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Abstract

:

Producing active thin films coated on supports resolves many issues of powder-based photo catalysis and energy harvesting. In this study, thin films of C-N-TiO2 were prepared by dynamic spin coating of C-N-TiO2 sol-gel on glass support. The effect of spin speed and sol gel precursor to solvent volume ratio on the film thickness was investigated. The C-N-TiO2-coated glass was annealed at 350 °C at a ramping rate of 10 °C/min with a holding time of 2 hours under a continuous flow of dry N2. The C-N-TiO2 films were characterised by profilometry analysis, light microscopy (LM), and scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS). The outcomes of this study proved that a spin coating technique followed by an annealing process to stabilise the layer could be used for immobilisation of the photo catalyst on glass. The exposure of C-N-TiO2 films to UV radiation induced photocatalytic decolouration of orange II (O.II) dye. The prepared C-N-TiO2 films showed a reasonable power conversion efficiency average (PCE of 9%) with respect to the reference device (15%). The study offers a feasible route for the engineering of C-N-TiO2 films applicable to wastewater remediation processes and energy harvesting in solar cell technologies.
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1. Introduction


The accumulation of recalcitrant organic pollutants (ROPs) in transfer water sources has raised various questions on the safety of potable water used for drinking, households, and other activities [1,2]. Traditional mechanical, biological, physical, and chemical methods such as flocculation, coagulation, reverse osmosis, filtration, ultrafiltration, adsorption, and active sludge treatment methods have failed to remove these xenobiotic compounds from water [3]. This is because the methods listed above often transform contaminants from one phase to another instead of degrading the toxins. Also, the post-treatment of by-products resulting from these methods is costly [4].



Besides, this new generation of contaminants is present in nanogram quantities and conventional techniques have not been designed to remove these low levels of different types of pollutants, which consequently pass through the treatment processes and end up in effluents at minute concentrations [3]. Advanced oxidation processes (AOPs) were developed in recent years for the complete removal of ROPs [5,6]. AOPs are based on the production of non-selective hydroxyl radicals (OH·) [7]. After fluorine (3.06 V), the OH· radicals are considered to be the most powerful oxidant species (2.8 V) that can directly or indirectly mineralize these pollutants into dissolved CO2, H2O, and harmless end-products [8,9,10].



Among various AOPs highlighted in the literature, heterogeneous photo catalysis was identified as a robust process that can decompose and mineralize most recalcitrant contaminants [11,12]. The degradation process is induced by UV or solar light illumination of powder TiO2 in an aqueous medium [13]. Indeed, TiO2 is considered as a suitable semiconductor often acting as a dye-sensitizer inducing light redox-processes because of its electronic arrangement of metal atoms combined with other elements [13]. Besides, TiO2 was found to be efficient, highly photoactive, biologically and chemically inert, inexpensive, resistant to photo corrosion and chemical corrosion, recyclable, and with a suitable band gap (Eg = 3.2 eV) suitable for oxidation and reduction processes [14,15]. These characteristics have rendered TiO2 a popular heterogeneous semiconductor catalyst for diverse environmental applications [14,15].



In most photocatalytic applications, TiO2 powder is dispersed in an aqueous solution to induce the photocatalytic process [16]. However, the suspension of TiO2 powder in aqueous media may result in high filtration costs to remove the suspended TiO2 particles [17]. This in turn represents a limitation from an industrial perspective. The immobilization of TiO2 on diverse supports has been suggested as a palliative solution to overcome this limitation [18]. From this point of view, TiO2 was immobilized on various supports including glass, glass beads, quartz, silica, activated carbon, fiber glass cloth, zeolites, stainless steel, ceramics, cloth, monolith, polymers, and membranes [19]. The decrease of the TiO2 surface area was identified as the principal disadvantage during its deposition on the aforementioned supports [19,20].



Several methods, including chemical vapor deposition, electron beam evaporation, reactive magnetron sputtering, spray pyrolysis, electrophoresis, cathodic arc evaporation (CAE), reactive thermal deposition, static-dynamic films compressed, and sol-gel methods were used for immobilization of TiO2 on supports [21,22]. Likewise, the sol-gel procedure was considered as a suitable coating technique because it offers benefits such as composition controllability and the use of low-cost equipment. Preparation of films with a large surface area and high photocatalytic activity offer the possibility to engineer excellent homogenous nano-thin films of desired layers [19,23,24]. Modified TiO2 nano composites were used as coating layers on various supports and exceptional results have been achieved. For instance, Hui Shu et al. [25] studied the protection of stone-built cultural heritage by brushing TiO2-modified sol coating material (TSCM) and pure TiO2 sol (p-sol). The protective properties of TSCM were assessed by various analyses including water absorption, water vapor permeability, acid resistance, and weather resistance. Their outcomes showed that good water absorption and water vapor permeability, strong acid resistance, and higher weather resistance were observed with TSCM compared to p-sol. The authors claimed their results offer valuable alternatives in protecting stone-built cultural heritage. A comparable investigation was carried out by Anara Molkenova et al. [26] who established a practical process of producing transparent TiOx and metal doped TiOx thin films and their immobilization on glass supports. The authors showed that the fabricated TiOx thin films considerably diminished the transmittance of harmful UV radiation and could therefore be beneficial for the preservation of photovoltaic appliances. Besides, they further reported that translucent and luminous TiOx thin films could be used as security labeling systems.



During the preparation of thin films, the sol-gel method is often applied with other techniques such as spin-coating technique used to spread thin films evenly on flat supports. In this process, an excess quantity of the precursor solution is placed on the support surface. Thereafter, the support rotates at a fixed speed to spread the gel by centrifugal force and creates wet thin layers. However, a few factors, mainly the rotation speed, concentration/viscosity of the gel, and the evaporation rate to some extent may affect the thickness of the obtained films. The developed films could be used for various applications such as photo catalysis and as charge transport layers in new generation solar cells.



Therefore, in the current study, C-N-TiO2 synthesized by a sol-gel method was spin coated on glass (borosilicate) and thermally annealed under controlled conditions. The effects of spin coating parameters such as spin speed and solution viscosity on the thickness of the prepared C-N-TiO2 films were investigated. Thereafter, the stability and efficiency of the annealed films were tested in harsh acidic media by photocatalytic removal of O.II at the applied conditions and as an electron transporting layer for perovskite solar cells, respectively.




