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Abstract

:

Non-metal doping introduces structural defects, which alter the metal oxide band gap, resulting in high photocatalytic performance. Herein, a F doped SnO2 was synthesized via a simple solvothermal method. Through adjusting the solvothermal time, surfactants and F doping ratio, the optimal sample was prepared. In addition, the as-prepared nano-powder was characterized and analyzed by X-Ray-Diffraction (XRD), Scanning Electron Microscope (SEM), Energy Disperse Spectroscopy (EDS) and Fourier Transform Infrared Spectrum (FT-IR). Interestingly, the results of photocatalytic degradation showed that the degradation rate of rhodamine B (Rh B) reached 92.9% in 25 min after a 5-hour solvent heat treatment with polyethylene glycol (PEG) surfactant and F doping ratio of n(F):n(Sn) = 1:15. Through the study of photocatalytic performance, we found that F-doped SnO2 has high photocatalytic activity during a short time and its development potential in the field of photocatalysis, which provides a strong support for our further study of its practical application.
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1. Introduction


In today’s era, facing the increasingly serious environmental crisis and energy shortage, solar photocatalytic technology based on semiconductor has attracted strong research interest all over the world [1]. Currently, it is mainly applied in photocatalytic hydrogen production [2], photocatalytic CO2 conversion [3], and photocatalytic degradation of environmental pollution [4]. Up to now, it is a key scientific problem to broaden the light response range and improve the quantum efficiency of semiconductor photocatalysts that increase its practical application [3]. Therefore, it is urgent to explore novel efficient photocatalysts with high light performance, economy and good stability to further promote the development of photocatalytic degradation technology [5].



SnO2 is an economical and non-toxic oxide semiconductor material [6]. At present, it is widely applied in the field of sodium ion or lithium ion batteries [7], solar cells [8], sensors [9] and photocatalysis [10] due to its excellent stability, excellent electrical properties and high photosensitivity [11]. Many studies have been carried out during the last years to improve the photocatalytic performance of SnO2, such as the preparation of structures with special morphology and doping of other substances. Lu et al. [12] synthesized flower-like SnO2 with a simple template-free hydrothermal method. After the photocatalytic degradation process of methyl orange (MB) and rhodamine B (Rh B), the flower-like SnO2 showed better performance than commercial SnO2 particles. SnO2 nanorods was synthesized by Hou et al. [13] via an interfacial hydrothermal method. For the degradation of methyl orange, the photocatalytic efficiency reached 99.3% of SnO2 nanorods and only spent 60 min under UV light irradiation.



At present, SnO2 was modified with non-metallic elements to improve their photocatalytic activity. Generally, doping non-metal (C, B, I, F, S, and P) will introduce structural defects, altering the band gap of metal oxide and resulting in higher absorption [14,15]. Tuan et al. [16] modified SnO2 using reduced graphene oxide. The photocatalytic activity for MB has been improved because of the raised specific surface area. Vitiello et al. [17] prepared effective photocatalysts using low F doped ZnO, thus making the catalyst safer and more environmentally sustainable. In addition, these ZnO: F catalysts showed better photocatalytic properties and had shorter Diclofenac (DCF) degradation and mineralization times when compared to other ZnO-based materials. Chen et al. [18] improved visible light photocatalytic activity through modified SnO2 composites with N-doped carbon quantum dots. Comparing with pure SnO2, the SnO2/NCQDs showed enhanced photocatalytic performance, which increased from 20.1% to 99.0% within 120-minute degradation of Rh B. The enhanced photocatalytic performance may be due to the addition of quantum dots—it can interact with SnO2 to increasing the response of the composite under visible light by reducing the band gap.



Inspired by the F-doped ZnO and N-doped SnO2, in this paper, we fabricated optimally F-doped SnO2 nanomaterials via a simple Solvothermal method, and the photocatalytic activity for degradation of Rh B was investigated. At the same time as photocatalytic Rh B, the structural and functional relations of different proportions of F-doped SnO2 samples were studied, such as XRD, SEM, EDS and FTIR, in order to evaluate the influence of F doping on the structure and photocatalytic effect of SnO2.




