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Abstract 
[bookmark: _Hlk92384385]Arsenite, As(III), is a highly toxic form of arsenic that poses a significant risk to human health if present in drinking water. Oxidation of As(III) to the less toxic As(V) using TiO2 as photocatalyst is an attractive solution in water treatment applications but challenged  the high bandgap energy. In this study, we investigate the potential of doping TiO2 with Sn to reduce the bandgap and hence to improve the photocatalytic oxidation (PCO). To this end, we studied first the effect of varying Sn:TiO2 molar doping on the structure of the newly synthesized SnO2@TiO2 and Sn-TiO2@SnO2 hetero photocatalysts. We found that at low Sn:TiO2 doping ratios (0.1Sn:1TiO2), SnO2 tends to float on the surface and form a coat around the TiO2 (SnO2@Sn-TiO2), whereas at higher doping ratio (1Sn:1TiO2) a Sn-TiO2 coat forms alongside SnO2 clusters in the core of the catalyst (Sn-TiO2@SnO2). We assessed the PCO and observed significant shifts to lower conduction and valence band edge energies and a reduction of the bandgap at higher doping ratios. The smallest bandgap was 2.87 eV with a doping ratio of 1Sn:1TiO2.  Sn-TiO2@SnO2 and as SnO2@Sn-TiO2 improved the PCO of TiO2 by ∼30 and 46 %, respectively. We finally determined the rate constant (k) for the As(III) oxidation using a combination of spectrochemical and surface sensitive techniques and determined for a 1Sn:1TiO2 (i.e. Sn-TiO2@SnO2) catalyst a value of  0.055 ±0.002 min-1, i.e., 78 folds faster than using only TiO2. We conclude that Sn doping of TiO2 is a very promising approach for improving the PCO of As(III) in water treatment.
Keywords
Sn-TiO2@SnO2 photocatalyst; n-p heterojunction, Sn doping; Surface characterization; As(III) photocatalysis; Oxidation rates.
Introduction 
[bookmark: _Hlk173293110]Arsenic is labelled as a first-class carcinogen by the International Agency for Research on Cancer [1].  Globally, arsenic-contaminated waters pose a major threat to human health and the natural environment [2,3]. Water contamination with arsenic occurs from anthropogenic activities such as mining activities and natural geothermal dissolution of arsenic-containing rocks [4,5]. In the aquatic environment, arsenic predominantly exists as As(III) and As(V). The speciation of both arsenic species is pH-dependent: As(III) exists as neutral H3AsO3 up to a pH of 8, while As(V) occurs as a mixture of H2AsO4- and HAsO42- over a pH range from 2 to 11. The oxidation state of arsenic controls its toxicity, mobility, and treatment strategy. The toxicity of As(III) is about 60 times that of As(V) [6]. The negatively charged arsenate compounds (As(V)) adsorbs strongly to charged metal oxide interfaces which are widely used in arsenic water treatment plants while the neutral arsenite compounds (As(III)) binds weakly  [4,7]. Consequently, arsenic adsorption treatment system should oxidise As(III) to As(V) in a pre-treatment step [8]. The oxidation of As(III) to As(V) is thermodynamically favorable but in natural water it is a very slow reaction. Hence, different oxidation methods have been used, including the chemical oxidants O3, Cl2, H2O2 [9,10]. The main issue with chemical oxidants is the production of toxic disinfection by-products as well as their expenses [4]. Further details regarding arsenic treatment methods and associated challenges are summarized in the SI introduction. 
[bookmark: _Hlk50490579][bookmark: _Hlk47234643]The use of heterogeneous photocatalysts is an eco-friendly and sustainable solution [11]. Metal oxides have been extensively studied as photocatalysts owing to their ability to generate excitation electron-hole (e--h+) pairs following ultraviolet (UV) light exposure [12–14] and drive a wide range of photocatalytic reactions, exploited widely for example during solar fuels production and organic pollution remediation. Amongst the potential metal oxides, titanium dioxide (TiO2) is the most widely investigated photocatalyst for engineering applications due to its photostability, cost-effectiveness, non-toxicity, and abundance. However, applications of TiO2 are often hindered by its wide bandgap (anatase TiO2 ~3.2 eV), necessitating the use of UV light. Only 4 to 5 % of the solar spectrum is useful. Another issue is the high e--h+ recombination rate upon photo-excitation which can significantly reduce the quantum efficiency (QE) [11].  Several strategies have been investigated to overcome these limitations. One strategy is doping the TiO2 with metals such as  Cu, Co, Ni, Cr, Mn and Fe, which lowers the band gap, introduces charge carriers and eventually reduces the e--h+ recombination rates [15]. Another strategy is the synthesis of heterojunction photocatalyst by coupling TiO2 with another metal oxide semiconductor. Here, the photocatalytic performance is improved through the tunable band structures and charge carrier transport across the interface between the two semi-conductor phases. This approach increases charge carrier (e--h+) lifetimes and consequently increases solar light absorption and quantum efficiencies [15,16]. SnO2:TiO2 hetero-structure composites are of particular interest due to physical and structural similarities between both metal oxides. TiO2 and SnO2 have the same crystal symmetry (tetragonal) and have two molecular units per primitive unit cell (Z=2) [17]. Additionally, TiO2 and SnO2 exhibit structural similarities such as the cationic ionic radii (Ti4+ = 0.605 Å and Sn4+ = 0.69 Å) [18]. Moreover, the bandgap of SnO2 (Eg ~3.5−3.6 eV) is higher than that of TiO2 (Eg ~3.0 eV for rutile, Eg ~3.2 eV for anatase) and the conduction band (CB) of SnO2 is more positive than that of TiO2 [17]. For these reasons, one can form a heterojunction hybrid with intermixed electronic states combining the two metal oxides [19]. In this heterojunction hybrid, SnO2 functions as a sink for the photogenerated electrons which results in energy level (e--h+) separation and enhances the oxidation process [18]. 