2. Materials and Methods


G3P-8 SPINCOAT (Specialty Coating Systems Inc. Indianapolis, IN, USA) was used for spin coating, a Brother XD-1600MT Three Zones Tube Furnace (Zhengzhou Brother Furnace Co., LTD, Zhengzhou, China) was used for thermal annealing, and Veeco DekTak 6M stylus profiler (Veeco Instruments, Inc. Tucson, AZ, USA) was used to measure the thickness of the thin films. Photo catalysis experiments were conducted with a UV lamp (Mega-Ray 160 W/240 V MR160 SPL11/14 from Kimix, Cape Town, South Africa). Polyacrylonitrile (PAN) powder (99.5%, Good fellow, Huntingdon, UK), titanium tetrachloride (MW 189.68 g/mol), and titanium (IV) oxide (powder) Degussa (99.5%, Sigma Aldrich, Johannesburg, South Africa), N, N dimethyl formamide (DMF) 99% and ammonium nitrate (NH4NO3), ACS 95% (Industrial Analytical (Pty), Johannesburg, South Africa), sulfuric acid 98% and sodium hydroxide flakes CP 97% (Kimix), and Orange II sodium salt (85%, Sigma Aldrich, Johannesburg, South Africa) were used for the preparation of carbon-nitrogen co-doped gel (C-N-TiO2) and in the photocatalytic degradation of orange II dye purchased from Kimix.



2.1. Preparation of C-N-TiO2 Sol-Gel


Eight grams of polyacrylonitrile (PAN) were weighed and mixed with 100 mL of 99% N,N-dimethylformamide (DMF) in a 200-mL capped borosilicate glass bottle and stirred for 24 h at room temperature. Approximately 1.5 to 3 mL of 98% concentrated TiCl4 was added dropwise into the prepared 8% PAN/DMF mixture and stirred in a fume hood until the white HCl fumes disappeared from the resultant sol gel. Moreover, 1.5 to 3 mL of 5% NH4NO3 was added dropwise into the C-TiO2 sol gel obtained and stirred for 15 to 30 min until the color of the mixture slightly changed from brownish to yellow-brownish.




2.2. C-N-TiO2 Film Procedure


The C-N-TiO2 films on glass supports (substrates) were obtained through the spin coating method from a sol gel solution using a G3P-8 SPINCOAT (Specialty Coating Systems Inc., Indianapolis, IN, USA) as shown in Figure 1. Highly uniform films were achieved under the dynamic (spin drop) method compared to the non-uniform films obtained using the static (drop-spin) technique. Firstly, the glass supports (substrates) were cut into squares of 2 by 2 cm, cleaned thoroughly in acetone, followed by isopropanol in an ultrasonic bath for 10 minutes, respectively, and thereafter repeatedly rinsed in deionized water and left to dry naturally.



The C-N-TiO2 films were obtained using a spinning speed altered from 2000 to 2900 revolutions per minute (rpm) and the sol gel solution was varied by adding 3, 4, or 5 mL of gel per 5 ml of DMF solvent. A time of 90 seconds was used to allow the film to dry while spinning. Whitish films were visible immediately after spin coating confirming the successful and uniform deposition of sol gel films. These thin films were further annealed using a 3-zone horizontal ceramic-tube furnace (Brother XD-1600MT manufactured by Zhengzhou Brother Furnace Co., LTD, Zhengzhou, China) as described in Figure 1. The gel-coated glass samples were placed at the center of the heating zone, which achieved the desired temperature of 350 °C (ramping rate of 10 °C /min). The samples were left at this temperature for 2 h under a continuous flow of dry N2 (Mass Flow Controllers (MFC)) to avoid any oxidation of the C-N-TiO2 films formed while annealing. The system was cooled down under N2 flow and the annealed C-N-TiO2 films were dark in color.



The film C-N-TiO2 thickness was measured using a profiler (Veeco DekTak 6M, stylus profiler, Veeco Instruments, Inc., Tucson, AZ, USA) with a low force of the stylus to avoid scratching of the films. The morphological distribution/deposition of the nano catalyst on the glass was investigated by scanning electron microscopy (SEM), while the composition of the coated films was investigated by energy dispersive spectroscopy (EDS). Furthermore, by changing both speed and sol gel to solvent volume ratio, the stability of the prepared films was assessed by the photocatalytic degradation of O.II sodium salt dye at the applied conditions.




2.3. Effect of Spin Coating Speed and Sol-Gel Dilution on the Thickness of Thin Films


The impact of spin coating rotation speed on the sol gel film thickness was investigated by varying the speed from 2000, 2300, 2600, to 2900 revolutions per minute (rpm) following the spin coating process described above, while the sol gel to solvent volume ratio (3:5) and the spinning time 90 s were kept constant. Conversely, the viscosity of the sol gel to solvent volume ratio (V:V) was examined by altering the gel volume from 3, 4, to 5 mL while that of DMF solvent (5 mL) was kept constant. So, three solutions ratios of 3:5, 4:5, and 5:5 were prepared and stirred for 24 h at room temperature and then also coated at a speed of 2600 rpm for 90 s following the same coating procedure shown in Figure 1. Each coating experiment and thickness measurement was performed twice (n = 2).




2.4. Application 1: Photo Catalysis Test


Furthermore, in both speed and sol gel to solvent volume ratio investigations, the activity of the C-N-TiO2 films was assessed by the photocatalytic decoloration of O.II dye detailed in Figure 2 at the following conditions: O.II concentration 5 mg/L, volume 500 mL, solution pH 2.5, a UV lamp (Mega-Ray 160 W/240 V MR160 SPL11/14 from Kimix), the irradiation time of 120 min, and with sampling every 30 min. The absorbance of O. II dye was measured at a fixed wavelength of 485 nm and the unknown concentration of O.II solution was estimated using the linear trend y = 0.0691x obtained from O.II dye standard solutions. The decoloration efficiency of O.II dye pollutant was estimated according to Equation (1).


  Decoloration %   =    (     C t  −  C 0     C 0     )  × 100  



(1)




where C0 represents the concentration of O.II dye at time t = 0 min and Ct the dye concentration at sampling time t.




2.5. Perovskite Solar Cells Fabrication


The perovskite cell fabrication started with the cleaning process of patterned fluorine-doped tin oxide (FTO)-coated glasses (from PerkinElmer (UK) Holdings Ltd, Buckinghamshire, U.K.), firstly washed with a cleaning liquid, dissolved in deionized water. Subsequently, the glass supports were immersed in an ultrasonic bath with acetone and 2-propanol for 10 min for each step. The compact TiO2 (cTiO2) blocking layer (50 nm) was deposited by spray pyrolysis with a solution of acetylacetone (2 mL), titanium diisopropoxide (3 mL), and ethanol (45 mL) at 460 °C (all previous chemicals were purchased from Merck KGaA, Darmstadt, Germany). In the reference case, a thin mesoporous TiO2 (mTiO2) film (~150 nm) was deposited on top of the cTiO2/FTO support by spin coating (3000 rpm for 20 s). The spun TiO2 paste (Dyesol 30 NRD paste diluted in ethanol 1:5 in wt %) was sintered at 480 °C for 30 min in air. In the case of C-N-TiO2-based devices, C-N-TiO2 layers were realized according to the optimized procedure reported in Section 3.2.



