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Abstract 

In this study, MoS2-graphene-tourmaline (MoS2-GR-T) composite photocatalyst was 

successful synthesized via one-step hydrothermal method. Raman spectra revealed that 

graphene oxide was reduced to graphene. Scanning electron microscopy images 

showed that MoS2 was dispersed well on graphene. Transmission electron microscope 

images showed that MoS2 and tourmaline contacted well with graphene. Analysis of UV-

visible diffuse reflectance spectra implied that the bandgap energies of MoS2, MoS2-T 

and MoS2-GR-T samples were 2.01 eV, 1.91 eV and 1.79 eV, respectively. The 

photocatalytic performances are evidenced under Xenon lamp irradiation utilizing 
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Rhodamine B dye as the model compound. Compared with MoS2 and MoS2-GR, the 

MoS2-graphene-tourmaline (MoS2-GR-T) composites exhibited the excellent 

photocatalytic activity for the degradation about irradiating for 60 min were 93.9% under 

visible-light. The enhanced photocatalytic activity of MoS2-GR-T composite could be 

attributed to the exposed adsorption-photocatalytic active sties, the improved light 

adsorption ability and the promoted charge separation efficiency. The introduction of 

tourmaline reduced the band gap explored by analysis of UV-visible diffuse reflectance 

spectra. This work demonstrated that the charge efficiency of photocatalysts could be 

promoted by coupling both metal-free co-catalyst and polar mineral. 
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MoS2-GR-T composite; Hydrothermal method; Photocatalytic property; Rhodamine R; 
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Introduction 

Recently, photocatalytic degradation and complete mineralization of toxic organic 

compounds in water, soil, and air in the presence of semiconductor powders have gained 

increased attention [1-2]. Owning to their special properties, metal sulfides have been 

widely applied in the fields of solar cell [3-4], lithium-ion battery [5-8], sensor [9-10], 

photocatalytic hydrogen evolution [11-12], photocatalytic organics synthesis [13-14] and 

photocatalytic degradation [15-16]. Among of metal sulfides, MoS2 are widely used in the 

process of organic dyes degradation because of the peculiar advantages about the 

hierarchical structure, narrow band gap energy (Eg=1.2 eV-1.9 eV) [17-18], prominent 
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viability against photocorrosion [19-20], extraordinary electronic and optical properties 

[21-24]. 

However, fast recombination of the photo-generated e-/h+ pairs restricted its 

photocatalytic property [25]. There has been significant progress in solving the 

aforementioned problems. Co-catalysts [15, 26-28] and supporting materials [20, 29-30] 

were regarded as effective strategies to improve the photocatalytic property of MoS2. The 

co-catalysts were studied based on the heterojunction exist in the interface of catalysts, 

which could transfer photo-induced e-/h+ pairs to promote the photocatalytic property [28, 

31]. While, supporting materials were used to disperse catalysts to expose more active 

sites due to its large surface area [20, 29]. GR is a kind of two-dimensional carbon species 

and is available to use as supporting and electron-transfer materials in photocatalytic field 

because of its higher specific surface area and outstanding electronic properties [32-34]. 

MoS2-graphene composite was studied by many researchers and the composite showed 

enhanced photocatalytic property [35-38]. 

Tourmaline (T) is a kind of earth abundant boronsilicate mineral with rhombohedral or 

trigonal structure, R3m space group, generally written as XY3Z6(T6O18)(BO3)3V3W, 

where X: Na+, K+, Ca2+; Y: Fe2+, Li+, Mn2+, Mg2+, Al3+, Cr3+, Fe3+, Ti4+; Z: Al3+, Fe3+, V3+, 

Fe2+; T: Si4+, Al3+, B3+; B: B3+; V: OH-, O2-; W: OH-, O2-, F- [44-45], which has immense 

application potential in aspects of environment [39-40], energy [41], and iatrology [43] 

fields. By virtue of the nature of pyroelectric and piezoelectric [45], the ability of separating 

photo-generated e-/h+ pairs [46-47,40] and the abundant source, tourmaline is an 

appropriate candidate for photocatalytic application. 

