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Abstract 

Bi2MoO6 samples containing different weight contents of Sm dopant as the visible-light-driven 

photocatalyst were successfully synthesized by hydrothermal method. All of them were certified as 

orthorhombic Bi2MoO6 nanoplates. The visible-light absorption range of Bi2MoO6 was increased by 

increasing in the Sm dopant. Different weight contents of Sm dopant containing in Bi2MoO6 were 

studied through the degradation of rhodamine B (RhB) under visible light irradiation. The 

photocatalytic efficiency of 1% Sm doped-Bi2MoO6 nanoplates was the highest of 96.27% or 3.91 

times of Bi2MoO6 (24.65%) by increasing specific surface area, visible light harvest and separation 

of charge carriers. 
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1. Introduction 

 

In recent decades, the metal oxide semiconductor has an 

interesting potential for environmental treatment of 

pollutants released from textile, paper, cosmetic, plastic 

and rubber industries because it is very effective, non-

toxic and environmental friendliness, and has low energy 

consumption without secondary pollution synthesis [1-6]. 

Specifically, rhodamine B (RhB) as xanthene cationic dye 

is extensively used in textile, paper, leather and plastic 

industries and drained into water reservoirs without 

treatment [7-9].  

It is highly toxic to various aquatic organisms. It has 

influence on the metabolic and physiological, potentially 
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carcinogenic, mutagenic and neurotoxic processes to 

humans and animals, including the cause of skin irritation, 

eyes and respiratory system [7, 8, 10]. Under light 

irradiation, the metal oxide semiconductor can lead to 

produce active species used to oxidize toxic organic 

pollutants during photocatalytic reaction [3, 4, 11-13]. 

TiO2 is a traditional semiconductor photocatalyst for 

environmental purification because of its 

inexpensiveness, highly performance activity, stable 

chemical and physical material, and non-toxicity [14, 15]. 

Nevertheless, TiO2 with a wide band gap of 3.2 eV is only 

responsive to the ultraviolet (UV) light with only ∼4% of 

the solar spectrum for photodegradation of organic 

pollutants [1, 14-17]. Therefore, the visible-light-driven 

photocatalyst has been studied in recent years for 

utilization of solar energy with high efficiency. 

Bismuth molybdate (Bi2MoO6) as a narrow bandgap 

of 2.5–2.8 eV has a layered Aurivillius structure which 

consists of perovskite (MoO4)2− layers sandwiched 

between (Bi2O2)2+ layers. It is one of the most promising 

visible-light-driven photocatalytic materials with its non-

toxic property, high chemical stability and suitable VB 

and CB edge for redox reaction [18-22]. Bi2MoO6 has a 

photocatalytic activity for removing Cr(VI) [19, 23], 

reduction of CO2 [20, 24], water splitting [21, 22] and 

organic pollutant degradation [23, 25, 26]. Bi2MoO6 was 

synthesized by many researchers. For example, Xie et al. 

succeeded in synthesizing flake-like nanoscale Bi2MoO6 

powder by a simple low-temperature molten salt method 

[25]. Bi2MoO6 is good in photocatalysis of rhodamine B 

(RhB) degradation at room temperature. It is an active 

oxygen donor in photo-oxidation process and 

improvement its photocatalytic activity. Cruz et al. 

reported the preparation of γ-Bi2MoO6 by co-precipitation 

method with 450 °C calcination following behind. The 

research showed the degradation of rhodamine B (RhB), 

indigo carmine (IC) and methyl orange (MO) under 

visible light irradiation [26]. Although Bi2MoO6 has 

excellent performance in separating charge carriers, high 

recombination rate of photogenerated charge carriers also 

limited its photocatalytic activity and practical application 

[18-20, 22, 23]. 