A solvent mixture of anhydrous N,N-dimethylformamide (DMF), and dimethylsulfoxide (DMSO) in a 3:1 ratio (v:v) was used to prepare a Csx(MA0.17FA0.83)(1−x)Pb (I0.83Br0.17)3 triple cation precursor perovskite solution composed by a mixture of lead (II) iodide (PbI2), lead (II) bromide (PbBr2), methyl ammonium bromide (MABr), formamidinium iodide (FAI), and cesium iodide (CsI) (purchased from Greatcell Solar Materials Pty Ltd, Rome, Italy) by following the molar ratio suggested by Saliba et al. [27]. The obtained mixed perovskite solution was deposited with a one-step deposition and antisolvent method in a nitrogen-filled glovebox system by using a two-step program at 1000 and 5000 rpm for 10 and 30 s, respectively. During the second step, 150 μL of chlorobenzene was poured on the spinning substrate 7s before the end of the program and the sample was immediately annealed at 100 °C for 1 h in a nitrogen-filled glovebox to obtain a compact perovskite layer 450 nm thick [28]. A 140-nm thick hole transport layer (HTL) was spin coated at 2000 rpm for 20 s using a Spiro-OMeTAD (73.5 mg in 1 mL of chlorobenzene) solution doped with 26.7 µL of TBP, 16.6 µL of Li-TFSI, and 7.2 µL Cobalt (III) FK209 complex [29] (all purchased from Merck KGaA, Darmstadt, Germany). Finally, a gold counter electrode (~100 nm) was evaporated through a shadow mask on an active area of 0.1 cm2 to complete the device.




2.6. Application 2: Perovskite Solar Cells


Devices testing: current density-voltage (J–V) characteristics of PSCs were measured under simulated AM 1.5 G solar light at 1000 W/m2 irradiance generated by a solar simulator (ABET Sun 2000, class A, Abet Technologies, Inc. 168 Old Gate Lane Milford, Connecticut 06460) [30]. The system was calibrated with a certified reference Si Cell (RERA Solutions RR-1002 purchased from Rera Solutions B.V., Mercator 1 Building, Toernooiveld 200 6525 EC Nijmegen, Netherlands) and devices were measured using a mask to define the active area of 0.1 cm2 [31].





3. Results


3.1. Effect of Spin Coating Speed on the Thickness of C-N-TiO2 Thin Films


The influence of coating speed on the thickness of thin films of the sol gel precursor was assessed by using different spin speeds of 2000, 2300, 2600, and 2900 rpm while the sol gel-solvent volume ratio of 3 mL of sol gel diluted in 5 mL of DMF solvent (50 µL solution drop was used each spin coating) and spinning time of 90 s was kept constant. The thickness of films after thermal annealing at 350 °C was determined by Dektak profilometry analysis (n = 2) and the results of this investigation are presented in Table 1 and plotted in Figure 3. The results in Figure 3 show that the annealed C-N-TiO2 film thickness correlated inversely with an increase in spin speed. The thickest films of 551 nm with 0.233 g of C-N-TiO2 catalyst were achieved at 2000 rpm followed by 445 nm corresponding to 0.219 g of C-N-TiO2 nano catalyst at 2300 rpm at the applied conditions described in Figure 3. Likewise, the coatings thicknesse of 356 and 243 nm with 0.219 and 0.217 g of C-N-TiO2 nano composites were obtained at speeds of 2600 and 2900 rpm, respectively, as shown in Table 2. Consequently, the thinnest film corresponding to the lowest C-N-TiO2 catalysts mass was achieved at a spin speed of 2900 rpm. These results showed that 243-nm thin films could be obtained at high rotational speeds, but the mass of the catalysts could be low. A similar trend related to the spin coating showed that the mass of the C-N-TiO2 catalyst deposited on the glass decreased with an increase of spin coating speed. This further inferred that spin coating speed is a very crucial parameter in film engineering that needs to be considered. For optimization purposes in this study, 2600 rpm was selected as the optimum rotation coating speed that was used throughout the further tests. Even though various studies on immobilization of TiO2 on glass were conducted [32,33,34,35]; only a few or no investigations studied the trend between sol gel spin coating speed and thickness of annealed film layers as described in this study.




3.2. Light Microscopy, Scanning Electron Microscopy, and Energy Dispersive Spectroscopy


The distribution of the sol gel precursor influenced the final annealed film of C-N-TiO2 nano catalyst on the support and the presence of C, Ti, and O in the catalyst layers after the pyrolysis step was further evaluated by light microscopy (LM) and scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS) analysis, respectively. The LM images in Figure 4 obtained upon variation of speed show that coating layers present excellent structural integrity and improved adhesion on the glass support. The SEM images of the obtained C-N-TiO2 films at each rotation speed are presented in Figure 5. The composition of each annealed film was measured by EDS and is presented in Table 3.



The SEM images present the morphologies of the annealed C-N-TiO2 films that were prepared from the sol gel spun at rotational speeds from 2000, 2300, 2600, to 2900 rpm. Figure 4 and Figure 5 show that the highly porous network of the C-N-TiO2 nano catalyst was well dispersed on the glass surface after annealing in N2 at 350 °C for 2 h. However, the morphology of the films changed with spin coating speed. For instance, unlike the uncoated glass (Figure 5a), Figure 5b,c showing glass coated at 2000 and 2300 rpm show that a distinctive needle-like morphology formed upon the glass support, testifying to a well dispersed nano-composite on the glass surface and the layer thickness was 339–564 nm and 432–459 nm, respectively. The SEM images of C-N-TiO2 film coated at 2600 and 2900 rpm (Figure 5d,e) show C-N-TiO2 was also well distributed on the support. Moreover, the SEM images of the films coated at 2900 rpm presented in Figure 5e clearly showed that thin layers (157 nm) of C-N-TiO2 nano composite were not distinguishable from the support surface due to catalyst homogeneity on the support. The compact and condensed morphology in SEM images in Figure 5e suggested strong adherence between the nano-catalyst and the support. Nevertheless, the SEM results further proved that the annealed nano catalyst adopted different morphologies on the support, depending upon coating at different rotation speeds.



The EDS results presented in Table 3 show that C, Ti, and O were present in the prepared thin films, and Ti content that decreased from 0.74 to 0.50 wt % could be tailored by spinning speed. The high amount of C shows that PAN related C residues were present after annealing. However, N was not detected since its amount might have been lower than the detection limit/sensitivity of the EDS instrument. The results hence showed that regardless of the coating speed, nano C-N-TiO2 film adhered to the glass support after the annealing process.




3.3. Effect of Sol Gel–Solvent Ratio on the Thickness of Thin Films


The effect of sol gel viscosity on the thickness of the annealed film layers was assessed by varying the sol gel to DMF solvent volume ratio (v:v) from 3:5, 4:5, to 5:5, respectively, at a constant rotation speed of 2600 rpm for 90 s. The thickness of samples measured are presented in Table 4 and plotted in Figure 6.



