 250 nm excitation wavelength in order to study the recombination of electron-hole pairs. As can be seen in Fig. 8, the intense peak around the long wavelength range of 400-500 nm is attributed to two different overlapped contributions, the band gap transition of TiO2 and the surface oxygen defects/vacancies21. The co-doping process involves a significant decrease of PL intensity which is more noticeable for the materials that contain higher amount of copper48. This result indicates that the co-doping leads to lower recombination rate of photoexcited electron–hole and thus, higher lifetime of photo-induced charge carriers in comparison with bare TiO2.



Fig. 8. PL spectra of TiO2 and Cu-S-co-doped TiO2 samples.
EIS was used in order to determine the kinetic parameters of the materials under study based on the changes of electrochemical cell impedance represented by the interface of the electrode immersed in the electrolyte. Fig. 9 depicts the Nyquist spectra of TiO2 copper and sulphur co-doped TiO2 materials at OCP. The Nyquist plots show a pronounced semicircle at the high frequencies and a straight sloping line at low frequencies attributed to diffusional impedance. The diameters of the semicircles are explained on the basis of the charge-transfer resistance at the electrode interface, that is, to the sum of the electrolyte resistance in the mesoporous structure of the electrode, the electrode resistance, and the contact resistance between the electrode and the current collector49. The lower diameter of the Nyquist semicircle plot indicates that the charge-transfer resistance of the 0.4%Cu-0.5%S-TiO2 is smaller than that of the pristine TiO2 or other similar materials co-doped in different ratios. This lower charge-transfer resistance suggests better electron and ion transport kinetics and is responsible for the better electrochemical performance of the Cu,S co-doped-TiO2. This result is consistent with the smaller intensity peaks in PL spectra of 0.4%Cu-0.5%S-TiO2 in comparison with pristine TiO2 and with 0.2%Cu-0.5%S-TiO2 which possesses the lowest amount of copper. In addition, the EIS results can explained the better performance of 0.4%Cu-0.5%S-TiO2 in comparison with 1.8%Cu-0.5%S-TiO2; although the intensity peaks in PL spectra show similar intensity for both materials, the charge-transfer resistance measure for this last is higher in all values of potential measured. In 0.4%Cu-0.5%S-TiO2 the low recombination ratio of photogenerated electrons and holes will lead to large intensity of photocurrent and high photocatalytic activity. 




Fig. 9. Nyquist plot for TiO2 and co-doped Cu and S-TiO2 electrodes at OCP.