It was widely demonstrated that ternary photocatalysts could result in higher 

photocatalytic property due to synergistic effect of the components [51-52]. For example, 

BiPO4-MoS2-graphene composite showed enhanced photocatalytic activity than that of 
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BiPO4, MoS2, and MoS2-BiPO4 composite for photocatalytic degradation of dyes [53]. 

The photocatalytic activity of the samples was evaluated by degradation of Rhodamine 

B (RhB) under visible-light irradiation. 

 

Results and Discussion  

The crystal structures of photocatalysts were further characterized by XRD displayed in 

Fig.1. There was a strong diffraction peak located at 2θ =26.56° (Fig. 1a) for graphite, 

indicating good crystallization nature. The (001) plane of GO showed a broad diffraction 

peak at 2θ = 10.69° (Fig. 1b). A broad peak appeared at 2θ=25.22° after GO went through 

hydrothermal reaction (Fig. 1b), suggesting effective deoxygenation of GO [54]. The XRD 

pattern of tourmaline powders (Fig. 1c) was well indexed to that of Fe-rich tourmaline 

(JCPDS 85-1811) and no other peak of impurity was observed. The peaks located at 

14.27°, 33.45°, 39.55°, 49.10° and 58.91° (Fig. 1d) corresponded to (002), (100), (103), 

(105) and (110) planes of hexagonal 2H-MoS2 (JCPDS 37-1492), respectively. In 

addition, due to the small content of tourmaline in the composite, the diffraction peaks of 

tourmaline were unresolved for the patterns of MoS2-GR-T samples.  

Raman spectra were employed to further determine the co-existence of the samples (Fig. 

2). Two Raman peaks appeared at 1350 cm-1 and 1601 cm-1 (Fig. 2a) could be assigned 

to the D band (signal from the disordered carbon) and G band (signal from the sp2 

hybridized carbon). The ID/IG (I meant the band intensity) ratio of GO, GR and MoS2-GR-

T samples were 0.96, 1.19 and 1.33, respectively. The increased ID/IG ratio indicated 

that small graphene domains have been re-established [55, 62]. For MoS2-GR-T sample, 

the D band of GR shifted to 1344 cm-1 and 1586 cm-1, respectively, indicating successful 
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synthesis of ternary MoS2-GR-T composite. The peaks appeared at 377 cm-1 and 403 

cm-1 (Fig. 2b) were originated from the 𝐸2𝑔
1 vibration model (Mo and S atoms vibrate along 

the in-plane direction and oppositely to each other) and A1g vibration model (S atom 

vibrate along the perpendicular-to-plane direction) of Mo-S bond, respectively [63-64], 

and a red shift for the two peaks were observed for MoS2-T-GR sample. 

The SEM images of morphology of the samples were observed in Fig. 3. As it can be 

seen in Fig. 3a, there were wrinkles on the surface of GO. The tourmaline was granular 

appearance particles (Fig. 3b) with the average size of ～600 nm. The pristine MoS2 was 

flower-like sphere with a diameter of ～800 nm (Fig. 3c). The introduction of tourmaline 

resulted in the formation of smaller MoS2 particles (～400 nm) (Fig. 3d), synergized with 

GR to make MoS2 grow along and dispersed well on the substrates (Fig. 3e). The 

dispersed MoS2 sustained the approximately uniform pore structure. Graphene provided 

sites for nucleation and growth of MoS2 and prevented MoS2 from agglomeration to 

prompt the exposure of active sites.  