The results show that the thickness of the films increased with an increase of sol gel to volume ratio. The thinnest catalytic layers (358 nm) corresponding to 0.0460 g of C-N-TiO2 nano catalyst were obtained at sol gel to solvent ratio of 3:5 while the thickest film layers 420 nm and 453 nm with 0.0105 and 0.2365 g of C-N-TiO2 nano composites were achieved at 4:5 and 5:5 sol gel to solvent volume ratio, respectively. This implied that the ratio of 3:5 was the most suitable for the spin coating performed in this study. Likewise, the less diluted 5:5 sol gel-solvent ratio was more viscous and might have evaporated less during the spin coating and annealing process, resulting in a film with a higher mass of 1.048 g. This in turn resulted in thicker layers similar to those reported by Lu et al. [36], Kenanakis et al. [37], Zabihi et al. [38], and Clausi et al. [39]. Based on these results and for optimization purposes, 3:5 was identified as the optimum sol gel-solvent ratio in this study.




3.4. Light Microscopy, Scanning Electron Microscopy, and Energy Dispersive Spectroscopy


The effect of sol gel to the solvent ratio on the thin film morphology was examined by various characterization techniques, among which, light microscopy (LM) and scanning electron microscopy (SEM) paired with energy dispersive spectroscopy (EDS) [38]. In this study, LM (Figure 7) and SEM (Figure 8) were used to visualize the deposition/distribution of the nano composites on the supports. The energy dispersive spectroscopy (EDS) in Table 5 coupled to SEM was used to prove the presence of C, Ti, and O though N could not be identified due to the low sensitivity of the SEM instrument toward its amount in the catalyst. The LM and SEM images of films fabricated at each sol gel-solvent ratio (3:5, 4:5, and 5:5), are presented in Figure 7 and Figure 8.



The SEM images show that the annealed C-N-TiO2 coatings were well distributed on the glass surface. Despite increasing the sol gel-solvent ratio, the nano catalyst was well dispersed on the substrate (Figure 7). In Figure 8a, C-N-TiO2 was well fused on the glass, hence resulting in porous films with a thickness of 358 nm as previously described in Table 4. The fusion of C-N-TiO2 upon the glass surface suggested that there was a strong adherence or bonding between the nano catalyst and support at a low sol gel to solvent ratio. The low viscosity of the precursor sol gel to solvent in a ratio of 3:5 led to thin layer films, which were fused to the support when spin coating at an optimized rotation speed of 3600 rpm followed by thermal annealing. In contrast, SEM images in Figure 8b,c show that a porous C-N-TiO2 network was produced at viscosities of 4:5 and 5:5 on the support surface. Consequently, the elevated sol gel content led to nanocrystalline structured films with thicknesses of 420 to 453 nm when spin coated at a specific rotation speed of 2600 rpm and subsequently thermally annealed. Table 5 confirms that C, Ti, and O were present in C-N-TiO2 immobilized on the glass. Ti content showing a light increase from 0.50, 0.52, to 0.78 wt % could be controlled by altering the viscosity of the sol gel. Whereby, the elevated amount of carbon was probably due to C residues resulting from the annealing process from the decomposition of PAN.




3.5. Application 1: Photo Catalysis Tests


3.5.1. Effect of Spin Coating Speed on the Degradation of Orange II Sodium Salt Dye


The photocatalytic activity of the prepared thin films was evaluated by the degradation of O.II sodium salt dye at the applied conditions. Beforehand, O.II was exposed to UV light for 120 min and was considered as control (UV alone). The photo catalysis results showed that decoloration% of orange II with UV light alone slightly increased up to 4.8% with an increase in treatment time. This might be because the azo group (–N=N–) was progressively being destroyed as UV-vis light exposure time gradually increased. The results of the duplicated activity are shown in Figure 9.



The UV-Vis photo catalysis outcomes show that O.II decoloration% increased with exposure of the dye to composite coatings that were prepared using an increase of spin coating speed up to 2600 rpm. The photocatalytic activity films made at 2900 rpm were most consistent over time. The highest decoloration percentage of O.II was obtained with thin layers of C-N-TiO2. After 60 minutes of UV-Vis exposure, about 16.43 and 9.23% removal of O.II were obtained with films coated at 2600 and 2900 rpm, respectively, followed by 5.12, 3.80, and 3.33% of O.II removal achieved with films coated at 2300 and 2000 rpm and UV alone, correspondingly. This low activity could be ascribed to the small sample size relative to solution volume and dye concentration and further to the decrease of Ti content (from 0.74 to 0.52 wt %) dictated by EDS shown in Table 3. Alternatively, the photocatalytic outcomes in Figure 9 inferred that thicker layers resisted light penetration, which in turn induced low degradation of O. II. The results also show the film stability in acidic conditions.



Indeed, during photo catalysis with thick layers, most electrons and holes might have been created in the bulk of the doped nano semiconductor, and hence could not reach the surface of the film where the photocatalytic reaction took place. This consequently resulted in the lower photocatalytic degradation of O.II [14]. This trend for the thicker films was also observed after 30, 90, and 120 min of UV irradiation. In the case of films coated at 2600 rpm, the 15.3% O.II removal obtained after 60 minutes decreased to 12.67 and 12.83% after 90 and 120 min of treatment. This suggests that the films coated at 2600 rpm maximally absorbed the UV light after 60 minutes of UV irradiation.



Beyond this time, the thin layer of 353 nm films became less active in O.II acidic medium. The current study shows that the highest photocatalytic degradation percentages of O.II were achieved at lower film thicknesses. In other words, the degradation of O.II increased with a decrease in film thickness to about 350–250 nm. It can be inferred that high photocatalytic activities of composite films can be achieved with films of thickness ≤300 nm as the thinnest films obtained in this study fit within this range. Hence it could be inferred that the photocatalytic activity of sol-gel spin coated films is significant in a thickness range of ≤300 nm relative to the rotational spin coating speed. Conclusively, the thickness of the TiO2 films has an impact on their Ti content and thus their photocatalytic activities and should therefore be controlled to reach the desired activity.



The results obtained in this study demonstrated that during the preparation of thin films by the spin coating process, the rotational speed is an important parameter that may influence the morphology of the films and their Ti content per unit area, which further impacted their photocatalytic activity. Hence spin coating speed should be optimized to achieve the desired Ti content through controlling the layer thickness and so improve photo catalytic performance of the prepared films.




3.5.2. Effect of Sol Gel to Solvent Ratio on the Photocatalytic Activity of Coated Glass on Orange II Dye Removal


The photocatalytic test of the films fabricated using sol gel at different viscosities followed by annealing on their removal of O.II sodium salt dye at the applied conditions is plotted in Figure 10.



At each sampling time, the results in Figure 10 show that O.II decoloration correlated inversely to the sol gel to the solvent ratio used during film preparation and following the increase of Ti content that rose from 0.50 to 0.78 wt % as shown in Table 5. After 30 minutes of UV-Vis irradiation, 5.3% of degradation was obtained with the 5:5 ratio. This implied that the films with thick layers resulting from high viscosity had lower decoloration% of O. II. The highest (15.42%) O.II decoloration was reached after 60 minutes of UV-Vis exposure at a 3:5 sol gel to the solvent ratio. This then decreased to 12.67 and 12.83%, and hence became constant [40,41,42]. This indicated that at 60 minutes of reaction time, the supports coated with 3:5 sol gel to solvent ratio reached maximum UV-light absorption and the samples were stable in O.II acidic medium. Conversely, this shows that films with low thicknesses achieved at low sol gel to solvent ratio were more photocatalytically active than thicker ones and consequently led to improved decoloration% of O.II dye [37,43,44,45]. It should be recalled that the concentration of gel/dopants and the viscosity of the gel are directly linked to one another. That is the more sol gel to the solvent used, the more viscous the sol gel. Therefore, spin coating small amounts or a low concentration of the gel on the substrates resulted in improved morphological properties of the prepared films. In this regard, films coated with low viscosity resulted in thin films of desired thickness and therefore improved Ti content and photocatalytic activity.