[bookmark: _Hlk173293397]Tin (Sn) is considered unproblematic in drinking water and the maximum tolerable daily intake is 2 mg/kg of body weight. Previous studies have shown promising results during applications of SnO2:TiO2 in water treatment, e.g. for the photodegradation of methylene blue  [20], methylene green [12], methyl orange [21], rhodamine B [22], phenol [23], and for the photo reduction of Cr(VI) [24]. While SnO2:TiO2 bicomposite catalysts have been studied for applications in water treatment [25], batteries [26], solar cells [27] and water splitting [28], with improved performance versus pure TiO2, applications for the PCO of As(III) has not been explored and the effect of doping on the structure of the Sn-doped TiO2 catalyst is unknown. Insights into the latter, however, is critical to understand photocatalytic mechanisms. 
The objectives of the present study were (1) to investigate if incorporating Sn into TiO2 as dopant or as secondary phase (heterojunction) facilitates As(III) photocatalytic oxidation, (2) to study the underlying mechanisms that control As(III) oxidation, and (3) to investigate the PCO yield and reaction kinetics. To this end, we synthesised Sn-doped TiO2 with a range of Sn:Ti ratios using sol-gel method. We characterized the composite photocatalysts using a wide range of spectroscopic and imaging tools. Bulk XRD and crystallite-scale TEM were used to assess the impact of Sn inclusion on crystal structure.  The band gap was determined using diffuse reflectance spectra (DRS) measured in the UV-visible range, and the valence band was determined using XPS. The outermost surface of the prepared hetero photocatalysts was studied using XPS and low energy ion scattering (LEIS) and the surface morphology was investigated using SEM and FTIR. Based on the physical characterization, the final structure of the formed heterostructure photocatalysts was postulated. Finally, the PCO yield and kinetic rate constant were accurately calculated by considering the concentration of As(V) in the solution using  spectrochemical method and the surface adsorbed As(V) using XPS.  
Materials and methods
Synthesis of TiO2, Sn-doped TiO2 and SnO2
TiO2 and Sn-doped TiO2 were synthesized using a sol-gel method. A series of different molarities (0.1, 0.25, 0.5 and 1 M) of tin tetrachloride “SnCl4, Sigma-Aldrich 98%” were dissolved in ethanol (VWR, 99.9%) as presented in Table S1 (pure TiO2 was prepared by substituting SnCl4 for 5 mL ethanol). The SnCl4 suspension was added dropwise at room temperature to 1 M solution of titanium(IV) tert-butoxide “Ti[OC(CH3)3]4, Sigma-Aldrich > 98%” (i.e. 5.12 mL of Ti[OC(CH3)3]4 dissolved in 15 mL ethanol). After stirring continuously for 2 h, a sol was produced, which was left for 24 h at room temperature. The obtained xerogel was subsequently calcined at 450 °C for 4 h, and the catalyst was ground to obtain a fine powder [29]. 
A SnO2 reference sample was synthesized following established methods [30,31]. SnCl4 (5 g) was dissolved in 100 mL of absolute ethanol with vigorous magnetic stirring for 30 min, forming a transparent sol solution. Ammonia solution “NH4OH (25%), Sigma-Aldrich” was added dropwise while stirring, until a pH of approximately 8-9 was achieved. Afterwards, the hydrolysis and condensation reactions were initiated by adding distilled H2O (10 mL) dropwise with continuous stirring for 2 hours. The resulting gel was dried at 70°C for 1 hour to remove ethanol impurities, followed by calcination at 400°C for 2 hours. The material was then cooled to room temperature, resulting in the SnO2 sample. The grade and manufacturer information for each reagent used in this study can be found in Table S2.
Materials characterization 
The crystal phases of the catalysts were investigated using a Bruker D2 Phaser X-ray diffractometer (XRD) equipped with a Lynxeye detector. The instrument uses a Cu source for X-ray generation (V = 40 kV, I = 30 mA) with Cu Kα1 (λ = 1.54056 Å) and Cu Kα2 radiation (λ = 1.54439 Å) emitted with an intensity ratio of 2:1. Patterns were recorded over the 2θ range from 5 to 90°. Models were fit to the data using GSAS and EXPGUI software [32]. Raman spectra were recorded using a Horiba LabRam Infinity equipped with a helium-neon laser (633 nm, 25 mW). The system was calibrated to a silicon reference (520 cm-1) and samples were analysed over the 200 to 1200 cm-1 range. Standard patterns were acquired from the RRUFF project database. Surface chemical analysis was performed using X-ray photoelectron spectroscopy (XPS) with a ThermoScientific K-Alpha+ X-ray photoelectron spectrometer equipped with a MXR3 Al Kα monochromatic X-ray source (hν = 1486.6 eV). Samples were dried at 100 oC for 24 hours to remove the physically adsorbed water prior to analysis. Survey spectra and the binding energy regions of the O1s, C1s, Ti2p, Sn3d, As2p regions (20 scans) were recorded. Models were fit to the XPS data using CASAXPS software [33]. The outermost surface atomic layers were analysed using low energy ion scattering (LEIS) with the IONTOF Qtac 100 instrument. Before analysis, samples were pumped down to vacuum overnight to remove adsorbed water. LEIS survey spectra were obtained using a 3 keV He+ primary ion beam with a current of ~5nA and a raster field of view 1mm2. The current density was measured using a Faraday cup before and after each depth profile run. To remove surface impurities, depth profiling was carried out using successive cycles of He+ ion with overall ion dose reaching   ̴5.3 x 1015 ions/cm2. The ion dose is the number of ions per acquisition time is calculated by Eq. 1 and the ion dose density is the dose per acquisition area.