Fig. 3f shows that the image of TEM and high-resolution TEM (HRTEM) to confirm the 

basic unit of the flower-like architecture of the pristine MoS2 was nanosheet (～20 nm in 

thickness). The selected area electron diffraction (SAED) image of MoS2 showed three 

well-defined dispersed rings (inset of Fig. 3f), indicating good polycrystalline nature. The 

TEM images of MoS2-GR-T sample showed that both tourmaline and MoS2 were 

dispersed and intimately attached to the surface of graphene (Fig. 3g), which could 

contribute to fast transfer and separation of the photo-generated e-/h+ pairs. The lattice 

fringe arising with length of 0.64 nm and 0.35 nm corresponded to the (002) plane of 

MoS2 and (012) plane of tourmaline, respectively.  
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Surface element composition and chemical status of the as-synthesized samples were 

investigated by XPS (Fig. 4). As shown in Fig. 4a, the full spectrum of MoS2 –GR–

tourmaline composite suggested that it was consisted of Mo, S, C, and trace amount of 

O considered as H2O adhered on the surface of the composites. The XP C1s of rGO 

spectrum of the (Figure 5a) is characterized by peaks at binding energies (BEs) of 

284.79, 286.84 and 287.47 eV, assigned respectively to the following groups: carbon-

carbon/ carbon-hydrogen; carbon singly and doubly bound to oxygen (hydroxyl and 

carbonyl group); and carxbon doubly bonded to oxygen (carboxyl group);[54, 60, 62] 

.There is no obvious chemical shift and observed compared to GO, proving the reduction 

reaction of GO was not influence C atom. Relative intensities of the peaks characterizing 

oxygen-containing groups are significantly less than those of unreduced. Otherwise, in 

contrast to MoS2-GR-T sample, the position of every high-resolution C 1s XPS peak is 

slightly offset, owing to the introduction of S atom to form C-S binding. The S 2p and Mo 

3d spectra of MoS2 showed four peaks at 161.63 eV (S 2p3/2), 162.82 eV (S 2p1/2), 

228.81 eV (Mo 3d5/2) and 231.99 eV (Mo 3d3/2) (Fig. 4c and d), suggesting the existence 

of S2- and Mo4+ [27, 65]. The atomic percentage of Mo and S were 25.30% and 49.42%, 

respectively, which was almost in consonance with the stoichiometry of MoS2. It 

confirmed that ternary MoS2-GR-T composite was successfully fabricated. 

The optical properties of the samples were showed in UV-vis diffuse reflectance spectra 

(Fig. 5a). MoS2, MoS2-T and MoS2-GR-T samples absorbed both UV light and visible 

light effectively. The adsorption intensity of MoS2-T and MoS2-GR-T samples in the 

visible-light region was higher than that of MoS2. The calculated band gap energies for 

MoS2, MoS2-T and MoS2-GR-T samples were 2.01 eV, 1.91 eV and 1.79 eV, respectively 

(Fig. 5b). The decreased band gap energy meant a high level generation of e-/h+ pairs. 

Recombination level of the photo-generated e-/h+ pairs was characterized by PL spectra 
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and photocurrent. PL spectra of the samples excited at 325 nm showed two emission 

peaks between 360 nm and 500 nm (Fig. 5c), which could be ascribed to recombination 

of the photo-induced e-/h+ pairs. The peak intensity was in the order of MoS2 >MoS2-

T>MoS2-GR-T, suggesting the e-/h+ pairs separation efficiency decreasing in the order 

of MoS2-GR-T>MoS2-T>MoS2. Photocurrent density of MoS2, MoS2-T and MoS2-GR-T 

samples (Fig. 5d) further demonstrated that the ternary composite possessed promoted 

charge separation efficiency than pristine MoS2 and binary MoS2-T.  

N2 adsorption-desorption isotherms (a) and BJH pore size distribution (b) curves of MoS2 

and MoS2-GR-T samples were shown in Fig. 6. The N2 adsorption-desorption isotherms 

of MoS2 and MoS2-GR-T exhibited a type-IV adsorption branch with a H3 hysteresis loop. 

The Brunauer-Emmett-Teller (BET) specific surface area and total pore volume of MoS2-

GR-T composite were 46.8 m2∙ g-1 and 0.27 cm3∙g-1, respectively, which were much larger 

than those of MoS2 (9.0 m2∙ g-1 and 0.08 cm3∙g-1). In addition, the average pore size of 

MoS2-GR-T composite was calculated to be 23.41 nm according to the Barrett–Joyner–

Halenda (BJH) method, which was smaller than that of pristine MoS2 (37.11 nm). The 

larger BET specific surface area and smaller average pore size of MoS2-GR-T composite 

could be ascribed to the dispersion of MoS2 on the surface of graphene. The results from 

N2 adsorption-desorption analysis agreed well with that of SEM. The more MoS2 

dispersed well on the surface of graphene, the richer active sites it exposed.  