These results meant that the films with thicker layers in the range of 420–453 nm resisted UV-light penetration in an aqueous acidic environment, which also could be due to the C-N-TiO2 photo catalyst being occluded in the carbon matrix used to adhere the catalyst to support. Alternatively, the excited electrons in the coated films did not reach the film surface where the reaction occurred and rather accelerated the electron-hole recombination process resulting in reduced photocatalytic activity of the prepared nano films. This conforms with the findings of Dijkstra et al. [42] and Varshney et al. [44], who highlighted that one of the few disadvantages of the sol-gel spin coating process is the fact that it is often difficult for thick layers of films to be active when exposed to photo oxidative environments. This study proved that spin coating under optimized conditions is an adequate technique that can be used to immobilize active catalysts on flat supports. However, the speed of spin coating and catalyst to sol gel ratio are two parameters among various that need to be cautiously tuned to obtain thin films of the desired thicknesses and activity [46].



The steadily increasing photocatalytic decoloration% of O.II obtained here (below 20% overall) was mainly due to the small sample size relative to the volume and concentration of dye used. This on the other hand demonstrated that the engineered films resist delamination when exposed to harsh oxidative environments. This method can therefore be used to avoid post-separation/filtration of aqueous powder photo catalyst that is often a pertinent limitation in photo catalysis at an industrial scale.





3.6. Application 2: Perovskite Solar Cells


Replacement of mTiO2 by C-N-TiO2


Usually, mesoscopic n-i-p perovskite solar cells (PSCs) require very high temperatures (above 480 °C) to sinter the m-TiO2 layer after the deposition. While for small devices, the sintering step does not impact on device production, in the case of large area modules [47,48], it can cause support deformation and/or bending that then negatively affect the following module production steps, such as laser ablations [48], in terms of substrate alignment and reproducibility. Since the as-optimized C-N-TiO2 was annealed at a moderate temperature of 350 °C, it was further tested as an electron transporting layer in perovskite solar cells employing n-i-p structure. The thin films on the support were engineered by spinning 50 µL of diluted sol gel with DMF solvent at different ratios of 3:5, 4:5, and 5:5 and rotational of speed 2600 rpm for 90 s. All samples coated at these conditions were annealed at 350 °C (ramping rate of 10 °C /min) for 2 h under dry N2 gas.



Alternatively, reference cells were fabricated by using TiO2 paste-based solution (30 NRD diluted in ethanol 1:5 w/w) as mesoporous layer precursor, spun at 3000 rpm for 20 s on top of the cTiO2 layer, and finally sintered at 480 °C for 30 seconds to remove completely the organic binder present within the paste [49]. The detailed procedure for realizing complete perovskite devices is reported in the Materials and Methods section. The typical current density–voltage characteristics for both the best performing reference (standard m-TiO2) and C-N-TiO2-based devices recorded under 1 SUN (1000 W/m2) irradiation are reported in Figure 11 and the key photovoltaic (PV) median parameters including power conversion efficiency (PCE), short-circuit current density (Jsc), open circuit voltage (Voc), and fill factor (FF) coupled to their standard deviation of both devices are shown in Table 6. As a first observation, we demonstrated the use of C-N-TiO2 as an electron transporting layer in perovskite solar cells by recording decent averaged power conversion efficiency overcoming 9% (see Figure 11).



The photovoltaic Figures of Merit (FoM) obtained for the two device typologies under one - sun (1 SUN) irradiation are reported in Figure 12. Despite the C-N-TiO2-based cells exhibiting lower device performances when compared to reference devices, there is still room for improvement by looking at the obtained FoM. In particular, PCE of C-N-TiO2-based cells can be improved by optimizing the uniformity and the thickness of the C-N-TiO2 layer, since it can penalize both the perovskite layer morphology and the TiO2/perovskite interface by eventually penalizing the absorbance of the perovskite layer and the electron transfer from perovskite to the electron transport layer (ETL), respectively, which can easily explain the overall short-circuit current density (JSC) drop. Consequently, the unbalanced hole and electron extraction occurred by negatively affecting the device fill factor (FF).



Moreover, the observed reduction of open circuit voltage (VOC) can be imputed to a not-perfect energy level alignment at the perovskite/C-N-TiO2 interface. Surface treatments [50], the insertion of a proper 2D material interlayers [51,52] in terms of interface engineering and/or material work function tuning by Agresti et al. [53], could help achieve such energy level matching [54].






4. Discussion


Various authors endorsed that the immobilization of a catalyst on transparent supports such as glass using spin and spread coating was identified as an alternative cost-effective route for catalyst coating [55,56]. That is, a controllable affinity between catalyst and glass supports was observed even though the limitations of catalysts coated on the glass are still under investigation [24,57]. Nevertheless, the effect of common factors mainly the rotation speed, the sol-gel to solvent volume ratio, and the evaporation rate to some extent on the thickness of the fabricated films and TiO2 content are still being investigated [58,59]. In the current study, the effect of two key parameters including spin speed and catalyst to solvent volume ratio on the thickness and activity of the C-N-TiO2 nano catalyst-coated films were examined. The outcomes in Figure 3 showing the decrease of film thickness with an increase of spin speed prove that coating speed is a crucial parameter in spin coating protocol that may further impact the photo catalysis of the films. The decrease of film thickness from 551 nm to 243 nm indicated that the solution evaporated more at higher speeds due to the centrifugal forces that force the sol gel in the outward direction of the support [60]. Considering the 2000–2900 rpm spin speed range used in our study, the best thickness 241 nm achieved at 2900 rpm shows that controlling rotational speed and sol gel evaporation followed by controlled annealing can lead to the formation of thin monolayer TiO2 films with excellent smoothness as confirmed by light microscopy images shown in Figure 4 and Figure 7.



Similar studies involving the impact of spin speed on various factors during sol-gel spin coating were highlighted. For instance, Khanna et al. [60] designed a long-range ordered close-packed monolayer of silica nanospheres with a size of approximately 200 nm deposited on silicon substrate by three-step spin coating method at ambient conditions. During their research, the influence of spin speed (varied from 200, 500, 1500 rpm) on the surface coverage of the film was investigated. The outcomes of their study showed that the film coverage thickness decreased with an increase of spin speed; however, various forces including centrifugal, capillary forces, solvent evaporation, and immersion capillary force were found responsible for the dispersion of the solution toward the outer edge of the film. The authors further confirmed that uniform domains on films were achieved at a spin speed of 200, 500, and 1500 rpm with an estimated surface covering ranging between 85–90% and comparable with results achieved by Wang et al. [61].



