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TÓM TẮT
Trong nghiên cứu này, vật liệu vonfram đisunfua đã được điều chế bằng cách nung hỗn hợp H2WO4 và thiourea với tỷ lệ khối lượng 1:5 trong dòng khí Ar ở 650 oC trong 1 giờ và được ký hiệu là WS2. Sản phẩm được đặc trưng phổ nhiễu xạ tia X, phổ hồng ngoại, phổ tán sắc năng lượng tia X, ảnh kính hiển vi điện tử quét và phổ phản xạ khuếch tán tử ngoại khả kiến. Kết quả cho thấy mẫu tổng hợp được có cấu trúc đặc trưng của WS2. Khả năng hấp phụ và xúc tác quang của vật liệu WS2 được đánh giá qua phản ứng phân hủy thuốc nhuộm cation (rhodamine B) ở khoảng pH từ 1,5 đến 8,0, kết quả cho thấy sự giảm nồng độ RhB trên vật liệu WS2 khi tăng pH dung dịch từ 1,5 đến 8,0 do ảnh hưởng của sự hấp phụ hơn là quá trình phân hủy hóa học. Đặc biệt ở pH = 4, tương tác tĩnh điện giữa bề mặt của vật liệu mang điện tích âm và thuốc nhuộm cation mạnh nhất, dẫn đến hiệu suất hấp phụ và quang xúc tác đạt tối đa tương ứng 66,98% và 20,88% sau 8 giờ thử nghiệm.
Từ khóa: WS2, hấp phụ, xúc tác quang, pH, Rhodamine B.
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ABSTRACT
In this work, the tungsten disulfide material was prepared by calcining mixture of H2WO4 and thiourea with weigh ratio of 1:5 in Ar gas at 650 oC for 1h, and denoted as WS2. The obtained product was characterized by X-ray diffraction (XRD), infrared spectra (IR), energy-dispersive X-ray spectroscopy (EDS), scan electron microscopy (SEM) and UV-Vis diffuse reflectance spectroscopy (UV-Vis). The relevant characterizations indicated that the main composition of sample is tungsten disulfide. The integrated adsorption and photodegradation of the cationic dye (rhodamine B) on WS2 was evaluated in a pH range of 1.5-8.0, which showed that the decline of RhB degradation rate on WS2 when increasing solution pH from 1.5 to 8 due to adsorption rather than the photodegradation process. Specifically at pH of 4, the strongest electrostatic interaction between the negatively charged surface of the material and cationic dye resulted in a highest adsorption and photocatalytic efficiency up to 66.98% and 20.88%, respectively, after investigating time of 8 hours.
Keywords: WS2, adsorption, photocatalysis, pH, Rhodamine B.