The previous studies reported the strategies to improve 

photocatalytic performance of Bi2MoO6 such as 

morphology modification [27, 28], anion doping [29, 30], 

cation doping [31-33], construction of heterojunction [34, 

35], metal loading [36-38] and surface medication [39, 

40]. Among them, cation doping is the promising method 

to improve visible light driven photocatalytic performance 

of Bi2MoO6 by increasing light absorption capacity, 

narrowing band gap and carrier separation by forming 

oxygen vacancies inside [31, 32, 41]. For example, Qiu et 

al. succeeded in synthesizing a series of visible-light-

driven 0.05-3.0% Y3+-doped B2MoO6 photocatalysts by a 

hydrothermal method [31]. They found that 1.5% Y-

doped Bi2MoO6 showed the highest degradation of 

rhodamine B (RhB) and Congo red (CR) organic 

pollutants under visible light irradiation because Yb3+ 

dopant was able to greatly promote the diffusion and 

separation of photoexcited carriers containing inside. Yu 

et al. reported that Gd3+ doped Bi2MoO6 nanoplates 

showed excellent photodegradation of RhB under visible 

light irradiation because Gd3+ dopant has the influence to 

improve visible light harvest and promote the separation 

of photogenerated electrons and holes containing in 

Bi2MoO6 [41]. Among different rare earth metals, Sm3+ 

dopant with incompletely occupied 4f orbitals and empty 

5d orbitals played the role in improving the photocatalytic 

performance. Thus, Sm3+ dopant has the ability to 

promote the efficient separation of photoinduced electron-

hole pairs and enhance photocatalytic reaction [32, 42-

44]. Zhang et al. succeeded in synthesizing of SmxBi2-

xWO6 (x = 0.0%, 0.5%, 1.0%, 2.0) by a hydrothermal 

method [43]. The Sm0.01Bi1.99WO6 has the highest activity 

for RhB degradation caused by the synergistic effect of 

appropriate band gap and high specific surface area of Sm-

doped Bi2MoO6. Upon being doped with Sm, BiVO4 

played a role in enhancing the photodegradation of 

methylene blue (MB) because the dopant has the influence 

to enhance efficient separation of electron–hole pairs [44]. 

The as-synthesized visible-light-driven Sm-doped 

Bi2MoO6 nanoplates were characterized by X-ray 

diffraction (XRD), Raman and Fourier transform infrared 

(FTIR) spectrometry, scanning electron and transmission 

electron microscopy (SEM and TEM) and X-ray 

photoelectron spectrometry (XPS). The optical properties 

and surface area of visible-light-driven Sm-doped 

Bi2MoO6 nanoplates were investigated by ultraviolet-

visible absorption spectroscopy and nitrogen adsorption–

desorption surface area analysis. The visible-light-driven 

Sm-doped Bi2MoO6 nanoplates were tested for the 

degradation of RhB under visible light irradiation. The 

effect of different weight contents of Sm dopant was 

studied through RhB degradation under visible light 

irradiation and discussed according to the experimental 

results.  

 

2.  Experimental 

 

To synthesize Sm-doped Bi2MoO6 nanoplates, 0.01 mole 

of bismuth (III) nitrate pentahydrate (Bi(NO3)3·5H2O) and 

0.005 mole of sodium molybdate dihydrate 

(Na2MoO4·2H2O) were dissolved in 80 ml distilled with 

being stirred to form suspension solution. Concurrently, 

0–2% by weight of samarium (III) nitrate hexahydrate 

(Sm(NO3)3·6H2O) dissolved in 20 ml distilled water was 

added into the mixed suspension solution with being 

stirred at the room temperature behind. The mixture was 

adjusted the pH to 6 by 3 M sodium hydroxide (NaOH) 

and put in a 200 ml home-made Teflon-lined stainless-
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steel autoclave. The hydrothermal reactor was sealed and 

heated in an electric oven at 180 oC for 20 h. At the end of 

hydrothermal process, the as-synthesized Sm-doped 

Bi2MoO6 was filtered by Whatman filter paper no 5, 

washed with distilled water and 95% ethanol to remove 

inorganic residues and dried at 80 oC for 12 h. 

Phase and crystallinity of the samples were 

characterized by a Philips X’Pert MPD X-ray 

diffractometer (XRD). The atomic vibration of samples 

was studied using a BRUKER TENSOR 27 Fourier 

transform infrared (FTIR) spectrometer and a HORIBA 

JOBIN YVON T64000 Raman spectrometer with 50 mW 

and 514.5 nm wavelength Ar green laser. The 

morphologies of Sm-doped Bi2MoO6 were examined 

using scanning electron microscopy (SEM, JEOL JSM 

IT800) at an accelerating voltage of 35 kV combined with 

an Oxford Instruments Energy-Dispersive Spectroscopy 

(EDS) and transmission electron microscopy (TEM, 

JEOL JEM-2010) at an accelerating voltage of 200 kV. 

The oxidation states of elements and elemental 

composition of Sm-doped Bi2MoO6 were analyzed by an 

X-ray photoelectron spectrometer (XPS) Kratos Axis 

Ultra DLD using monochromates Al Kα radiation at 

1486.6 eV and C 1s at 285.1 eV as a standard. The surface 

area and pore size of Sm-doped Bi2MoO6 were analyzed 

through nitrogen adsorption–desorption isotherms by a 

Micromeritics ASAP 2020 surface area analyzer at 77 K. 