2. Experimental Part


2.1. Instruments and Reagents


Experimental instruments and equipment include: Electronic balance (JJ224BC, Changshu Shuangjie Test Instrument Factory, Changshu, China), electric constant temperature air blowing drying oven (101A-2, Shanghai Experimental Instrument Co. Ltd., Shanghai, China), centrifuge (TDZ5-WS, Hunan Xiangyi Instrument Development Co. Ltd., Changsha, China), UV-Visible spectrophotometer (UV-5100, Shanghai Yuanxi Instrument Co. Ltd., Shanghai, China), digital display heat collection stirrer (DF101B, Jintan Dadi Automatic Instrument Factory, Jintan, China), ultrasonic cleaning machine (KQ3201B, Kunshan Ultrasonic Instrument Co. Ltd., Suzhou, China) and magnetic heating stirrer (CJJ78-1, Jintan Baita Xinbao Instrument Factory, Jintan, China). Experimental reagents mainly included: stannic chloride pentahydrate (SnCl4·5H2O), polyethylene glycol (HO(CH2CH2O)nH, PEG), sodium fluoride (NaF), anhydrous ethanol, sodium dodecyl sulfate (C12H25NaO4S, SDS), sodium dodecyl benzene sulfonate (C18H29NaO3S, SDBS), polyvinyl pyrrolidone ((C6H9NO)n, PVP), lauryl amine and oleic acid, all of the drugs were analytical pure (AR).




2.2. Preparation of F-doped SnO2


SnO2 with different conditional parameters were prepared by solvothermal method. Mixed the oleic acid and lauryl amine in a 250-milliliter beaker and heat to 80 °C. Then, weigh 1.4 g SnCl4·5H2O dissolve in the above mixture and stir until it dissolves. Then, transferred to a high-pressure reactor and solve-heated at 200 °C for 5, 10, 15 and 20 h, respectively. After the reaction, the product was washed several times with anhydrous ethanol and deionized water. Finally, the product was dried at 90 °C. On the other hand, SnO2 was prepared by adding different surfactants (1 mmol PEG (6000), 1 mmol PVP, 1 mmol SDBS and 1 mmol SDS, respectively) under the same conditions (as shown in Table 1).



The preparation method of F-doped SnO2 nano-powders is basically the same as SnO2; the key is to add different qualities of NaF and, finally, get different ratios of F-doped SnO2 nano-powders. The n(F)/n(Sn) = 0:1 was named S0, n(F)/n(Sn) = 1:1 was named S1, n(F)/n(Sn) = 1:5 was named S2, n(F)/n(Sn) = 1:10 was named S3 and n(F)/n(Sn) = 1:15 was named S4, respectively. Related conditions and parameters are shown in Table 2.




2.3. Characterization


The crystal phase structure of the samples was analyzed by X-Ray Diffractometer (XRD, D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany). The sample morphology was observed by Scanning Electron Microscope (SEM, SU-8010, HITACHI, Tokyo, Japan). The SEM-based Energy Disperse Spectroscopy (EDS, American IXRF Model 550I, Austin, TX, USA) was used to study the elemental composition of the samples. Fourier Transform Infrared Spectroscopy (FTIR, Nicolet 5700, American Thermoelectric, Chicago, IL, USA) was used to reflect the molecular structure characteristics of nanomaterials.




2.4. Photocatalytic Study


The specific method of photocatalytic experiment is as follows: weigh 50 mg samples prepared under different conditions, transfer into 50 mL photocatalytic quartz tube, add 40 mg/L Rh B 6.25 mL to constant volume to 50 mL by deionized water and put them into the photocatalytic reactor. In the light reaction instrument, the magnetic stirring lasted 30 min at first; the SnO2 nano-powders was dispersed evenly in Rh B solution, keeping the balance between adsorption and desorption.