3.2. Photocatalytic degradation of aqueous Ciprofloxacin (CIP)
The photocatalytic activity of TiO2 samples were studied for degradation of aqueous ciprofloxacin solution (15 ppm) under UV and visible irradiation. The results achieved for photocatalytic degradation of CIP under UV (365 nm) and visible irradiation ( > 420 nm) are shown in Table 3 and Fig. 10. Firstly, the suspensions were stirred during 1 h in dark conditions to attain the adsorption-desorption equilibrium. As can be seen in Fig. 10a, the adsorption of CIP onto 1.8%Cu-1.4%S-TiO2 material (12 %) was slightly lower than that observed for bare TiO2 (15 %) and 0.2%Cu-0.5%S-TiO2 material (16 %). The highest adsorption rate of CIP was found for 0.4%Cu-0.5%S-TiO2 material (18 %).
3.2.1. Under UV irradiation
The blank experiment was carried out without catalyst (Entry 1) under UV irradiation and only 22.4 % of CIP was degraded after 120 min. Mondal et al.50  degraded CIP by photolysis using a concentration of 10 ppm and UV light irradiation ( = 280 nm) and they spotted about 60 % of removal of CIP after 120 min. Here, the degradation rate was high (97.6 % in 120 min) when unmodified TiO2 was used as photocatalyst (Entry 4). Increasing the doping amount of Cu and S in modified TiO2 causes a reduction in the photocatalytic activity, 76.3 % of CIP was degraded using 1.8%Cu-1.4%S-TiO2 (Entry 5). Hence, the photocatalyst with the highest Cu concentration showed lower activity than the unmodified TiO2 nanoparticles. This result is consistent with reported studies8, 51, which concluded that TiO2 nanoparticles with high Cu concentration induce a decrease of photocatalytic activity since the copper species can result in recombination sites of photoinduced electrons and holes. The 0.4%Cu-0.5%S-TiO2 sample exhibited the highest photocatalytic degradation activity, 99.9 % (Entry 7, Fig. 10a). In addition, the degradation of CIP is consistent with a pseudo first-order reaction (Fig. S7), since there is a linear relationship between ln(C/Co) and reaction time for all TiO2 samples. The value of reaction rate constant (k, min-1) exhibited by TiO2 (0.030 min-1) was close than that obtained using TiO2 with low dopant concentration (0.028 min-1) (Table 3), while the value calculated for 0.4%Cu-0.5%S-TiO2 was 0.033 min-1. The degradation efficiency of 0.4%Cu-0.5%S-TiO2 is higher than that obtained by Hassani et al. (62 % after 120 min and k = 0.0069 min-1) with immobilized TiO2 onto montmorillonite for 20 ppm of CIP52. The 0.4%Cu-0.5%S-TiO2 material was also tested for several cycles in the degradation of CIP under same reaction conditions. After the photodegradation reaction, the material was filtered and washed with water, and then dried under vacuum before its next cycle usage. Fig. 11 shows that the photocatalytic activity of 0.4%Cu-0.5%S-TiO2 was preserved after various cycles, revealing the good stability and reusability of 0.4%Cu-0.5%S-TiO2 as photocatalyst. 




Fig. 10. Photocatalytic degradation of CIP using TiO2 samples a) non-doped and co-doped TiO2 samples, and b) 0.4%Cu-0.5%S-TiO2 with different additives


Fig. 11. Reusing of 0.4%Cu-0.5%S-TiO2 sample for photocatalytic degradation of CIP in several cycles
In order to improve the process efficiency, the degradation of CIP was carried out in presence of potassium persulfate (K2S2O8), which generates sulphate radicals (SO4-) when are activated by procedures such as UV radiation or heterogeneous nanomaterials53. The sulphate radical is a very strong oxidant widely used for wastewater treatment. As can be seen in Table 3, when the degradation was performed without photocatalyst (Entry 2), the presence of only persulfate anion was not efficient in degrading CIP (27.7 % of degradation rate after 120 min). Complete degradation of CIP was observed within 90 min when 0.4%Cu-0.5%S-TiO2 was tested in presence of potassium persulfate (Fig. 10b). Therefore, the k value was enhanced from 0.033 min-1 to 0.072 min-1 under the presence potassium persulfate (Entries 7 and 8). This fact evidences that the photocatalyst plays a significant role to active persulfate anion and increase the degradation efficiency.
The effect of the presence of chloride anion was also studied to elucidate the species involved in the degradation process. Thus, NaCl was added as source of chloride anion which is used as a scavenger of photo-generated holes and hydroxyl free radicals (OH)54. A slight decrease in the degradation percentage from 99.9 % to 88.4 % (Entry 7 and 8) was observed with the addition of NaCl, indicating that the OH radicals are not the principal reactive species. Thus, superoxide radical anions (O2¯) formed by O2 adsorbed on the surface of TiO2 may be the main active species involved in the degradation process. This is consistent with those acidic sites (SO42-) localized on the surface of TiO2, which would be acting as surface chemisorption centres for oxygen molecules23. Accordingly, the highest photocatalytic activity of 0.4%Cu-0.5%S-TiO2 can be attributed to the optimal content of copper and sulphur which can trap the photogenerated electrons and decrease recombination of electron-hole, and also, to the best adsorption capacity.
3.2.2. Under visible irradiation
The photodegradation of CIP was also carried out under visible irradiation using 0.4%Cu-0.5%S-TiO2 (Fig. 10a). In the absence of catalyst, the degradation of CIP was only 2.6 % after 120 min (Entry 3), whereas in the presence of 0.4%Cu-0.5%S-TiO2 99.1 % degradation percentage was observed after 90 min (Fig. 10a) together with a high value of reaction rate constant (0.042 min-1) (Entry 10). Liu et al.55 prepared TiO2/Fe2O3/zeolite in order to degrade CIP using 1 g·L-1 of catalyst under visible LED light degradation; the degradation was completed after 120 min, but in presence of 5.0 mM of persulfate.
[bookmark: _Ref3559863]Table 3. Photocatalytic degradation of CIP using non-doped and co-doped TiO2 samplesa. 
	Entry
	Catalyst
	Light
	Enhancer /Inhibitor
	k (min-1)b
	Degradation at 120 min (%)