where I is the supplied current in amperes (A), t is the rastering time (time per acquisition in seconds where each acquisition corresponds to one data point), and e is the electron charge (1.6 x 10-19 C). 
The bulk elemental analysis was conducted using SEM-EDX (JEOL 6010LA). The surface micrographs were obtained using a high-resolution LEO Gemini scanning electron microscope (SEM) operating at 5 kW in secondary electron mode (InLens detector) and JEOL 2100F TEM/STEM operating at an accelerating voltage of 200 kV. Surface functional groups were identified using a Thermoscientific NICOLET is5-iD7 ATR attenuated total reflection infrared (ATR-IR) spectrometer. Samples were scanned over the 4000 - 400 cm-1 without preliminary grinding.
Determination of the bandgap using DRS
The Tauc method was used to determine the band gap energy assuming that the energy-dependent absorption coefficient (α) can be expressed by Eq. 2 [34].

, where h is the Planck constant, ν is the photon frequency, Eg is the band gap energy, and B is a constant. 
γ is a transition-dependent factor which equals to 2 or 1/2 for an indirect allowed and a direct allowed transition, respectively. The energy-dependent absorption coefficient (α) is replaced by F(R), the relative absorption coefficient, measured from diffuse reflectance spectra (DRS) using the Kubelka−Munk function (Eq. 3). 

, where R is the reflectance, while K is the absorption coefficient and S is the scattering coefficients. Replacing α by F(R) yields Eq. 4.

The band gap for TiO2 was calculated using  γ = 2 and for the SnO2 using γ = ½ [35]. Adsorption measurements were conducted using reflectance spectroscopy (DRS) of the dry catalyst between 190-1400 nm using a Shimadzu UV-2700 UV Vis spectrometer equipped with an integrated sphere.
Photocatalytic oxidation (PCO) and adsorption of As(III)
A stock solution of 1000 mg/L As(III) was prepared by first dissolving 0.66 g of As2O3 in a beaker containing 5 mL of 1 M NaOH, followed by 30 min shaking, and adding deionized water (Milli-Q) in a volumetric flask to a 500 mL. PCO experiments were conducted in a batch reactor, both in the dark and under UV irradiation (18 W UVA lamp – 370 nm; Sylvania). In the photocatalytic reactor, the distance between the UV lamp and the sample surface was 1.8 cm. A suspension of 100 mL of 1 mg/L As(III) was added to 0.01 g of the photocatalyst (SnO2@Sn-TiO2 or Sn-TiO2@SnO2) and stirred magnetically for 2 h. The pH was adjusted to 7.41 using 1 M HCl and 1 M NaOH. A 2 mL aliquot was collected from the reaction after 0, 1, 3, 5, 10, 15, 20, 40, 60 and 120 mins. These aliquots were centrifuged at 5000 rpm using a Sigma 3-16L centrifuge to separate the catalyst powder from the solution. Finally, the supernatant was analyzed for arsenic species. The PCO yield was calculated with a correction for the directly adsorbed As(III), i.e. the decline in aqueous As(III) which is not due to oxidation). This correction was applied at each time interval using eq. 5. 
                          (5)
The PCO reaction was best modelled using the first order kinetic law according to Eq.6 [36]. 
                                                                     (6)
where Ct is the concentration in µg/L at time (t) in min and Ci represents the initial concentration in mg/L. Details of the experimental procedure is also given in our previous study [2].
Determination of aqueous and surface adsorbed As(V) and As(III) 
The speciation of aqueous As(V) and As(III) was determined using the colorimetric molybdenum method [2]. The analytical solution was prepared by dissolving the following reagents in 100 mL deionized water in the order: 0.5 g ammonium molybdate (Sigma-Aldrich, 99.98%) , 0.04 g potassium antimony tartrate ((NH4)6Mo7O24, AnalaR, 99%), 4 mL sulfuric acid (H2SO4, VWR, 95-99%), 0.5 g ascorbic acid (Sigma-Aldrich > 99%). The aqueous As(V) concentration was determined by adding 80 µL of the previously prepared analytical solution to 1 mL of each aliquot, shaken and left for 1 h and the absorbance measured at 882 nm using a Jenway 7315 spectrophotometer. 
Total arsenic As(T) concentration in the solution was determined via the initial pre-oxidation of the sample’s species As(III) to As(V) by adding 120 µL of potassium permanganate (KMnO4, Sigma Aldrich >99%) to 1 mL of each aliquot while shaking. The sample was left for 1 h to allow complete oxidation, then the amount of As(V) [representing total As] was determined using the molybdenum blue method.
To analyze the surface adsorbed arsenic species, a 2 mL aliquot was collected then centrifuged and the catalyst was separated, collected and dried in the oven at 70 °C. The separated catalyst at each time interval after PCO experiment was analyzed for surface absorbed As(III) and As(V) using XPS. 
Results and discussion 
Effect of Sn:Ti doping ratios on the structural control
In the first part of the study, we investigated how the synthesis procedure, especially the Sn doping content, influences the physical structure of the bicomposite material through a range of characterization techniques. 
Insights from the XRD characterization 
[bookmark: _Hlk173206211]XRD analysis confirmed the crystallinity of both undoped and Sn-doped TiO2 samples. The undoped TiO2 exhibited main peaks at 2θ values of 25.3°, 37.8°, 48.1°, 54.2°, 55.1°, and 62.7°, corresponding to the (101), (004), (200), (105), (211), and (204) Miller planes of anatase TiO2. With Sn doping, new peaks appeared at 2θ values of 26.7°, 34.4°, and 52.4°, which became more prominent as the Sn content increased. However, interpreting these peaks was challenging due to the similarity between the characteristic peaks of cassiterite and rutile [37]. Consequently, to provide a more accurate interpretation of the XRD data, the data were modelled using X-ray diffraction pattern modelling software (GSAS-EXPGUI). A Le Bail refined model was fit to each XRD pattern. The models are presented in Fig S1 to Fig S6 and the results are summarized in Fig 1. The results show that these new peaks are attributed to the formation of a distinct cassiterite SnO2 phase [38]. In addition, there was no anatase to rutile phase transformation after Sn-doping and TiO2 maintains its anatase crystal structure, although some brookite impurities were detected with high levels of Sn molar doping (0.5Sn:1TiO2 and 1Sn:1TiO2) at 30.8° and 42.1° [39]. The height of the SnO2 cassiterite peaks increases four folds as the Sn:Ti ratio is increased from 0.1 to 1, while the anatase height decreases.