The photodegradation of RhB was employed as a probe reaction to evaluate the 

photocatalytic activity of the as-synthesized samples. As shown in Fig.7a, the adsorption-

desorption equilibrium of RhB was established within 60 min in the presence of the as-

synthesized samples in the dark. The adsorption capacity of MoS2-GR-T (≥ 48.3%) 

composite was larger than that of pristine MoS2 (41.9%). The photodegradation rates of 

RhB with MoS2, MoS2-T(1) and MoS2-GR(5)-T(1) composites under visible-light 
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irradiation for 60 min were 68.4%, 72.3% and 93.9%, respectively. The incorporation of 

graphene and tourmaline improved the photocatalytic activity of MoS2. The apparent 

pseudo-first-order kinetic model was used to analyse the photocatalytic reaction kinetics. 

The corresponding fitted lines of ln(Co/C) vs. time were exhibited in Fig. 7b. The K (rate 

constant of pseudo-first-order kinetic equation) values for the degradation reaction of RhB 

with MoS2-T(1)-GR(5), MoS2-T(2)-GR(4), MoS2-T(3)-GR(3), MoS2-T(4)-GR(2), MoS2-

T(5)-GR(1), MoS2, MoS2-GR(5) and MoS2-T(1) samples were 0.030 min-1, 0.027 min-1, 

0.022 min-1, 0.021 min-1, 0.016 min-1, 0.010 min-1, 0.024 min-1 and 0.012 min-1, 

respectively, best of that was MoS2-T(1)-GR(5) composite.  

It is of importance to explore the effect of the initial pH of RhB aqueous solution on the 

photocatalytic degradation rate as the photocatalytic oxidization reaction of dyes usually 

occurred in aqueous solution. The results showed that the degradation rate decreased 

with increase of pH (Fig. 7c). RhB is an aromatic amino acid with amphoteric 

characteristics due to the presence of both amino group and carboxyl group. Therefore, 

the charge state of RhB depends on pH values of the solution [67-68]. When pH was 

below 3.10, RhB was positively charged, and when pH was above 3.10, RhB was 

negatively charged [69]. Results from zeta potential analysis revealed that MoS2-GR-T 

composite was negatively charged with pH varied at the range of 2.02-8.03 (Fig. 7d). 

Photocatalytic property was affected mainly by the adsorption ability of photocatalysts 

[70]. When pH was above 2.02 and below 3.10, the adsorption between RhB and MoS2-

GR-T composite was enhanced mainly by the electrostatic attraction, and when pH was 

above 3.10, the adsorption between RhB and MoS2-T-GR composite was mainly 

weakened by the electrostatic repulsion. 

Major reactive species contributed to the photocatalytic reaction were superoxide radical 

(•O2–), hole (h+) and hydroxyl radical (•OH) [70]. Active species trapping experiments 
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were carried out to verifying the predominant active species participated in the 

photodegradation reaction. EDTA, TBA and BQ were employed as h+, •OH and •O2– 

scavengers [71-72], respectively. The degradation rate of RhB decreased with the 

introduction of EDTA, TBA and BQ (Fig. 8a), which indicated that h+, •OH and •O2– 

contributed to the photocatalytic oxidization reaction. The addition of EDTA, BQ and TBA 

resulted in the degradation rate decreased from 93.9% to 15.3%, 50.2% and 82.1%, 

respectively. The results revealed that h+ and •O2– were the main reactive species in the 

photocatalytic system consisted of RhB and MoS2-GR-T composite. The EPR spectra of 

MoS2-GR-T composite was carried out to further confirm the formation of •O2– and •OH. 

The characteristic signals of DMPO- •O2– and DMPO-• OH were clearly observed under 

visible-light irradiation while they were not observed in the dark (Fig. 8b).  