The extended effect of spin speed on the transmittance was inspected by Wang et al. [62] during the synthesis of uniform silver nanowires from AgCl seeds for transparent conductive films (TCFs) at spin-speed varying from 200, 500 to 1000 rpm. The finding of their study showed that the corresponding transmittance of the PET films engineered at the speed were 92, 81, and 95%, correspondingly. Likewise, Wang and co-authors, [62] endorsed that though optimisation of this parameter is crucial in spin coating process, it would be advantageous to engineer high-performing films at different speeds than fixed values to achieve desired catalyst layers.



Indeed, at higher revolutions per minute (rpm) speed, the catalyst being deposited was quickly spread/distributed on the surface of glass support leading to thinner films. Likewise, the catalyst layer may poorly or strongly adhere to the support depending on the chemical coordination/bonding behavior between the catalyst and support. This follows Chen and Dionysiou, [58] who highlighted that the desired properties of the obtained thin films have often good adherence with the catalyst to the support, thickness, porosity, and the durability of the catalyst or the catalyst lifetime. The poorly coordinated catalysts could be washed away when exposed to harsh oxidative environments while the intensely bonded catalyst could resist oxidative attacks and remain durable on the glass substrate.



The SEM morphologies presented in Figure 5 support the thickness data shown in Table 1 and Figure 3. The images displayed in Figure 2 indicate that the porous C-N-TiO2 nano composites were successfully spread on glass support; however, its layer thickness progressively decreased until it became indistinguishable from the glass support as spin rotational speed was raised to 2900 rpm. Similar observations were previously highlighted by Guillard et al. [40] and Gültekin et al. [63], even though different catalysts and experimental conditions were used in their studies. The EDS results in Table 3 also show a slight fluctuating decrease of C and Ti content as spin speed was increased to 2900 rpm.



The coordination behavior between catalyst and support may also depend on the catalyst viscosity; in this regard, low viscosity could accelerate its evaporation during the sol-gel spin coating scenario [64]. Therefore, the findings in Table 4 and Figure 6 reinforce that the catalyst to solvent volume ratio influences the thickness of the film. The increase of C-N-TiO2 catalyst thickness from 358 to 421 and 454 nm observed when sol gel to solvent volume ratio was altered from 3:5, 4:5, to 5:5 also showed that the best thickness was achieved at lower sol gel to solvent ratio, and hence implied that this parameter should also be taken into account during the sol-gel spin coating process. The EDS results in Table 5 also sustained the trend highlighted above where Ti content slightly increased with an increase of catalyst to solvent ratio. This was further complemented by SEM morphologies in Figure 8 showing fused catalyst with glass support in Figure 8a at low catalyst to solvent ratio 3:4. From the outcomes of our study, it can be inferred that besides various instructive results on sol-gel spin coating previously reported [65,66,67], spin speed and catalyst to solvent ratio can also significantly affect TiO2 content and the film thickness, and hence their optimization is mandatory to achieve adequate and durable film layers.



The change in film thickness discussed above also impacted on the catalytic activity of the films. Thus, the photocatalytic outcomes in Figure 9 and Figure 10 strongly show that moderately elevated percentages up to 17% of O.II dye removal were achieved with thinner films during both alteration of the spin speed and sol gel to solvent volume ratio. These minimal percentages could be due to the small mass values (0.233, 219, 219, 217 g) recorded in Table 2 and (0.0460, 0.0105, 0.2365 g) in Table 4 of the C-N-TiO2 nano catalysts on glass that were immersed in large volumes 500 mL of 5 mg/L O.II simulated dye. The impact of solution volume and concentration on such small 2 × 2 cm films will be part of our future investigation. Our findings clearly show the correlation of mechanical properties and film thickness to photocatalytic performance of thick and thin C-N-TiO2 films decorated on glass supports.



Indeed, during the annealing of C-N-TiO2 films, foreign elements from the surface of the film might have diffused into the glass support leading to thin layers, and hence the rapid circulation of electrons that enhanced photocatalytic activity under UV irradiation. On the contrary, in thicker films, the excited electrons did not reach the film surface during UV illumination where the reaction occurred and probably accelerated the electron-hole recombination process [14]. This consequently resulted in reduced photocatalytic activity of the prepared nano films.



The film thickness-related photocatalytic activities were assessed by Danish et al. [41] upon the degradation of the methylene blue (MB) dye observed. The outcomes of their study showed that the removal percentage of MB decreased with a decrease in film thickness.



Consequently, the highest MB degradation percentage (95%) was achieved with 160.3-nm film while the lowest MB removal percentage 73% was reached with 112.8-nm thin films. This was also supported by Guillard et al. [40], Varshney et al. [44], and Arabatzis et al. [45], who reported that high photocatalytic activity could be reached with films of low surface roughness. This was further reinforced by various authors [43,68,69]. Our pollutant removal efficiencies seem less than those previously reported probably because the 2 × 2-cm C-N-TiO2 films were immersed in a huge solution volume pf 500 mL of 5 mg/L O.II that impeded the penetration and minimized the focus of UV light adequate to induce effective photocatalysis process on the coated faces of films. This in return reduced the degradation percentages of O.II dye.



The effect of spin speed on photocatalytic activity thin films has extensively been reported in the literature, though different results were obtained [55,56]. Extensive investigations on the sol-gel spin coating of doped TiO2 films on glass were reported [24,57]. The impact of viscosity on the photocatalytic activity of the films was also highlighted by Zabihi et al. [38] and Pérez et al. [69]. This was previously appealed by Hassan et al., [70] who stated that the presence of C or N in the TiO2 lattice controls the photocatalytic sites and hence the photocatalytic activity. Altogether, these results further sustain that at an optimized sol gel to solvent ratio, with support cleaned with a suitable solvent system; it is possible to engineer thin films of desired thicknesses [46].



Unlike most photocatalytic studies discussed above that were performed in visible light, the photo catalysis test of the prepared C-N-TiO2 films in our study was conducted under UV light to overcome limitations of using powder catalysts in our dielectric barrier discharge (DBD) reactor technology previously studied [71]. Hence coating C-N-TiO2 on glass could promote the efficiency of UV light generated in advanced oxidation processes to achieve maximum degradation of targeted water/air pollutants. Alternatively, one of our future tasks will be to investigate the efficiency of C-N-TiO2-coated films under solar light as the thin and thick films developed in this study are favorable potential photo catalysts and perhaps suitable charge transport layers for photovoltaic applications.



The engineering of nanomaterials effective for both photo catalysis and photovoltaic applications is one of the challenging tasks in material science; nevertheless, various attempts were made in recent years [72,73,74]. Despite the photocatalysis scenarios and their benefits previously discussed, solar cell technologies are considered as outstanding prospects for renewable energy harvesting. Indeed, the efficiency of a solar cell is determined by measuring the amount of current density following applied voltage during light irradiation. Dubey et al. [75] conveyed that the main characteristic for a particular solar cell includes the short-circuit current density (Jsc), the open circuit voltage (Voc), and the fill factor (FF), which were explored in our study and the trends observed are presented in Figure 11 and Figure 12.