Transfer 5 mL of solution from quartz tube to centrifugal tube, take supernatant after centrifugation and use UV-visible spectrophotometer to measure absorbance. 1000 W high-pressure mercury lamp (λ Max = 365 nm) was selected as the light source, and magnetic stirring was continued during the irradiation. Take a sample every 5 min as an observation point and determine the degree of photocatalytic degradation of Rh B by referring to the standard curve of Rh B.



The calculation of degradation % for Rh B as following:


  η =   C −  C 0     C 0    × 100 %  



(1)







In this formula, η- degradation % for Rh B, C-concentrations after degradation, C0-Initial concentration of Rh B.



In order to explore the photocatalytic mechanism of F-doped SnO2 photocatalyst for degradation of Rh B, different trapping agents were added to the reaction system to capture different active substances. The same amount of photocatalyst was added with KI to capture hole (h+ and ·OH), Isopropyl alcohol (IPA) to capture hydroxyl radical (·OH) and P-benzoquinone (BQ) to capture superoxide anion (·O2−), and the experiment was compared with that without trapping agent [19,20].





3. Results and Discussion


3.1. Crystal Structure


XRD patterns of samples prepared at different reaction times are shown in Figure 1a. The patterns of as-prepared samples were well-matched with JCPDS 77-0452, the strong peaks at 26.5°, 33.8°, and 51.6° belonged to the (110), (101), and (211) planes of SnO2. When the solvothermal time is 5 h, the half peak width of the diffraction peak is narrow and the intensity is relatively high, indicating good crystallization. Due to the long time reaction with 20 h, the product may have formed some complex peaks which at ~25° and ~33°. The crystallite sizes of the products were 14, 12.2, 10.8 and 9.2 nm at solvothermal times of 5, 10, 15 and 20 h, respectively, according to the Scherrer equation.



Figure 1b shows the XRD patterns of different surfactants at 5 h of solvothermal. Through comparative analysis, the XRD patterns of as-prepared samples with the addition of SDBS and SDS showed some miscellaneous peaks, indicating that other substances may appear in the prepared powder. Compared with the XRD patterns as-prepared samples by adding PEG and PVP, the powder diffraction peak of as-prepared sample by PEG as dispersant was stronger.



From the XRD patterns of S0 and S1, S2, S3, and S4 samples (Figure 1c), it could be found that the F-doped sample is consistent with the standard card of pure SnO2, indicating that the obtained particles have the structure of SnO2. The crystallite sizes of the samples were calculated by Scherrer equation: S0, S1, S2, S3 and S4 was 18.8, 20.1, 22.2, 23 and 23.2 nm, respectively. Compared with S0, the XRD peaks have shifted to left at 26.5°, 33.8°, and 51.6° of S1, S2, S3 and S4. It is proven that the F has incorporated into the SnO2 structure. When the proportion of F exceeds 1.7%, the crystal size of SnO2 increases gradually. When the doping ratio of F less than 1.7%, the crystallite size of SnO2 does not change significantly. When n(F)/n(Sn) = 1:1(S1), the amount of F may be too high, causing F to compound with SnO2 rather than doping, resulting in the formation of hybrid peaks in Figure 1c-S1.




3.2. Functional Group Analysis


The FTIR spectra of as-prepared nanoparticles are illustrated in Figure 1d. All samples showed a characteristic peak between 400 and 650 cm−1, which was assigned to the O-Sn-O bridge of the SnO2 nanoparticles [21]. The O-H stretching vibration peak appears at about 1600 cm−1, which may be caused by the adsorption of water molecules or -OH groups on the sample surface [22]. The peak at 2919 and 2848 cm−1 was ascribed to the C-H stretching and bending vibrations. The absorption peak in 400–700 cm−1 region has a higher intensity when n(F)/n(Sn) = 1:15(S4), indicating that the crystal structure of SnO2 has been synthesized.