[image: ]
Fig 1. XRD patterns for TiO2 doped with different molar ratios of Sn [peaks are assigned based on the GSAS modelling], A - shows the full range (20 to 70⁰) and B - a zoomed in section (25 to 40⁰) for ease of interpretation. 
The masses and molar ratios of cassiterite and anatase were derived from the GSAS-EXPGUI model, as shown in Fig 2. For the samples 0.1Sn:1TiO2, 0.25Sn:1TiO2, 0.5Sn:1TiO2 and 1Sn:1TiO2, the calculated molar ratios for SnO2:TiO2 were 0.039, 0.11, 0.21 and 0.44 respectively (Fig 2A), which were ~ 50% less than the synthetic molar ratios. This may be due to the incorporation of Sn within the lattice structure of TiO2, as opposed to the segregation of the cassiterite SnO2 phase, in addition to some losses during hydroxylation in the sol-gel synthesis. The SnO2:TiO2 mass percentages are shown in Fig 2B. 
[image: ]
Fig 2. Summary of XRD modelling. A) The effect of Sn-doping on SnO2 : TiO2 molar fraction, B) the effect of Sn-doping on SnO2 : TiO2 weight fraction, C) the effect on mean cell volume (MCV) change versus anatase TiO2 and cassiterite SnO2 standards, and D) the average crystallite size.
The unit cell parameters derived from GSAS model show an expansion in the unit cell volume in the case of TiO2, and a contraction in SnO2 as the Sn-doping ratio is increased (Fig 2C and Table S3). This increase plateaus in the 0.5Sn:1TiO2 sample with a 1.3 % increase in the TiO2 and a 4.8% decrease in the SnO2 unit cell size. This plateau may be a result of the solubility limits being reached in each phase (i.e., Sn-doping in TiO2 and Ti-doping in SnO2). The increase in the TiO2 unit cell volume provides strong evidence that Sn has been incorporated into the TiO2 lattice structure [40] where Sn4+ ions are larger than Ti4+ and thus cause a lattice expansion . 
The average crystallite size was determined using the Scherrer method Eq.S1 (Fig 2D), showing that both TiO2 and SnO2 are nanocrystalline at all examined Sn fractions. The SnO2 crystal grew with higher Sn doping from 11.2 nm in 0.1Sn:1TiO2 to 60.9 nm in 1Sn:1TiO2. In contrast, the TiO2 crystal size decreased from 36 nm in unmodified TiO2 to 8.8 nm in 0.5Sn:1TiO2 and then slightly increases to 15.2 nm in 1Sn:1TiO2. This is shown by the broadness of TiO2 anatase peaks after Sn-doping as shown in Fig 1. We link the inhibition in TiO2 crystal growth in the doped samples to differences in electronegativity and size between Ti4+ (0.605 A) and Sn4+ ion (0.69 Å) [41] which result in a distortion of the TiO2 lattice structure during the substitution of some Ti4+ ion by Sn4+ to form SnxTi1-xO2 solid solution. This ultimately hinders TiO2 crystal growth, making it more compact [42]. In addition, excess cassiterite SnO2 may be distributed between the TiO2 crystals and retard the TiO2 crystal growth. The slight enlargement of the TiO2 crystal size in the 1Sn:1TiO2 may be due to the high SnO2 content that causes the TiO2 and SnO2 phases to segregate, and in turn, increase the interplanar distance that enhances TiO2 crystal growth [43]. Smaller TiO2 crystallites offer a larger surface area, which provide more sites for the photo catalytic reactions. Additionally, smaller crystallites mean that excitons do not have to travel as far before reaching the surface, resulting in better charge extraction. Based on the physical characterization results, the Sn-doped TiO2 photocatalysts with the smallest cassiterite crystals are likely the most efficient at incorporating Sn into TiO2 without leaving too much SnO2. 
Insights from the Raman spectroscopy characterization 
Active Raman modes of anatase TiO2 are observed at 144.6 (Eg), 196.1 (Eg), 396.23 (B1g), 516.09 (A1g and B1g), 637.95 (Eg) cm-1 (Fig 3) [44]. In samples doped with 0.5Sn:TiO2 and 1Sn:1TiO2, traces of Raman active modes of brookite TiO2 impurities are detected around 245 (A1g), 320 (B1g) and 360 cm−1 (B1g) [45]. Raman modes for the rutile TiO2 phase are not observed, in agreement with observations taken from the XRD analysis. The peak for cassiterite SnO2 at 632 cm-1 overlaps with the anatase shift at 637.95 cm-1 (Eg). A systematic decline in the intensity of TiO2 anatase peaks correlates with increasing Sn content, possibly due to an increased coverage of the anatase surface with SnO2 particles, which becomes more dominant with higher doping resulting in SnO2 agglomerates [22]. The addition of Sn results in a small blue-shift of the main anatase Eg vibrational band. We attribute this to a restricted phonon mode, resulting in an increase in the energy required for this vibration [46]. Also, with the addition of Sn, an asymmetric broadness in the Raman peaks is observed, especially at 144.6 cm-1 (Eg). This may be due to (i) a decrease in the average crystal size of TiO2, (ii) phonon confinement or (iii) structural defects due to the insertion of Sn into the TiO2 host structure [47]. 
[image: ]
Fig 3. The effect of diverse Sn-doping ratios on the Raman shift of dry powders of Sn-doped TiO2 catalysts