	1
	-
	UV
	
	0.0022
	22.4

	2
	-
	UV
	K2S2O8
	0.0023
	27.7

	3
	-
	Vis
	
	0.0002
	2.6

	4
	TiO2
	UV
	
	0.030
	97.6

	5
	1.8%Cu-1.4%S-TiO2
	UV
	
	0.011
	73.2

	6
	0.2%Cu-0.5%S-TiO2
	UV
	
	0.028
	96.9

	7
	
	UV
	
	0.033
	99.9

	8
	0.4%Cu-0.5%S-TiO2
	UV
	K2S2O8
	0.072
	99.9

	9
	
	UV
	NaCl
	0.018
	88.4

	10
	0.4%Cu-0.5%S-TiO2c
	Vis
	
	0.042
	99.9


a Reaction conditions: 20 mg of catalyst, 50 mL of solution of 15 ppm CIP solution, UV irradiation at 365 nm and 36 W.
b Reaction rate constant (k) calculated by graphical representation of ln(C/Co) vs reaction time.
c Reaction conditions: 20 mg of catalyst, 20 mL of solution of 15 ppm CIP solution, under visible light irradiation.
To understand the degradation process, mineralization of ciprofloxacin was determined by analysis of Total Organic Carbon (TOC) after 2 hours of degradation. The results (See Fig. S8 in Supplementary material) show that a higher mineralization percentage was obtained with 0.4%Cu-0.5%S-TiO2 sample (58.2 %) in comparison to pristine TiO2 sample (17.2 %) under UV light irradiation. These results support the better efficiency in the ciprofloxacin elimination and decomposition by the co-doped sample. Under visible light the 0.4%Cu-0.5%S-TiO2 sample renders lower mineralization degree (27.4 %) than under ultraviolet irradiation, due to the low energy light conditions of visible range as previously reported14, 56.
3.3 Selective oxidation of thioanisole
The co-doped TiO2 samples were also essayed as catalysts for the selective oxidation of thioanisole at room temperature and using H2O2 as an environmentally friendly oxidant, results demonstrating the Cu-S-TiO2 materials efficiency in this reaction with selective formation of the corresponding sulphoxide (Tables 4 and 5). The blank experiment (Entry 1, Table 4) was carried out without catalyst and it showed that the conversion was only 14 %. The reactions conditions were firstly optimized using 1.8%Cu-1.4%S-TiO2 (Table 4). As can be seen in entries 2-4, conversion increases up to 84 % when the temperature was increased from RT to 50 °C and using ethanol as solvent. However, only a slight increase in the amount of oxidant, from 1.1 to 1.2 equivalents (Entries 2 and 5), enhanced activity from 79 to 86 % conversion. When the oxidation reaction was carried out with excess of H2O2 (1.5 equivalents), a slight increase of conversion (98.6 %) was observed and, as well as, a significant decrease in the selectivity to sulphoxide (55.9 %). This fact is caused for the over-oxidation to sulphone. Hence, the optimal conditions are 1.2 equivalent of H2O2 and room temperature. Under the chosen conditions, the influence of the solvent (Entries 5-7) and amount of thioanisole (Entries 8 and 9) on the activity were also studied. When the oxidation reaction was carried out using 3 mmol of thioanisole, a rapid conversion was observed, 71 % in 30 min, higher than that obtained with only 1 mmol of thioanisole, 54 % conversion after 30 min (Fig. S9). Thus, the enhancement of both values, conversion (94 %) and selectivity towards sulphoxide (90 %) were found using methanol as solvent and with higher amount of thioanisole (Entry 9).
Table 4. Selectivity oxidation of thioanisole using 1.8%Cu-1.4%S-TiO2 catalysta.
	