Potential mechanism for the enhanced photocatalytic property with the composite was 

schematically illustrated in Fig. 9. (1) MoS2 was dispersed well on the surface of graphene 

and exposed more adsorption-photocatalytic active sites. (2) The optical properties of 

MoS2-T and MoS2-GR-T samples were improved compared with pristine MoS2. MoS2-T 

and MoS2-GR-T samples exhibited strong adsorption property for visible light, which had 

a positive effect on the photocatalytic property of MoS2. (3) The incorporation of graphene 

and tourmaline synergistically promoted charge separation efficiency. This could be 

ascribed to the electron-transporting property of graphene and the electron-accepting 

property of tourmaline [40, 45, 73]. Under light illumination, the e- in the valence band 

(VB) of MoS2 was excited and transferred to the conduct band (CB). The strong electronic 

field on the surface of tourmaline made directional transportation of the photo-generated 

e- via graphene to achieve separation of e-/h+ pairs. The reactions concerned with the 

transfer of e- in MoS2-GR-T composite could be described as follows: 

MoS2 + hv MoS2 (eCB
-) + MoS2 (hVB

+)                                                                         (1) 
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MoS2 (eVB
-) + graphene Graphene (e-) + MoS2                                                              (2) 

Graphene (e-) + Tourmaline Graphene + Tourmaline (e`)                                          (3) 

The separated e- reacted with the oxygen dissolved in the water to produce superoxide 

radical anion (•O2–). The generated •O2– was a kind of strong oxidants towards the 

decomposition of organic dyes [74]. Accumulated h+ on the surface of photocatalyst could 

oxidize dyes directly [70, 75-76]. Dyes could be degraded in the presence of MoS2-T-GR 

composite. 

 

 

Fig. 1: XRD patterns of natural graphite (a), GO and GR (b), tourmaline (c), and MoS2, 

MoS2-T and MoS2-GR-T samples (d) (color online) 
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Fig. 2: D and G vibration bands for the Raman spectra of GO, GR and MoS2-GR-T 

samples (a); 𝐸2𝑔
1   and A1g vibration bands for the Raman spectra of MoS2 and MoS2-

GR-T samples (b) (color online). 
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Fig. 3: SEM images of GO (a), tourmaline (b), MoS2 (c), MoS2-T (d) and MoS2-GR-T 

samples (e); TEM image of MoS2, the inset was the corresponding SAED image (f); 

TEM image of MoS2-GR-T composite, the inset was the corresponding HRTEM image 

(g); Structural model of MoS2 (h) (color online)
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Fig. 4: XPS survey spectra (a) and XPS full spectra of C 1s (b), S 2p (c) and Mo 3d (d) 

of the obtained samples (color online).
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Fig. 5: UV-vis diffuse reflectance (a) and the corresponding plots of (Ahv)2 vs. photon 

energy (hv) (b); PL spectra (c) and photocurrent curves (d) of MoS2, MoS2-T and MoS2-

GR-T samples (color online).
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Fig. 6: N2 adsorption-desorption isotherms (a) and BJH pore size distribution (b) curves 

of MoS2 and MoS2-GR-T samples (color online).
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Fig. 7:  Photocatalytic degradation curves of RhB using MoS2, MoS2-T, MoS2-GR and 

MoS2-GR-T samples with different mass ratio of tourmaline and graphene (a); Apparent 

pseudo-first-order kinetic plots of ln (Co/C) vs. time for photodegradation of RhB with 

the as-prepared catalysts (b); Effect of the initial pH values of RhB aqueous solution on 

the photocatalytic property (c) and on the Zeta potential(d) of MoS2-GR(5)-T(1) 

composite (color online)
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Fig. 8: Effect of EDTA, TBA and BQ scavengers on the photocatalytic degradation rate 

of RhB  

 

Fig. 9: EPR signals of DMPO- •O2– and DMPO- •OH (b) with MoS2-GR-T photocatalyst 

under visible-light irradiation (color online)
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Fig. 10: The image of energy band of MoS2, MoS2-T and MoS2-GR-T (a) and the 

possible reaction mechanism of the ternary MoS2-GR-T composite for RhB 

degradation under visible light irradiation (b) 
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Conclusion  