[bookmark: _Hlk48599111]Determination of the band gap and valance band
[bookmark: _Hlk47477449]The determination of the band gap energy is critical to assess the potential of generating charge carriers [34,48]. The band gap values were determined using the Tauc equation (Eq. 4) by plotting the absorption coefficient against the photon energy. The band gap is given by the interception of the two linear tangents [49]. The results shown in Fig S7 reveal that the band gap of the pure TiO2 and SnO2 are ~3.20 eV (Fig S7A) and ~3.75 eV (Fig S7F), respectively. There is a steady decline in the band gap values with increasing additions of Sn, from ~3.20 eV in the unmodified TiO2 to ~2.90 eV in 1Sn:1TiO2. These results are consistent with observations made by Tripathi et al [50]. The red shift in the band gap (shift in the absorption edge slightly towards the visible light) is attributed to the internal strain due to the unit cell expansion which creates new energy levels [51]. This ultimately leads to charge transfer from the crystallite core to the surface of the nanocrystals, and can improve the lifetime of photo-induced charge carriers [50]. 
The valence band edge energy was determined by XPS and results are reported in Fig S8. The valence band edge energy is determined with respect to the O1s orbital energy correction, in accordance with Scanlon et al. [52]. The results presented in Fig 4 show that the valence band edge values decrease slightly in the Sn-doped catalysts compared to the bare TiO2. The optical results show a narrowing of the bandgap. This indicates that a shift in the CB is most likely the cause of the change in bandgap. The CB values, calculated according to Eq. 7, show that with increasing Sn-doping, the CB becomes less negative, going from -0.30 V vs NHE in the unmodified TiO2 to -0.10 V vs NHE in the 1Sn:1TiO2 catalyst. This alters the Fermi level positions (zero binding energy) and develops tunable oxygen vacancies energy states between the maximum valence band (MVB) and the minimum conduction band (MCB) [53,54].
                                                                   (7)
where EVB, Eg and ECB are the valence band, conduction band and conduction band energies. 
The decrease in bandgap resulting through Sn-doping is beneficial as it allows for greater harvesting of visible light. The bandgap decreases from 3.2 eV to 3.1 eV with 10 % Sn (0.1:1 molar ratio) and from 3.2 eV to 2.9 eV with a 50 % Sn (1:1 molar ratio) added. As the Sn molar percentage increased from 10 % to 50 molar % the bandgap reduction increases from 0.1 to 0.5 eV, possibly suggesting a linear relationship between Sn content and bandgap reduction. The presence of a considerable amount of cassiterite in the sample doped 1Sn:1TiO2 suggests that the small bandgap may be attributed to the convolution of different phases. It is uncertain what the bandgap of only the Sn-doped TiO2 phase is. 
[image: ]
Fig 4. Band energy analysis based on the determination of the valence band edge using XPS and band gap determination using diffuse reflectance spectra.
[bookmark: _Hlk48599199]The effect of Sn-doping on surface and bulk elemental composition 
[bookmark: _Hlk43839424]The chemical composition of the near-surface region of the photocatalyst was studied using XPS as it plays a crucial role in controlling the surface oxidation reactions [55,56]. Survey spectra of the Sn-doped TiO2 samples and their peak assignments are shown in Fig S9. The surface of the Sn-TiO2 consists of Sn, Ti, O and C atoms only. Peak deconvolution using high-resolution scans and fitted by CASAXPS software are presented in Fig S10 to Fig S13.The detailed peak fitting of the composition and chemical states for each sample are presented in Tables S4 to Table S9. 
The fitting results show that Ti is present as Ti4+ and Sn as Sn4+. There are chloride impurities in the Sn-doped samples which originate from the Sn precursor (SnCl4). The respective binding energies of the Ti4+ 2p3/2 and Ti4+ 2p1/2 doublet increased with Sn doping, from 458.6 and 464.3 eV in unmodified TiO2 to 459.0 and 464.7 eV in 1Sn:1TiO2. These changes in the binding energies are attributed to the shift in the Fermi level of the material, discussed in section (Section 3.1.3.2). The summary of the chemical composition of the surface environment of prepared catalysts was analysed using CASAXPS fitting software and are presented in Table 1 showing that the Sn:Ti ratios increased as Sn-doping increases. The Sn:Ti ratio increases with the amount of Sn doped. This is in line with the findings from the XRD and EDX analysis as discussed further below.
Table 1. XPS analysis for the surface element environment and abundance (%). 
	Environment
	Abundance (%)