	Entry
	Catalyst
	H2O2 Eq.
	Solvent
	Temperature (oC)
	Conversion (%)b
	Selectivity (%)c

	1
	-
	1.2
	MeOH
	RT
	14
	96

	2
	1.8%Cu-1.4%S-TiO2
	1.1
	EtOH
	RT
	79
	71

	3
	1.8%Cu-1.4%S-TiO2
	1.1
	EtOH
	30
	82
	71

	4
	1.8%Cu-1.4%S-TiO2
	1.1
	EtOH
	50
	84
	70

	5
	1.8%Cu-1.4%S-TiO2
	1.2
	EtOH
	RT
	86
	68

	6
	1.8%Cu-1.4%S-TiO2
	1.2
	MeOH
	RT
	91
	78

	7
	1.8%Cu-1.4%S-TiO2
	1.2
	H2O
	RT
	26
	87

	8
	1.8%Cu-1.4%S-TiO2d
	1.2
	MeOH
	RT
	93
	86

	9
	1.8%Cu-1.4%S-TiO2e
	1.2
	MeOH
	RT
	94
	90


a Reaction conditions: catalyst: 20 mg, thioanisole: 1 mmol, solvent: 2 mL, oxidant: 1.2 equivalents of hydrogen peroxide 30 %, reaction time: 3 h, room temperature. b Conversion and selectivity determined by GC. c Sulphoxide selectivity d thioanisole: 2 mmol e thioanisole: 3 mmol 

Comparing the catalytic activity of doped and co-doped TiO2 samples (Table 5), the results revealed noticeable differences in the selectivity values. The bare TiO2, Cu doped TiO2 and S doped TiO2 samples (Entries 1-3) exhibited lower selectivity values (69-77 %) than those achieved for the co-doped TiO2 samples (Entries 4-6). Therefore, increasing of copper amount from 0.2 to 0.4 % favoured selectivity from 78 to 82 % (Entries 4 and 5). The highest selectivity rate (90 %) was attained for 1.8%Cu-1.4%S-TiO2 catalyst, which contains the highest amount of dopants (Entry 6). The results demonstrate that copper and sulphur on TiO2 nanoparticles display a synergistic effect to improve the selectivity to sulphoxide. 
Comparing our results with those reported by other researchers, Hajjami et al.57 used Cu(II) complex grafted to Fe3O4 nanoparticles, which exhibited 99 % conversion after 360 min at 45 C and can be reused seven times. Also, the Cu(II)-amino acid complexes used by Zhang et al.58, showed 47 % conversion and 91 % selectivity after 30 min by using 1 mmol of sulphide. The conversion value obtained with 1.8%Cu-1.4%S-TiO2 catalyst was higher, attaining 71 % after 30 min and in presence of 3 mmol of sulphide (Fig. S9). 