3.3. Morphology Analysis


Scanning electron microscope (SEM) images of SnO2 samples prepared by adding different surfactants are shown in Figure 2a–d. According to the SEM micrographs, all the materials prepared with surfactants (SDS, PVP, PEG, and SDBS) does not have much difference for particle size and dispersion.



The SEM of SnO2 samples prepared with different F doping ratios are shown in Figure 2e–i. From Figure 2e, pure SnO2 products have uniform morphology and small particle size distribution, and the average particles diameter of SnO2 is 9–12 nm. The morphology of the SnO2 sample after F doping was mainly showed spherical. When n(F)/n(Sn) = 1:1(S1), it can be seen from Figure 2f that the product is partially condensed into particles of larger diameter. The average diameter is about 26 nm with poor dispersion and a small amount of slag on the surface of the microsphere. When n(F)/n(Sn) = 1:1(S1), the product may reach the composite state. When n(F)/n(Sn) = 1:5(S2), it can be seen from Figure 2g that the product is spherical, with an average particle diameter about 10 nm. A small number of microspheres are damaged on the surface and the product contains a large number of aggregation spheres. When n(F)/n(Sn) = 1:10(S3), it can be seen from Figure 2h that when the number of the microsphere increases, the average particles diameter of the microsphere changes little, and the products are mostly small particles that gather and adsorb on the surface of the microsphere. When n(F)/n(Sn) = 1:15(S4), it can be seen from Figure 2i that the sample contains a large number of microspheres with a small average particle diameter of about 14 nm, among which many particles are clustered together, and the average particles diameter of microspheres is small.



In summary, it indicates that F doping promotes the particle growth of SnO2 in a certain sense, which is consistent with the XRD analysis in Figure 1c. As the amount of F doping decreased, the morphology of the microspheres did not change significantly, but the surface of S4 sample was a small aggregate without overall assembly structure, which was larger than other F-doped SnO2 samples. Therefore, the specific surface area was increased and the active sites of photocatalytic reaction were increased, which promoted the photocatalytic degradation of Rh B.




3.4. Elemental Analysis


The mapping points diagram of elements in Figure 3a–c effectively reflects the approximate proportion of elements and proves the successful doping of F element. The energy line used for O, F, and Sn element map, such as O-Kα, F-Kα, and Sn-Lβ.



EDS spectrum of S2 sample is shown in Figure 3d. The characteristic peak of F element is shown in the energy spectrum, indicating that F ion has been doped into SnO2 particles. Among them, the occurrence of C peak may be caused by the substance containing C was plated to increase the conductivity of the conductive film during EDS detection. The quantitative analysis of the content ratio diagram of S2 sample shows that the molar ratio of n(F)/n(Sn) = 1:5.6 is similar to that of n(F)/n(Sn) = 1:5(S2).




3.5. Photocatalytic Activity


Figure 4a shows the photocatalytic degradation effect of Rh B on SnO2 samples under different solvothermal time control. As can be seen from the figure, the content of Rh B solution is still about 99% without catalyst after 25 min under ultraviolet light. After the addition of SnO2 powder, the concentration of Rh B decreased gradually with the increase in time. After UV irradiation for 25 min, the degradation rate of Rh B in the sample (solvothermal for 20 h) was close to 90%. It can be clearly seen from the figure that the (solvothermal for 20 h) has the highest photocatalytic activity. Other photocatalytic activities and degradation rate are basically similar. Solvothermal time affects the photocatalytic activity under certain conditions and can promote photocatalysis.



Figure 4b shows the photocatalytic effect of the sample on Rh B obtained by adding different surfactants and reacting at 200 °C for 5 h. As shown in the figure, the PEG photocatalytic effect is better than other surfactants and the photocatalytic degradation rate is exceeded 90%. According to the above phase and appearance analysis, the as-prepared sample which added PEG with high crystallinity, small particle size and good dispersion effect can be obtained. The analysis was verified by photocatalytic test.