	
	TiO2
	0.1Sn:1TiO2
	0.25Sn:1TiO2
	0.5Sn:1TiO2
	1Sn:1TiO2
	SnO2

	C (C-C)
	15.40
	7.80
	5.30
	11.70
	8.40
	2.40

	C (C-O)
	2.60
	1.90
	1.30
	2.20
	1.90
	1.20

	C (C=O)
	1.90
	1.40
	1.10
	1.80
	1.50
	0.70

	C (total)
	20.00
	11.10
	7.70
	15.70
	11.80
	4.30

	Ti4+ (TiO2)
	20.70
	22.00
	22.70
	19.70
	18.30
	0.00

	Sn4+ (SnO2)
	0.00
	3.80
	4.10
	3.90
	8.10
	37.00

	O (M-O2-)
	49.20
	54.30
	54.50
	50.40
	50.00
	43.50

	O (M-OH)
	6.20
	5.30
	6.10
	6.20
	5.10
	10.60

	O (C-O, C=O)
	3.90
	1.90
	3.50
	3.40
	5.00
	2.00

	O (total)
	59.30
	61.50
	64.10
	60.00
	60.10
	56.20

	Cl- (M-Cl)
	0.00
	1.60
	1.40
	0.70
	1.70
	2.50

	Sn:Ti ratio
	0.00
	0.17
	0.18
	0.20
	0.44
	-



[bookmark: _Hlk33657012]We further used LEIS to characterize the Sn-doped TiO2 materials. Dynamic depth profiling was used to analyze the outermost surface atomic layers with 0.2 to 1 nm depth resolution [57]. The spectra were recorded using a 3 keV He+ and are presented in Fig 5. With increasing Sn-doping, the concentration of Sn in the outermost surface atomic layers decrease, which we attribute to a greater abundance of Sn in the core of the catalyst (in SnO2 clusters) as opposed to the uppermost surface. 
[image: ]
Fig 5. LEIS spectra for Sn:TiO2 samples at different Sn doping ratios 
Successive cycles of He ion sputtering for depth proﬁling with overall dose reaching   ̴ 5.3 x 1015 ions/cm2 were used. An acquisition dose of 1 x1015 (ions/cm2) was sufficient for sputtering one atomic layer thus the applied ion dose was enough for depth profiling down to 5 atomic layers. We observe a steady increase in Sn:Ti ratio when going deeper into the structure (see Fig 6 and Fig S14). This indicates that Sn is predominant in the core of the catalyst despite the Sn doping level. In line with LEIS surface spectra results (Fig 5), the Sn:Ti ratio show a gradual decrease with increasing Sn-doping (Fig 6). 
[image: ]
Fig 6. Average Sn:Ti ratios in each individual atomic layer in different prepared samples (LEIS depth profiling data using ion dose =  ̴5.3 x 1015 ions/cm2).
In Figure 7, we plot peak signal for Sn vs the peak signal of Ti taken from the LEIS spectra (see Fig 5) for samples with different Sn:Ti ratios to assess possible matrix effects. The highly linear relationship (R2 = 0.994) suggest there is no significant matrix [58]. 


[image: ]
Fig 7. Calibration plot based on the Sn and Ti peak spectra presented in Fig 6. 
The Sn:Ti molar and mass ratios were determined using EDX analysis. The Sn:Ti ratio increased with the Sn-doping level, as shown in Fig S15. The molar ratios are smaller than the synthetic molar ratios, most likely due to some mass loss of Sn during synthesis. In general, the analytical values are in parallel with the calculated Sn:Ti ratios from XRD data (comparing the amount of anatase TiO2 to cassiterite SnO2 formed; but does not consider the level of Sn doping into anatase TiO2 and vice-versa).
 Investigation into the surface morphology using electron microscopy
[bookmark: _Hlk81260218]In HR-TEM, the undoped TiO2 sample exhibited only anatase d-spacing (Fig S16 A) with a prominent peak corresponding to the 101 plane. In the 0.1 Sn:1TiO2 sample (Fig S16 B), the anatase (101) peaks at a d-spacing of 3.56 Å are observed. One particle with a d-spacing of 3.35 Å matches the cassiterite (110) peak. In the 0.25Sn:1TiO2 sample (Fig S16 C), only d-spacings related to the formation of anatase are observed. Discrete cassiterite crystals are not observed. d-spacing is observed at 3.01 Å, likely due to impurities. In the 0.5Sn:1TiO2 sample (Fig S16 D), particles related to the presence of anatase crystals are observed (the majority showing the principle 101 peak at 3.56 Å) where several cassiterite particles are observed including individual SnO2 particles. For the 1Sn:1TiO2 sample (Fig. 8), the results are similar and cassiterite SnO2 (110) particles are detected with d-spacing of 2.80 Å amongst a mass of TiO2 anatase (101) particles with d-spacing of 3.52 Å. In the SnO2 sample, only cassiterite is observed (Fig S16 E), a d-spacing of 3.36 Å is assigned to the principal peak of cassiterite at (110).   

[image: ]
Fig 8. HRTEM images of 1Sn:1TiO2 showing the d-spacing in the below right-hand side.

In S-TEM investigations, only Ti and O were detected in the TiO2 sample (Fig S17), and the unit cell of each discrete phase is observed. In the 0.1Sn:1TiO2 sample (Fig S18), Ti, O and Sn are observed. In the 0.25Sn:1TiO2 sample (Fig S19), Ti, O and Sn are detected with pronounced delocalisation of Sn. The particles we see in this image show TiO2 structures doped with Sn. This supports XRD data in that the TiO2 crystals in this sample have expanded by 0.51%. For the 0.5Sn:1TiO2 (Fig S20) sample, the Sn and Ti regions are well mixed. The S-TEM data alone does not to indicate the presence of Sn-doped TiO2 or Ti-doped SnO2. This supports XRD data suggesting that SnO2 crystals contract by 4.79% and TiO2 crystals expand by 1.03 % due to Ti and Sn doping respectively. For the 1Sn:1TiO2 sample (Fig S21), we have a similar outcome to the 0.5Sn:1TiO2 sample. However, from the examined location, there are clearly some regions where Ti is present in far greater majority than Sn. This supports conclusions drawn from the XRD data that Ti more readily dopes SnO2 structures. We observe a much larger contraction in SnO2 crystals, in comparison to TiO2 crystals, indicating a higher level of doping. Ti and Sn levels are more even, in line with XRD data, showing a 45: 55 % mixture of SnO2 and TiO2 phases are present. Only Sn and O were detected in the SnO2 sample (Fig S22)
SEM micrographs of TiO2 and Sn-TiO2:SnO2 samples (Fig S23) exhibit well dispersed spherical particles with variable size distribution with a diameter ranging from 50 to 200 nm, however the SnO2 reference sample (Fig S23F) shows more aggregated particles with irregular edges. TiO2 samples retained the porous morphology after Sn doping. The findings show that the particle sizes decreased after doping and aggregates as the Sn content increases [43]. These smaller particle sizes generate a larger surface area and provide more reaction points, which in turn increases the photocatalysis reaction rate [59].  
Characterization of the surface metal bonding using FTIR
The FTIR spectra of all Sn-TiO2 samples has a sharp band at 660 cm−1 due to the Ti-O-Ti bond vibration (see Figure S24, [60]). Bands appearing at 400 to 650 cm−1 are assigned to the stretching vibration modes of Ti–O in undoped and to both Sn–O and Ti–O–Sn bonds in Sn-doped samples. Sample of Sn-doped TiO2 (Table S10) show a shift in the wavenumber towards higher energy spectra as the Sn–O bond is longer than the Ti-O bond [61,62]. 
Postulated effect of the Sn:Ti doping ratio on the catalyst structure 
[bookmark: _Hlk50845513]Based on the experimental findings from the mineral characterization studies detailed above and summarized in Table 2, we propose the following effect of the varying Sn:Ti doping ratios on the mineral structure. Higher Sn doping TiO2 causes SnO2 segregates to form the core of the catalyst and Sn-TiO2 minerals float on the surface. The SnO2 crystal sizes increase and the TiO2 mean cell volume (MCV) expands due to the insertion of Sn into the TiO2 lattice and the formation of Sn-TiO2. The formation of Sn-TiO2 minerals on the surface of the catalyst with increased Sn added (1Sn:1TiO2) makes the catalyst more efficient, as Sn-TiO2 is a more effective catalyst than the SnO2 formed.
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Fig 9 Schematic diagram of the structure of the synthesized Sn-doped TiO2 at low and high Sn-doping content through sol-gel synthesis.
Table 2 Summary of structural findings and of Sn:Ti ratios derived from the various analytical techniques applied during this study
	Techniques 
	Low Sn-doping
	High Sn-doping