1. INTRODUCTION
Environmental pollution caused by organic toxic pollutants has become a global concern. In order to solve this problem, a variety of advanced oxidation processes has been widely used, in which photocatalysis is now attracting a considerable attention for various applications. Beside metal oxide-based photocatalysts such as TiO2, ZnO, WO3, Cu2O, etc., the layered-structure materials transition metal dichalcogenides (TMDs) such as MoS2 and WS2 having a band gap of 1.8 eV have been become a promising candidate for photocatalyst.1-4  Layered MoS2 with different nanostructures  like nanowires, nanorods, and nanotubes, the monolayer and multilayer structures have been also synthesized.5-10 The layered structure of MoS2 crystals, with hexagonal arrangement of atoms by covalent bonds in a sequence of S–Mo–S through weak Van der Waals interactions could be suitable for solar cells, photonics, optoelectronics, and catalysts applications.5,6 Similar to MoS2 in terms of crystal structure and chemical property, WS2 also has a narrow band gap making this material could work as a photocatalyst to decompose organic molecules under visible light.1,3,10,12
Various reports show that a nano-photocatalyst possessing a high specific surface area performs not only an excellent photocatalytic activity but also a strong adsorption capacity to pollutants.1314 Furthermore, the adsorption process can strongly affect the photocatalytic efficiency of decomposing pollutants due to the fact that both the adsorption and the photoinduced reactive species mainly occur on the surface of the material.1416 Most available photocatalytic studies have ignored or ejected the adsorption kinetics by assuming the adsorption – desorption interaction reaching the equilibrium, then considering the decrease in the concentration of pollutants is due to photocatalytic process.17,19 However, the adsorption-adsorption equilibrium cannot be achieved in the photocatalytic reaction due to the activation of radicals, which causes the concentration of the adsorbent on the catalyst to decrease continuously when illuminated.20 Meanwhile, few studies have been published involving the effects of adsorption on photocatalytic degradation to remove pollutants. Recently, Luo et al. showed that adsorption process can promote the decomposition of Red 120 dye on the g-C3N4 catalyst with the proposed Elovich kinematic model.21 This paper focuses on the synergy between adsorption and photocatalysis of a typical catalyst, WS2. To consider the adsorption capacity, in this study, we changed the pH of the reaction solution and used Rhodamine B (RhB) as a target molecule.
2. EXPERIMENTAL
2.1. Chemicals
The chemicals used in the synthesis were H2WO4, (NH2)2CS, rhodamine B purchased from Xilong Chemical Co. Ltd. (China) with the purity over 99% and no further modification.
2.2. Preparation of material
The WS2 material was synthesized via a facile solid-state reaction by the following procedure: a mixture of tungstic acid and thiourea with weigh ratio of 1:5 was added to a solvent of 10 mL of distilled water and 30 mL of C2H5OH with stirring at 40 °C. After 5 hours, the solid was collected and then dried for 12 hours at 80 °C. The obtained solid was finely ground and transferred to a ceramic cup, covered closely with aluminum foil, and then annealed at 650 oC for 2 h under Ar gas. The resulting material was rinsed several times with distilled water and C2H5OH, then dried at 80 oC for 12 hours, and denoted as WS2.
2.3. Material characterization
Powder X-ray diffraction (XRD) patterns of sample were recorded by a D8 Advance Xray diffractometer with Cu Kα radiation (λ = 1.540 Å) at 30 kV and 0.01 A. Infrared spectra (IR) of material were measured by IRPrestige-21 (Shimadzu). The SEM image and nergy-dispersive X-ray spectroscopy (EDS)  of sample were recorded on Nova Nano SEM 450. UV-Vis diffuse reflectance spectroscopy (UV-Vis-DRS) was carried out on Cary 5000 (Varian, Australia).
2.4. Determination of pHPZC 
Point of zero charge (pHPZC) of WS2 material was determined by titration method of measuring pH of 0.1M NaCl solution at 30 °C. In detail, initial pH values (pHi) of 50 mL of 0.1M NaCl solution were adjusted from 1.0 to 12.0 by addition of HCl or NaOH. To the solutions, 0.03 grams of WS2 were added and stirred for 24 hours. The suspensions were separated and the pH final values (pHf) were measured. The point of zero charge was pHi when pHi = pHf. The pH value of the solutions is measured on the HANA HI2211 pH meter.
2.5. Photocatalytic activity evaluation
The adsorption and photocatalytic activity of WS2 was evaluated by the removal efficiency of rhodamine B (RhB) in aqueous solution at the dark and under the light of LED (220V- 30W). The concentration change of RhB was measured on UV-Vis spectrophotometer (CECIL CE2011) at the wavelength of 553 nm.
The efficiency (h) is calculated by the following expression:

Where Co and Ct are the initial concentrations and the concentrations of rhodamine B solution (mg/L) at time t (hour).
3. RESULTS AND DISCUSSION