The fill factor (FF) often expressed as FF = Pmax/Jsc × Voc is the squareness of the curve depends on the parametric resistance in solar cell machinery. Figure 11 and Figure 12 represent the solar efficiencies of a perovskite cell developed in our study, showing the charge carrier layers were decorated with mTiO2 and the sol gel-synthesized C-N-TiO2 nanocomposites. The solar efficiency of the C-N-TiO2 cell reached 9% and is lower than 15% obtained with the reference mTiO2. Even though it was expected that C-N-TiO2 would efficiently improve energy harvesting as compared to the base, various factors including electronic, optical, and mostly poor homogeneity might have decelerated the C-N-TiO2-coated solar cell efficiency. Indeed, the SEM analysis in Figure 5 and Figure 8 depicting the morphology of C-N-TiO2 show irregular mesoporous microdomains of C-N-TiO2 nano catalysts on films when both parameter spin speed and catalyst to solvent volume ratio were varied. These random porous holes were certainly due to strong centrifugal, solvent evaporation, and immersion capillary forces that unevenly dispersed the sol gel toward the edge of the support [76]. Parallel outcomes showing agglomerated and irregular shapes of nanocrystalline alumina particles prepared by the sol-gel method were also reported by Wannaborworn et al. [76]. The SEM images in Figure 5 and Figure 8, therefore, taught us it would be advantageous to spin coat thin films at different speeds and catalyst to solvent volume ratios, as these two parameters are crucial and require adequate optimization.



The discontinuous homogeneity of C-N-TiO2 films observed in Figure 5 and Figure 8 might have induced short circuits during the solar cell energy conversion test, consequently resulting in low efficiency of 9% of C-N-TiO2 compared to the reference. In comparison with the literature, the performance of C-N-TiO2 solar cell with 9% conversion efficiency was much higher than the values reported in previous investigations [77,78,79]. Besides, Dong et al. [80] used hydrothermal protocol to synthesize TiO2 and Ag-doped TiO2 (Ag-TiO2) nanoparticles that were used in the dye-sensitized solar cell (DSSC) application. Their outcomes showed that 6.44 and 5.05% solar conversion efficiencies were achieved with TiO2 and Ag-TiO2 nanoparticle-based dye-sensitized solar cells (DSSC), respectively. Their findings were hence lower than the 9% obtained in Figure 11. Comparable studies showing solar energy conversion efficiencies lower than that reported in Figure 11 were reported [81,82]. Nevertheless, this is the first time sol gel-synthesized C-N-TiO2 has been employed in a photovoltaic application and we positively believe that succinct optimization of sol gel chemical composition as well as electrical parameters in the fabricated perovskite solar cell, the choice of appropriate film support, and perhaps following synthetic procedures suggested by Dubey et al. [75], Wu et al. [83], and Junfang et al. [84] could improve C-N-TiO2 solar energy conversion efficacy.




5. Conclusions


In this study, a C-N-TiO2 nano catalyst prepared by a sol gel method was successfully immobilized on glass support by the spin coating technique followed by annealing in N2. We found that the spinning rotation speed and sol gel to solvent ratio significantly affected the thickness of the films and Ti content, which further impacted on their photocatalytic performance. The distribution of C-N-TiO2 nano catalysts on glass support after thermal annealing as seen by SEM analysis showed strong bonding adhesion between the nano composite and the support. The thinnest films showed higher photocatalytic activity compared to thicker ones. The overall percentage removal of O.II over time suggested that the prepared films were stable in O.II acidic milieu and oxidative conditions of free radicals.



Thus, proper optimization of spin coating parameters is essential to achieve the desired properties of the nanostructured films. Furthermore, we demonstrated that C-N-TiO2 can be used as an electron transporting layer in perovskite solar cells by achieving not yet optimized but repeatable power conversion efficiencies above nine percent. In this regard, the lowering of TiO2 ETL annealing temperature can help prevent the typical glass deformation experienced by employing sintering temperatures over 450 °C, which can negatively impact large device production such as modules or panels.




6. Novelty


Our study revealed for the first time that C-N-TiO2 films are photo catalytically active, resistant in harsh environments, and are adequate charge carrier layers efficient enough for energy harvesting in solar cell technologies.



The sol gel C-N-TiO2 nano catalyst spin coated on glass supports were active in both degradation of persistent organic O.II dye and solar energy conversion in perovskite cells. This study, therefore, showed that for a typically advanced oxidation dielectric barrier system generating UV light, the C-N-TiO2 nano catalyst can directly be spin coated on the glass to enhance the efficacy of generated UV light. We further demonstrated that C-N-TiO2 films can be used as an electron transporting layer in perovskite solar cells by achieving repeatable power conversion efficiencies above nine percent. These outcomes have not been outlined elsewhere. Here, we evidenced that the immobilisation of C-N-TiO2 sol gel by spin coating technique resulted in thick and thin films profitable for both photo catalysis in advanced oxidation processes and photovoltaic applications.
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Figure 1. Schematic experimental set up used for spin coating of C-N-TiO2 thin films. 
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Figure 2. Photocatalytic experimental set up. 
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Figure 3. Effect of rotational coating speed on the annealed C-N-TiO2 film thickness obtained at the following conditions: sol gel to solvent volume ratio (V:V) 3:5, spinning time 90 s. The samples were pyrolyzed in N2 at 350 °C (ramping rate of 10 °C/min) for 105 min. The thickness measurements of each film were duplicated (n = 2). 
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Figure 4. Light microscopic images of C-N-TiO2 thin films recorded at calibration 90, at different speeds (2000 (a), 2300 (b), 2600 (c), to 2900 (d) rpm), and constant sol gel-solvent volume ratio of 3:5 for 90 sec. The samples were annealed in N2 at 350 °C (ramping rate of 10 °C/min) for 105 min. 
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Figure 5. Scanning electron microscopy (SEM) morphology of uncoated glass (a) and annealed films of C-N-TiO2 coated on support at different rotating speeds 2000 (b), 2300 (c), 2600 (d), to 2900 (e) rpm), and constant sol gel-solvent volume ratio of 3:5 for 90 s. The samples were annealed in N2 at 350 °C (ramping rate of 10 °C/min) for 105 min. 
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Figure 6. Effect of sol gel to solvent volume ratio on the thickness of films at the following conditions: coating speed 2600 rpm, spinning time 90 s, pyrolysis temperature 350 °C (ramping rate of 10 °C/min) for 105 min. The sol gel to solvent volume ratio (V: V) was varied from 3:5, 4:5, to 5:5. The thickness of each sample was measured twice (n =2). 
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Figure 7. Light microscopic images recorded at calibration 90 of C-N-TiO2 coated on glass support at a sol gel-solvent ratio varied from 3:5 (a), 4:5 (b), to 5:5 (c), and constant spinning speed of 2600 rpm for 90 s followed by pyrolysis at 350 °C in N2 (ramping rate of 10 °C /min) for 105 min. 
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Figure 8. SEM morphologies of C-N-TiO2 coated on support at a sol gel-solvent ratio varied from 3:5 (a), 4:5 (b), to 5:5 (c), and constant spinning speed of 2600 rpm for 90 s followed by pyrolysis at 350 °C in N2 (ramping rate of 10 °C /min) for 105 min. 
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Figure 9. Photocatalytic activity of glass coated with C-N-TiO2 nano composites at spin coating speed that varied from 2300, 2600, to 2900 rpm at the following experimental conditions: [O.II] concentration 5 mg/L, volume 500 mL, of pH 2.5, and sampled at 30 min intervals over an irradiation time of 120 min. Each photo catalysis experiment was duplicated (n = 2). 
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Figure 10. Photocatalytic activity of glass supported C-N-TiO2 coatings formed at sol gel-solvent ratio from 3:5, 4:5, or 5:5 (Experimental conditions: O.II concentration 5 mg/L, volume 500 mL, pH 2.5, and irradiation time of 120 min. The experiment at each sol-gel to solvent ratio was duplicated (n = 2). 
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Figure 11. Current density–voltage characteristics for both the best performing reference (standard mTiO2) and C-N-TiO2-based devices under 1SUN (1000 W/m2) irradiation in forward and reverse scan directions. 
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Figure 12. Photovoltaic Figures of Merit (FoM) of reference perovskite solar cells (PSCs) and C-N-TiO2-based devices extracted from the current-voltage (I-V) characteristics measured under one-sun (1 SUN) illumination: (a) open-circuit voltage (VOC); (b) short-circuit current density (JSC); (c) fill factor (FF); and (d) power conversion efficiency (PCE). The relative standard error reported as error bar is extracted by measuring six devices. 
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Table 1. Effect of spin coating speed on the thickness of the C-N-TiO2 films: sol gel: solvent ratio (V:V) = 3 mL of sol gel diluted in 5 mL of DMF solvent (3:5), spin coating time 90 s.
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	Coating Speed (rpm)
	Sol gel to DMF Solvent Volume Ratio (V:V)
	Annealed C-N-TiO2 Film Thickness (nm)