	XRD
	No expansion in TiO2 MCV; Sn-TiO2 formation unlikely.
	Expansion in TiO2 MCV; Sn-TiO2 formation likely.

	
	Smaller SnO2 average crystal size (~11 nm):, SnO2 particles are more dispersed.
	Larger SnO2 average crystal size (~61 nm); segregation of the SnO2 core more likely.

	
	Larger TiO2 average crystal size (~36 nm); TiO2 present as clusters 
	Smaller TiO2 crystal size (~15 nm).

	
	
	

	EDX
	Low Sn:Ti ratio.
	High Sn:Ti ratio.

	
	
	

	XPS
	Low Sn:Ti ratio.
	High Sn:Ti ratio.

	
	
	

	LEIS
	High Sn:Ti ratio.
	Low Sn:Ti ratio.

	
	
	

	SEM
	Bigger particles, more segregated 
	Smaller particles, more aggregated 

	
	
	

	FTIR
	Metal-O band at lower energy wavelength 
	Shift in Metal-O band at higher energy wavelength, confirming Sn-O formation 


[bookmark: _Hlk48599512]Photocatalytic oxidation (PCO) of As(III) over Sn-doped TiO2 
In the second part of the study, we investigate the PCO of As(III) in the presence of Sn-doped TiO2 in solution.
As(III) photocatalytic oxidation experiments 
[bookmark: _Hlk52850956]Oxidation experiments were performed in solutions using TiO2 and Sn-doped TiO2 samples added. The results show that Sn-doped TiO2 samples have an improved PCO efficiency towards As(III) compared to TiO2 ( Fig S25). After 2 h, 32%, 62%, 72 %, 78% and 71% of As(III) was oxidised using TiO2, 0.1Sn:1TiO2, 0.25Sn:1TiO2, 0.5Sn:1TiO2 and 1Sn:1TiO2, respectively. Doping TiO2 with Sn increased the oxidation yield by up to 150 %. This is attributed to the reduction in the band gap from 3.2 eV to 2.87 eV and the reduced recombination rate of charge carriers due to charge transfer across the Sn-TiO2@SnO2 (or SnO2@Sn-TiO2) heterojunction. The development of n-p heterojunction in the Sn-doped TiO2 [63] assists the electron-hole separation (see Fig 10 and Eq. 8 & Eq. 9) and therefore boosts the PCO efficiency. Since the VB of TiO2 is energetically placed between the VB and CB of the SnO2 phase and the Fermi level of TiO2 is higher than that of SnO2, the transfer of electrons from the CB of Sn-TiO2 to the CB of SnO2 is energetically favorable, i.e., the CB of SnO2 serves as a sink for the photogenerated electrons. This creates an electron depletion layer in TiO2 and an electron accumulation layer in SnO2, which enhance electron transfer at the heterojunction interface between Sn-TiO2 and SnO2. We postulate that the electron-hole recombination is hindered by this spatial separation of charge that increases their lifetime, and therefore, increases the likelihood of driving surface redox reactions that drive the oxidation of As(III) [17,64].  The main reaction pathways of the PCO of As(III) over Sn-doped TiO2 are shown in Fig S26. 
                       (8)
   (9)
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Fig 10. Schematic diagram illustrating the effect of TiO2 doping with Sn on the band gap and e--h+ separation.
Monitoring the surface adsorbed arsenic species along the course of the PCO reaction using XPS
To improve our understanding of the oxidation process at the catalyst surface, we monitored changes in the oxidation state of adsorbed arsenic with time using XPS (see Figure 11). In the absence of light, only As(III) is detected on the surface [65]. Following UV irradiation, we find that with respect to As(V), 41 % is formed after 1 min and 81 % after 2 h, and with respect to As(III), 59 % has reacted after 1 min and 18.8% after 2 h (Fig 11C). Possible  mechanisms include (i) the adsorbed As(III) is displaced by the adsorption of As(V) formed in the solution, (ii) surface As(III) is desorbed into the solution, oxidised and re-adsorbed as As(V) or (iii) surface As(III) is oxidised without being desorbed. 
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Fig 11. XPS peak deconvolution of As2p binding energy environment. A- dark conditions and only As(III) is detected, B- under UV irradiation and both As(III) and As(V) are detected. The experiment was performed using 0.1 g/L of 1Sn:1TiO2 with 1000 µg/L As(III) at pH 7.4. C- The percentage of As(III) and As(V) relative to the total As adsorbed at each time interval for 1Sn:1TiO2. Measurements were conducted using XPS and the spectra were modelled using the CASAXPS software. The experiment was performed under UV irradiation using 0.1 g/L 1Sn:1TiO2 at pH 7.4. 
Accurate determination of PCO reaction rates 
[bookmark: _Hlk48581852][bookmark: _Hlk48578749]The accurate determination of As(III) oxidation  rates taking into account only changes of arsenic species in the aqueous phase is inaccurate due adsorption processes at the mineral-water interface as demonstrated by our group previously [2].  For that reason, we used XPS measurements to account for As(III) and As(V) adsorption (Table 2) and calculated the reaction rate (k) based on the total As(V) formed in the system, i.e., aqueous [As(V)] + surface [As(V)], denoted as [As(V)][aqueous+adsorbed]. The rate constant determined this way (method 1) was compared with k calculated based on the decline of aqueous As(III) only (method 2). A first order kinetic best fits all the experimental data as shown in Fig S27. The k values calculated from experiments using 1Sn:1TiO2 as photocatalyst were 0.027 ± 0.003 using method 1 and 0.055 ± 0.002 using method 2. The reaction rate is therefore underestimated by nearly 50 % when ignoring adsorbed arsenic. The Oxidation rates of doped TiO2 is 7 times faster for 1Sn:TiO2 as catalyst compared to undoped TiO2, i.e. 0.055 ± 0.003 min-1 and 0.0075 ± 6 x 10-4 min-1, respectively, see Fig. S27). 
Table S11. Distribution of arsenic species in the solution and on the surface based on XPS analysis
	