Figure 4c shows the photocatalytic effect of SnO2 samples on Rh B at 200 °C for 5 h after adding polyethylene glycol with different F doping ratios. As can be seen clearly from the comparison in the figure, Rh B concentration in the glass tube with SnO2 powder gradually decreases with the extension of time, that is, Rh B gradually degrades into colorless. The degradation rate of Rh B in S4 samples reached 92.9% after 25 min of UV irradiation. As can be seen from the comparative analysis in the figure, the photocatalytic performance of samples treated with F doping is significantly better than that of pure SnO2 powder; it is possible that the F doped increased the concentration of oxygen vacancy and improved the oxidation ability. Compared with other samples, S4 sample has the highest photocatalytic activity, followed by S3, S2, S1 and S0 samples.



The pseudo-first-order kinetics reaction concerning Rh B degradation were showed in supplementary Figure S1, and the fitted curves were introduced in Tables S1–S3. According to the result of first-order kinetics reaction, under light conditions, the S4 sample had a higher reaction rate (0.11234 min−1) than the samples with different solvothermal times and different surfactants, which means that the degradation rate of Rh B in S4 sample was higher than that in S0, S1, S2 and S3.



For the study of repeatability, we conducted 5 repeatability tests on S4 in the same conditions. With the increase of photocatalytic times, the degradation effect of F-doped SnO2 on Rh B also decreased from 92.9% to 83.9% (Figure S2). This indicates that the catalyst is relatively stable.




3.6. Free Radical Capture Experiment


Figure 4d shows the influence of different trapping agents on degradation of Rh B. After 1 h of photocatalysis, the photocatalytic activity was suppressed to varying degrees compared with that without trapping agents. The degradation of Rh B for BQ, IPA, and KI was 75.6%, 68.34%, and 46.2%, respectively. KI influence was the strongest among them, shown that hole is the main active substances; this is due to the redox reaction of Rh B, which adsorbed on the SnO2 surface and can be directly oxidized by h+ into degradation products. On the other hand, the optical holes migrated to the surface of the catalyst can oxidize and degrade the pollutants attached to the surface of the catalyst or react with the water on the semiconductor surface to generate a relatively high activity of ·OH. Hydroxyl radical was the secondary active substance. O2 is reduced to superoxide radical (·O2−) by e−, and BQ has little effect on superoxide anion. Therefore, it is clear that the free radicals affecting the degradation rate of Rh B in the experiment of F-doped SnO2 photocatalytic degradation are h+, ·OH and ·O2− in sequence.




3.7. The Mechanism of the Rh B Degradation


The degradation mechanism of Rh B is shown in Figure 5. Through free radical capture experiments, it was confirmed that hydroxyl radicals and holes were the main active substances in photocatalytic degradation of Rh B. When the organic dye Rh B is exposed to light, it eventually forms non-toxic small molecular products such as H2O and CO2.




3.8. Comparison of the Photocatalytic Degradation Efficiency of SnO2 Nanoparticles


In the literature, there are many studies using SnO2 nanoparticles as catalysts for photodegradation of different dyes. This study the prepared F-doped SnO2 nano-powder on the degradation of Rh B. We compiled earlier work on degradation of Rh B and other dyes using different SnO2 methods in UV, visible and sunlight and compared it with the current work in Table 3. Although the degradation rate and reaction time were lower than/higher than in earlier studies. The catalyst synthesis method used in the present study is very simple and inexpensive as compared to the other methods.