The crystal structure and phase of WS2 sample were analyzed by XRD. As seen in Figure 1, the XRD pattern of WS2 exhibits main peaks at 2θ = 14.3 o; 32.8 o; 39.5 o; 43.9 o; 58,4 o and 69,1 o corresponding to the (002), (101), (103), (006), (110) and (201) planes, respectively. The peaks match well with the reference of WS2 (JPCDS card No. 002-0131), confirming that the WS2 has a hexagonal crystalline structure. The intensity of the (002) reflection for WS2 at 2θ = 14.3 shows the characterization of multi-layered WS2 and high order of the material. The d-spacing was calculated base on the (002) plane using Vulf-Bragg equation to be d002 = = 6.2 Å, which is consistent with the previous published articles. 3 22
The bonding vibrations in the molecular structure of WS2 sample were further confirmed by IR spectra and shown in Figure 2. The band at 3445 cm-1 is attributed to the OH vibration of adsorbed water, while the observed peaks in the region of 500 cm- 1 - 690 cm - 1 are attributed to W-S bond and band at 960 cm-1 is due to the S-S bond.3
[image: xrd ws2 pp]
Figure 1. XRD pattern of WS2.
[image: ir WS2 pp]
Figure 2. IR spectra of WS2.
The EDS analysis of WS2 in Figure 3 shows that W and S are main elements of the material. However, the presence of C and N with insignificant content may come from decomposition of the precursors.
[image: edx ws2]
Figure 3. EDS patterns of WS2.
The morphology of WS2 was also characterized using SEM. Figure 4 shows that WS2 is shaped like hydrangea flowers, formed from sheets.
[image: Thanh_WS2_001]
Figure 4. SEM image of WS2.
The optical properties of WS2 was characterized by UV-Vis diffuse reflectance spectroscopy and shown in Figure 5.
[image: abs drs ws2]
Figure 5. (a) UV-vis spectrum of WS2 and (b, inset) optical band gap (Eg) of WS2.
The results show that WS2 had an absorption band that stretched from the peak in the near ultraviolet region, strong absorption edge and spread to visible light region. The band gap energy of WS2 is determined via the Kubelka-Munk23 equation [F(R) hν]2~(αhν)2~(hν - Eg) with a value of 1.86 eV.3 This result is consistent with the previous published article.1,4 With this bandgap energy, WS2 may exhibit a good photocatalytic performance under visible light.
The effect of the solution pH on the RhB treatment efficiency is mainly due to the change in form of existing RhB molecule and catalyst surface charge in different pH environments. The problem in photocatalysis is distinguishing the adsorption and photocatalytic contribution throughout the total reduction in reactant concentration. The decrease in concentration in dark considered only adsorption (HP), while under light considered including adsorption and catalysis (HP + XT). From there, the difference between these two values (Δ{(HP + XT) - HP}) may be considered photocatalyst performance of the material. The conversion of RhB after 8 hours of stirring in dark and after 8 hours under led light is shown in Figures 6, 7, 8 and Table 1. 
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Figure 6. Adsorption efficiency of RhB after 8 hours reaction in dark on WS2 (mWS2 = 0.03 g; VRhB = 150 mL; CRhB = 30 mg/L).
The results showed that at pH = 4, the adsorption efficiency of RhB on WS2 was the highest (HP = 66.98%), with Δ{(HP + XT) - HP} reached 20.88%. The adsorption efficiency decreased in lower pH values (pH = 1.5; 2) or higher pH values (pH = 6, 8), resulting in photocatalytic efficiency at these pH values were also lower than that at pH = 4. This can be explained by electrostatic interactions between the charged surface of WS2 and the positively charged cationic dye. The pHpzc of WS2 is shown in Figure 9, estimated to be ~1.5.  In aqueous solutions, when pH < pHpzc, the surface charge of WS2 is positive, while it is negative when pH > pHpzc. Meanwhile, RhB as a cationic dye dissociate to chloride ions (Cl−) and cation ammonium in aqueous solution (Figure 10). In the range of the pH above pHpzc, the WS2 surface carries negative charges, which benefits the adsorption of cationic dyes onto WS2 through electrostatic interaction. Therefore, the adsorption rates were improved with changing pH values from 1.5 to 4 since the number of negatively charged sites were increased with increasing pH values at this range. At higher pH values, however, specifically at 6 and 8, the –COOH group of RhB began dissociating for negative charges. Therefore, it increases the thrust force on the WS2 surface, resulting in decreased adsorption capacity when further increasing pH values.24 On the other hand, the observed results show that the photodegradation ability of WS2 declined dramatically with the increase of solution pH from 4 to 8. In a photocatalytic process, •OH is believed to be a strong oxidant for decomposition of organic pollutants and is the main active species at neutral or high pH levels.25 Moreover, •OH is much easier produced at high pH value, resulting in the enhancement of photocatalytic efficiency.2627 As a result, there is a synergistic relationship between adsorption and photocatalysis, in which, adsorption will give good photocatalytic results due to free radicals reacting with organic compounds in the form of adsorption on the catalysts surface rather than they in solution. This result is also observed in the previously published article.21
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Figure 7. Photocatalytic efficiency of RhB after 8 hours reaction under led light on WS2 (mWS2= 0.03 g; VRhB = 150 mL; CRhB = 30 mg/L, LED light 220V-30W).
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Figure 8. The conversion of RhB after 8 hours reaction in dark and under led light on WS2.

Table 1. The conversion of RhB after 8 hours reaction in dark and under led light on WS2.
	pH
	Conversion of RhB (%)

	
	HP
	(HP + XT)
	Δ (HP+XT) - HP

	1.5
	54.18
	57.11
	2.93

	2.0
	62.40
	65.34
	2.94

	4.0
	66.98
	87.86
	20.88

	6.0
	53.45
	66.24
	12.79

	8.0
	50.59
	59.03
	8.44



[image: pHPZC WS2]
Figure 9. The point of zero charge of WS2.
[image: Rhodamine_B]
Figure 10. Chemical structure of rhodamine B.
4. CONCLUSIONS
The WS2 material was synthesized via a facile solid-state calcination of mixture containing H2WO4 and thiourea in Ar gas. The synthesized WS2 material has good adsorption and photodegradation capability towards the cationic dye (rhodamine B) at a wide pH ranges from 1.5 to 8. Especially at pH = 4, the electrostatic interaction between the negatively charged surface of the material and cationic dye is strongest with a maximum efficiency of 66.98% after in dark for 8 hours and the highest photocatalytic efficiency of 20.88%. There is a synergistic relationship between adsorption and photocatalysis, in which, a high adsorption would give a better photocatalytic results due to free radicals reacting with organic compounds in the form of adsorption on the catalyst surface rather than them in the bulk of solution. Based on the obtained results, WS2 can be a candidate for organic pollution treatment in the environment. However, further studies should be conducted including modification of the WS2 material by doping or coupling with other materials in order to change its surface and electrochemical properties.
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