Time (min)
	Fractions of Surface As species determined by XPS
	Total Surface adsorbed arsenic As(T) under UV
	A Surface adsorbed As(V) µg/L
	B Aqueous As(V) µg/L
	C Total As(III) to As(V) = [A+B]
	D Decline in solution As(III) = [1000 - C]

	
	Surface As(III) %
	Surface As(V) %
	
	
	
	
	

	0
	0
	0
	0.00
	0.00
	0.00
	0.00
	1000.00

	1
	58.67
	41.33
	207.26
	85.66
	31.42
	117.08
	966.48

	3
	49.99
	50.01
	268.33
	134.19
	95.73
	229.92
	858.59

	5
	46.41
	53.59
	311.39
	166.88
	166.46
	333.33
	753.23

	10
	43.65
	56.35
	363.04
	204.57
	364.51
	569.08
	524.73

	20
	40.5
	59.5
	388.58
	231.20
	540.57
	771.77
	344.83

	40
	35.54
	64.46
	409.84
	264.18
	642.73
	906.91
	291.45

	60
	26.02
	73.98
	420.92
	311.39
	653.76
	965.15
	298.24

	120
	18.80
	81.20
	424.21
	344.46
	637.26
	981.72
	285.70


A Surface adsorbed [As(V)] mg/l = surface adsorbed [As(V)] % / 100 * Total surface adsorbed Arsenic [As(T)]. B Aqueous [As(V)] µg/L as measured by UV/Vis.  C Total [As(V)] yield = Surface [As(V)] + Solution [As(V)]. D Decline in [As(III)] = [As(III)] in dark – [As(III)] under UV.

Effect of Sn-doping and PCO on arsenic removal efficiency 
In water treatment, photocatalysis of As(III) is aimed at improving the removal of arsenic from the aqueous solution. Therefore, we compared the efficiency of unmodified TiO2 and the 1Sn:1TiO2 (i.e. Sn-TiO2:SnO2) samples with respect to the removal of arsenic after 2 h irradiation. The amount of removal was calculated using Eq. 10. 
              (10)
The results are shown in Fig S28. In the dark experiment, 1Sn:1TiO2 removed 19 % more than the unmodified TiO2, which we attribute to the higher adsorption affinity of SnO2 compared to that of TiO2. Under UV irradiation, 1Sn:1TiO2 removed 35 % more arsenic than unmodified TiO2. The improved removal using UV irradiation is due to the oxidation of As(III) to As(V), which then is more readily adsorbed. 
Conclusion 
The objective of this work was to test the potential of Sn doped TiO2 as n-p heterojunction photocatalyst to improve As(III) oxidation rates in solution and to understand the structural changes induced during the synthesis. Using a wide range of analytical tools (XRD, Raman, XPS, LEIS, EDX, HR-TEM, S-TEM, SEM and FTIR), we show that at low Sn-doping levels (i.e. 0.1Sn:1TiO2), SnO2 forms the shell and Sn-TiO2 forms the core of the catalyst, i.e. SnO2@Sn-TiO2 forms. Whereas at high Sn-doping levels (e.g. 1Sn:1TiO2), Sn-TiO2 forms the shell and SnO2 forms the core, i.e. Sn-TiO2@SnO2 forms. Sn-doping reduces the band gap and decreases the conduction band energy, improving therefore the electron-hole separation. The Sn-Ti oxide photocatalysts provide ~ 30 to 46 % higher oxidation yield compared to TiO2. For the first time, the PCO kinetic rate (k) is accurately by tracking the concentrations of arsenic species [As(III) and As(V)] at the surface and in solution. We show that determining k based on aqueous As(V) solely underestimates the photocatalysis yield by ~50 % because this neglects the surface adsorbed As(V). In addition to the PCO enhancement, TiO2 doped with high levels of Sn (1Sn:1TiO2; i.e. Sn-TiO2@SnO2) improves the total arsenic adsorption by 33 % compared to TiO2, demonstrating its potential as novel sorbent-photocatalyst bifunctional composite for arsenic treatment. 
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