Table 5. Selectivity oxidation of thioanisole catalyzed by different TiO2 catalysts a.
	Entry
	Catalyst
	Conversion (%)b
	Selectivity (%)c

	1
	TiO2
	92
	69

	2
	0.4%S-TiO2
	94
	77

	3
	0.3%Cu-TiO2
	91
	72

	4
	0.2%Cu-0.5%S-TiO2
	96
	78

	5
	0.4%Cu-0.5%S-TiO2
	96
	82

	6
	1.8%Cu-1.4%S-TiO2
	94
	90


a Reaction conditions: 20 mg of catalyst, 3 mmol of thioanisole, 2 mL of MeOH, 3.6 mmoles of hydrogen peroxide 30 %, reaction time: 3 h, room temperature. b Conversion and selectivity determined by GC. c Sulphoxide selectivity 

In order to study the stability and reusability of the catalysts, the 1.8%Cu-1.4%S-TiO2 sample was recovered after reaction by filtration, washed with ethanol and dried at 60 °C for 2 h. The reused catalyst was analysed by FTIR and electrochemical studies. Fig. S10 shows FT-IR spectra of 1.8%Cu-1.4%S-TiO2 sample before and after oxidation reaction and the results show how the bands associated to Ti-O-S and S-O bonds, related with SO42- functional group, remain after reaction. On the other hand, to get an extra insight of Cu2+ species after the oxidation reaction, electrochemistry studies of the same sample (1.8%Cu-1.4%S-TiO2) have been carried out and the results are shown in Fig. 12. By our experience in previous works, differential pulse voltammetry, a much more sensitive technique than cyclic voltammetry, was used to characterize the solid state sample20. Thus, the differential pulse voltammograms recorded (Fig. 12a) show a peak around 0 V attributable to the reduction of Cu(II) species to Cu(0) supporting the existence of Cu(II) species in the Cu-S-co-doped TiO2 samples, which is consistent with the results found in XPS studies. When the scan rate increases, the current intensity of the cathodic peak also increases but the shape is similar 21. After the oxidation reaction experiment (Fig. 12b), the 1.8%Cu-1.4%S-TiO2 reused sample shows the same cathodic peak of Cu(II) to Cu(0) reduction with a slight shift to more negative values. This shift can be attributed to the peroxo-copper species formed during the reaction20, which act as active catalytic species. In addition, the co-doped TiO2 catalyst (1.8%Cu-1.4%S-TiO2) is very stable after the oxidation reaction and can be reused for 14 cycles without a significant loss of its catalytic activity (Fig. 13). Probably, the strong interaction between Cu and Ti observed in the XPS analysis and the formation of Ti-O-S bond observed by FT-IR confer to the material an excellent stability, avoiding the leaching of copper and sulphur species.


Fig. 12. Differential pulse voltammogram of 1.8%Cu-1.4%S-TiO2 sample (75 mV modulation amplitude) a) at different scan speeds and b) before and after oxidation reaction at 100 mV/s.




Fig. 13. Catalytic activity of the 1.8%Cu-1.4%S-TiO2 sample in several cycles of the selective oxidation of thioanisole.


4. Conclusions.
Copper and sulphur co-doped titanium oxide nanoparticles have demonstrated to be versatile catalysts in the degradation of ciprofloxacin and selective oxidation of thioanisole. XPS studies reveal that Cu(II) and sulphate species are present in the co-doped samples and suggesting that a higher amount of surface defects exists in 1.8%Cu-1.4%S-TiO2 sample. The 0.4%Cu-0.5%S-TiO2 material showed the highest photocatalytic degradation efficiency owing to the generation of a lower electron-hole recombination by this material, which causes a longer lifetime of photogenerated electrons. The 0.4%Cu-0.5%S-TiO2 material was also an efficient catalyst in the selective oxidation of thioanisole, though the highest selectivity was achieved using 1.8%Cu-1.4%S-TiO2 catalyst. In general, Cu-S-doped TiO2 materials proved to be more active and selective to the formation of sulphoxide than the analogous Cu-doped and S-doped TiO2 materials, respectively. Thus, the increase of selectivity in the oxidation of thioanisole is caused by the combined effect of copper and sulphur species. The catalytic and photocatalytic activities of Cu-S-doped TiO2 materials are higher than the results reported by other authors52, 55, 57, 58. Besides, the copper and sulphur co-doped TiO2 samples showed an excellent stability and could be reused several times without a significant loss of activity. 
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