In this study, MoS2-GR-T composite photocatalyst was successfully synthesized by 

hydrothermal method. MoS2 was dispersed well on graphene and exposed more 

adsorption-photocatalytic active sites. The bandgap energies of MoS2, MoS2-T and 

MoS2-GR-T samples were 2.01 eV, 1.91 eV and 1.79 eV, respectively. Photocatalytic 

degradation rates of RhB with MoS2, MoS2-T and MoS2-GR-T samples under visible-

light irradiation for 60 min were 68.4%, 72.3% and 93.9%, respectively. Active species 

trapping experiments and electron paramagnetic resonance spectra revealed that h+ 

and •O– were the main active species generated by MoS2-GR-T composite. The 

enhanced photocatalytic activity of MoS2-GR-T composite could be attributed to the 

exposed adsorption-photocatalytic active sties, the improved light adsorption ability 

and the promoted charge separation efficiency. This study provided a new insight to 

enhance the photocatalytic property of MoS2 under the synergetic effect of graphene 

and tourmaline. 

 

Experimental  

Experimental text 

2.1. Materials 

Natural flake graphite powder with purity of about 99.99 wt% was obtained from 

Shimen, Hunan province, China. The tourmaline sample was obtained from Hebei 

province, China. Tourmaline particles were rinsed with distilled water, dried at 70 °C 

and was grinded with a planetary mill. The ground tourmaline powders were sieved 
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(325 mesh) to obtain grain sizes ≤45 µm. The sieved tourmaline powders were 

immersed in water followed by magnetic stirring for 2 h, filtered and dried at 70 °C. 

Potassium permanganate (KMnO4, 99.5%), concentrated sulfuric acid (H2SO4, 

95.0%~98.0%), hydrogen peroxide (H2O2, 30%) and thiourea (CH4N2S, 99.0%) were 

purchased from Sinopharm Group Chemical Reagent Co. Ltd., China. Sodium nitrate 

(NaNO3, 99.0%) was purchased from Shantou Xilong Chemical Co Ltd., China. 

Hydrochloric acid (HCl, 36.0%~38.0%) was purchased from Hunan Zhuzhou Xingkong 

Glass Co, Ltd., China. Sodium molybdate (Na2MoO4·2H2O, 99.0%) was obtained from 

Guangdong Guanghua SciTech Co. Ltd, China. 5, 5-dimethyl-1-pyrroline N-oxide 

(DMPO, 97%), disodium ethylenediaminetetraacetate (EDTA, 99%), tert-butyl alcohol 

(TBA, 99.5%), 1,4-benzoquinone (BQ, 98%), nafion (5%), sodium sulphite anhydrous 

(Na2SO3, 98%) and sodium sulfide (Na2S, 95%) were supplied by Aladdin Chemistry 

Co. Ltd, China. All the reagents were analytical grade and were used as received 

without further purification. Doubly distilled water was used throughout this study. 

2.2. Synthesis of graphene oxide 

The graphene oxide (GO) used in this work was prepared via an ultrasound-assisted 

modified Hummer’s method. In detail: 1 g of natural flake graphite powder, 1 g of 

NaNO3, 6 g of KMnO4 and 46 ml of concentrated H2SO4 were added into a beaker and 

the obtained mixture was immersed in ice water, magnetically stirred for 2 h. The 

temperature of the mixture was maintained at 35 °C by water bath for 30 min. 92 ml of 

distilled water was then added into above mixture and the temperature was kept at 98 

°C for 15 min. The obtained brown paste was diluted with 280 ml of distilled water and 

was treated with 20 ml of H2O2 until color of the suspension turn into bright yellow. The 

suspension was then rinsed with 5% HCl aqueous solution and a large amount of 
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distilled water until the pH=7±0.3. Finally, the obtained bright yellow slurry was 

dispersed in distilled water and sonicated for 4 h to obtain GO aqueous colloid. The 

GO aqueous colloid was dried using a freezing dryer and the resultant product was 

ground into powders in the agate mortar. 