n = 1
	Annealed C-N-TiO2 Film Thickness (nm)

n = 2
	Average

Thickness (nm)
	Standard Deviation
	Mass (g) of C-N-TiO2 on Glass





	2000
	3:5
	539.4
	564.3
	551.7
	±17.4
	0.2329



	2300
	3:5
	459.6
	432.1
	445.9
	±19.4
	0.2198



	2600
	3:5
	383.4
	329.4
	356.4
	±38.2
	0.2197



	2900
	3:5
	329.1
	157.1
	243.1
	±21.6
	0.2169
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Table 2. Mass (g) of C-N-TiO2 deposited on films coated at different spinning speeds at the following conditions: sol gel-solvent volume ratio (V:V) 3:5, coating time 90 sec. The samples were thereafter pyrolyzed at 350 °C at a ramping rate of 10 °C /min for 105 min (n = 2).
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	Spinning Speed (rpm)
	Average Mass of the

C-N-TiO2 Film (g)
	Average Mass of the Uncoated Glass (g)
	Mass of C-N-TiO2 used (g)





	2000
	1.044
	0.812
	0.233



	2300
	1.031
	0.812
	0.219



	2600
	1.031
	0.812
	0.219



	2900
	1.028
	0.812
	0.217
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Table 3. Normalised weight percentages of elements C, Ti, and O in the films coated at different speeds and constant sol gel-solvent volume ratio (3:5) and coating time of 90 s, followed by annealing at 350 °C, at a ramping rate of 10 °C/min for 105 min.
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Elemental Composition (w %) of Uncoated and C-N-TiO2 Coated Films




	
Samples

	
C

	
O

	
Ti






	
Uncoated glass

	
19.30

	
80.70

	
NA




	
Glass coated at 2000 rpm

	
21.34

	
77.92

	
0.74




	
Glass coated at 2300 rpm

	
19.45

	
79.83

	
0.72




	
Glass coated at 2600 rpm

	
21.12

	
78.38

	
0.50




	
Glass coated at 2900 rpm

	
20.62

	
78.86

	
0.52











[image: Table] 





Table 4. Effect of sol gel to solvent volume ratio (V:V) on the film thickness. Experimental conditions: spin coating speed 2600 rpm, spinning time 90 s, pyrolysis temperature 350 °C in N2 (ramping rate of 10 °C/min) for 105 min (n = 2).
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	Sol Gel to DMF Solvent Ratio (V:V)
	Coating Speed (rpm)
	Film Thickness (nm)

n =1
	Film Thickness (nm)

n = 2
	Average

Thickness (nm)
	Standard Deviation
	Film Mass (g)

n = 1
	Film Mass (g)

n = 2
	Average Mass (g) of the Film
	Mass (g) of the Uncoated Glass
	Mass of C-N-TiO2 on Films





	3:5
	2600
	356.4
	359.8
	358.1
	±24.8
	0.8579
	0.8577
	0.8578
	0.8118
	0.0460



	4:5
	2600
	420.0
	423.0
	421.5
	±21.2
	0.8224
	0.8222
	0.8223
	0.8118
	0.0105



	5:5
	2600
	453.0
	456.6
	454.8
	±25.7
	1.048
	1.048
	1.048
	0.8118
	0.2365
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Table 5. Weight percentages of elements C, Ti, and O in the films coated at different sol gel-solvent ratio (V:V) at a constant speed (2600 rpm) and coating time of 90 s followed by annealing at 350 °C, at a ramping rate of 10 °C /min for 105 min. Elemental composition (wt %) of uncoated and C-N-TiO2-coated films.






Table 5. Weight percentages of elements C, Ti, and O in the films coated at different sol gel-solvent ratio (V:V) at a constant speed (2600 rpm) and coating time of 90 s followed by annealing at 350 °C, at a ramping rate of 10 °C /min for 105 min. Elemental composition (wt %) of uncoated and C-N-TiO2-coated films.





	Sol gel to Solvent Ratio (V:V)
	C
	O
	Ti





	Uncoated glass
	19.13
	80.87
	NA



	3:5
	21.12
	78.38
	0.50



	4:5
	22.96
	76.52
	0.52



	5:5
	22.87
	76.33
	0.78
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Table 6. Averaged (Av.) electrical parameter values and standard deviation calculated over six devices.






Table 6. Averaged (Av.) electrical parameter values and standard deviation calculated over six devices.





	Samples
	Av VOC (V)
	Av JSC (mA/cm2)
	Av. FF (%)
	Av. PCE (%)





	Reference
	1.06 ± 0.02
	19.42 ± 0.86
	73.14 ± 1.76
	14.98 ± 0.71



	C-N-TiO2
	0.99 ± 0.02
	16.99 ± 0.44
	54.79 ± 2.98
	9.28 ± 0.52
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