4. Conclusions


Using solvothermal method to control different solvothermal time, F doped SnO2 nano-powder was prepared by adding different kinds of surfactants and using sodium fluoride as fluorine source. Through the analysis and characterization of the prepared samples and the photocatalytic performance experiment. The results showed that with the increase of solvothermal time, the grain size of the product changed and the grain size of SnO2 became smaller, but the prolongation of solvothermal time did not affect the chemical reaction process. SnO2 powder was prepared by adding different surfactants. It was found that the SnO2 powder prepared by adding PEG had uniform distribution, better dispersibility and smaller particle size. The XRD peaks have shifted to left of other samples which doped F with different ratios, it is suggested that the F has incorporated into the SnO2 structure. The EDS mapping image can also confirm that F element has been successfully incorporated into the structure of SnO2. In the experiment of F doped SnO2, the addition of F promoted the growth of SnO2 particles, increased the concentration of oxygen vacancy and improved the photocatalytic performance of SnO2 powder. When n(F)/n(Sn) = 1:15(S4), the crystal structure of the obtained sample was more complete and the photocatalytic activity of Rh B was the highest, reaching 92.9%. The influence of different trapping agents on degradation of Rh B showed that electron hole is the main active substances, the reduction of electron holes directly affects the photocatalytic performance. After the study of photocatalytic performance, it is proven that F-doped SnO2 has high photocatalytic activity during a short time and its development potential in the field of photocatalysis, which provides a strong support for our further study of its practical application.
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Figure 1. XRD patterns of (a) different reaction times, (b) different surfactants at 5 h of solvothermal and (c) different F ratios. (d) Fourier transform infrared spectrum of SnO2 sample obtained from different fluorine doping ratios. 
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Figure 2. SEM images of adding different surfactants: (a) SDS, (b) PVP, (c) PEG, (d) SDBS. SEM images of nano-SnO2 samples prepared by different F doping ratios: (e) n(F)/n(Sn) = 0:1(S0), (f) n(F)/n(Sn) = 1:1(S1), (g) n(F)/n(Sn) = 1:5(S2), (h) n(F)/n(Sn) = 1:10(S3), and (i) n(F)/n(Sn) = 1:15(S4). 
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Figure 3. Mapping points of (a) SEM, (b) O, (c) F and (d) Sn elements of S2 sample. EDS spectrum and (e) contents of S2 sample. 
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Figure 4. The photocatalytic efficiency of SnO2 samples by (a) different solvothermal time, (b) different surfactants and (c) different F doping ratios. (d) Effects of Rh B degradation by different trapping on F-doped SnO2. 
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Figure 5. The degradation mechanism of Rh B. 
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Table 1. Different experimental parameters of SnO2 prepared by solvothermal method.
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Conditions

	
Reagent

	
Time

	
Surfactant






	
Different solvent–thermal times

	
48 mL oleic acid;

32 mL lauryl amine;

1.4 g SnCl4·5H2O

	
5 h

	
None




	
10 h




	
15 h




	
20 h




	
Different surfactants

	
48 mL oleic acid;

32 mL lauryl amine;

1.4 g SnCl4·5H2O

	
5 h

	
1 mmol PEG (6000)




	
1 mmol PVP




	
1 mmol SDBS




	
1 mmol SDS
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Table 2. Preparation of SnO2 powders with different F doping ratios.
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	Samples
	SnCl4·5H2O (g)
	NaF (g)
	n(F)/n(Sn)
	F (wt.%)





	S0
	1.4
	0.0000
	0:1
	0.00



	S1
	1.4
	0.1680
	1:1
	12.70



	S2
	1.4
	0.0336
	1:5
	2.50



	S3
	1.4
	0.0168
	1:10
	1.70



	S4
	1.4
	0.0112
	1:15
	0.84
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Table 3. Comparison of the photocatalytic degradation efficiency of SnO2 nanoparticles.
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	Year
	Sample
	Pollutant
	Degradation/Time
	Reference





	2015
	SnO2
	Phenolsulfonphthalein
	100% (120 min)
	[23]



	2019
	SnO2
	Rh B
	95% (90 min)
	[12]



	2019
	SnO2
	MB
	90% (5 h)
	[24]



	2017
	SnO2
	Rh B
	93.6% (120 min)
	[25]



	2018
	SnO2
	Malachite green
	90% (60 min)
	[26]



	2016
	SnO2
	MB
	97.1% (200 min)
	[27]



	2021
	SnO2
	Rh B
	100% (60 min)
	[28]



	2021
	SnO2/NCQDs
	Rh B
	99% (120 min)
	[18]



	2022
	F doped SnO2
	Rh B
	92.9% (25 min)
	This study
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