2.3. Synthesis of the samples 

MoS2-GR-T composites were synthesized via a hydrothermal method. In detail: 0.0120 

g of GO powders and 0.0024 g of tourmaline powders were mixed with 60 ml of distilled 

water to form a homogeneous suspension after stirring 30 min and ultrasonic-assisted 

for 1 h. The obtained suspension sealed at a 100 ml of Teflon-lined autoclave and 

maintained at 220 °C for 24 h by adding 0.3630 g of Na2MoO4·2H2O and 0.3510 g of 

CH4N2S. Finally, the resultant product was rinsed with distilled water and dried at 70 

°C, labelled as MoS2-GR(5)-T(1). At the same weight of MoS2, different MoS2-GR-T 

composites were achieved by adjusting the mass ratio of tourmaline and GO. MoS2, 

MoS2-GR(5) and MoS2-T(1) samples were synthesized in the same method without 

the addition of tourmaline and GO, tourmaline and GO, respectively. 

2.4. Characterization 

The X-ray diffraction (XRD) patterns were obtained using a DX-2700 diffractometer 

(Dandong Haoyuan Instrument Co. Ltd., China) with Ni-filtered CuKα1 (λ=1.5405 Å), 

40 kV accelerating voltage and 40 mA current. Raman spectra were performed under 

532 nm laser using an inVia spectrometer (Renishaw, UK). Scanning electron 

microscopy (SEM) images were obtained on a MIRA3 instrument (Tescan, Czech). 

Microstructure of the samples was studied using a Titan G2 60-300 transmission 

electron microscope (TEM, FEI, USA). X-ray photoelectron spectra (XPS) were 
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performed on an ESCALAB 250Xi instrument (ThermoFisher Scientific, USA). UV-

visible diffuse reflectance spectra were measured using a Lambda 750S UV-vis 

spectrophotometer (Perkin-Elmer, USA). Photoluminescence (PL) spectra were 

obtained using a F-4500 fluorescence spectrophotometer (Hitachi, Japan). Two 

Interface 1010E electrochemical workstation (Gamry, USA) was employed to measure 

photocurrent using Na2SO3 (0.1 M) and Na2S (0.1 M) solutions with volume ratio of 1:1 

as electrolyte under LED lamp (λ=470 nm) irradiation. N2 adsorption-desorption 

isotherms were obtained using an ASAP 2020 surface area analyzer (Micromeritics, 

USA). Zeta potential measurement was carried out on a Zetasizer Nano Zs90 

instrument (Malvern, UK). Electron paramagnetic resonance (EPR) was analyzed 

using an A300 spectrometer (Bruker, Germany) with DMPO as free radical scavenger. 

2.5. Photocatalytic and trapping experiments 

Photocatalytic property of the as-synthesized samples was evaluated as follows: 50 

mg of the as-synthesized samples were mixed with 100 ml of 5 mg∙L-1 RhB aqueous 

solution and the obtained suspension was stirred in the dark. 4 ml of the suspension 

were extracted every 20 min and was centrifuged to acquire the clarified solution. 

Absorbance of the solution was measured using a unico 2600 UV-vis 

spectrophotometer at 554 nm wavelength. Adsorption experiments were proceeded 

until the adsorption-desorption equilibrium had been established. Then the suspension 

was exposed to visible-light resource (A 300 W Xe lamp with an UV cut-off filter).  

Trapping experiments were carried out the same as photocatalytic experiments except 

for addition of 2 ml of EDTA (1 mM), TBA (1 mM) and BQ (1 mM) solutions before light 

irradiation. Progress of the photocatalytic reaction was monitored by measuring 

absorbance of the clarified solution. Degradation rate (%) was calculated based on the 
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formula: degradation rate (%) = (Ao-A)/Ao×100%, where Ao is the initial absorbance of 

RhB aqueous solution and A is absorbance of the resultant solution at predetermined 

time intervals. 
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