The optical absorption of Sm-doped Bi2MoO6 was 

analyzed by Shimadzu UV-2600 UV-visible absorption 

spectroscopy at 200–800 nm wavelength. 

Photocatalytic activities of Bi2MoO6 containing 

different weight contents of Sm dopant were monitored by 

rhodamine B (RhB) degradation under visible light 

illumination from a 35 W xenon lamp with a 420 nm 

cutoff filter. Each 0.2 g of Bi2MoO6 containing different 

weight contents of Sm dopant was put in 200 ml of 1x10–

5 M RhB solutions which were magnetically stirred in the 

dark for 30 min. Subsequently, the solution system was 

irradiated by visible light of the xenon lamp and was 

collected for 5 ml every 30 min interval. The sampled 

solution was centrifuged at 4500 rpm for 10 min and was 

determined the content of RhB at the maximum 

absorption wavelength (λmax) of 554 nm by Lambda 25 

UV–visible spectroscopy, PerkinElmer Inc. The 

decolorization efficiency can be calculated by the 

following. 

Decolorization efficiency (%) = x100     
(1) 

Co and Ct are the concentrations of RhB at time t = 0 

and after light irradiation for a period of time (t). The 

degradation pathway of RhB photocatalyzed by 1% Sm-

doped Bi2MoO6 under visible light irradiation for t = 0, 90 

and 150 min was investigated by a liquid chromatograph-

quadrupole time-of-flight mass spectrometer (LC-QTOF 

MS), 1290 infinity II LC-6545 quadrupole-TOF, Agilent 

Technologies, using a positive electrospray ionization 

(ESI+) mode. 

 

3.  Results and discussion 

 

The crystal structure and phase of as-prepared samples 

were investigated by XRD (Fig. 1). XRD pattern of 

Bi2MoO6 prepared by the hydrothermal method at 180 oC 

for 20 h shows the dominant diffraction peaks at 2θ of 

10.96o, 23.59o, 28.29o, 32.65o, 33.15o, 36.10o, 46.78o, 

47.17o, 55.56o, 56.32o and 58.50o which were respectively 

assigned to the (020), (111), (131), (002), (060), (151), 

(202), (062), (331), (082) and (262) crystallographic 

planes of orthorhombic Bi2MoO6 structure (JCPDS no. 

00-021-0102 [45]). Upon the introduction of Sm into 

Bi2MoO6, XRD patterns of Sm-doped Bi2MoO6 can be 

indexed to orthorhombic Bi2MoO6 structure (JCPDS no. 

00-021-0102 [45]). The crystal structure and phase of the 

samples were not changed although Sm dopant was 

introduced into Bi2MoO6 lattice. However, the diffraction 

peaks of Bi2MoO6 became border and weaker by the 

introduction of Sm dopant. Thus, the crystallite size and 

crystalline degree of Sm-doped Bi2MoO6 were decreased. 

The (131) crystallographic plane of Bi2MoO6 was slightly 

shifted to higher angle because the ionic radius of Bi3+ 

(1.03 Å [16, 30, 33, 43]) is larger than the ionic radius of 

Sm3+ (0.958 Å [43, 46, 47]). This result indicated that 

Sm3+ ions substituted for Bi3+ ions of Bi2MoO6 lattice. The 

distorted orthorhombic Bi2MoO6 structure led to defect 

formation inside [48-50]. The approximate particle sizes 

calculated by Scherrer equation [41, 43, 51, 52] are shown 

in Table 1. The particle sizes of Bi2MoO6 were decreased 

with increasing in the loaded Sm dopant because they 

were suppressed by defects inside [16, 31, 32]. Moreover, 

the calculated cell parameters and volumes of Bi2MoO6 

are summarized in Table 1 [43, 53, 54]. They were also 

decreased with increasing in the loaded Sm. These were 

certified as the substitution of Sm3+ ions for Bi3+ ions of 

Bi2MoO6 lattice.  

Fig. 2a shows the FTIR spectra of as-prepared 

samples. They show the characteristic broad band at 

3200–3400 cm–1 which are attributed to the stretching 

vibration of O–H bond belonging to water molecules 

adsorbed on the surface of as-prepared samples [1, 3, 4, 

15, 16, 29].  

The small FTIR peaks at 446 and 575 cm–1 of pure 

Bi2MoO6 sample were detected and were attributed to the 

vibration of Bi–O bond of BiO6 and bending vibration of 

[MoO6]6− [1, 3, 4, 15, 16, 29]. The dominant FTIR peak at 

736 cm–1 was attributed to the asymmetric stretching of 

equatorial oxygen atoms containing in [MoO6]6− 

octahedrons [1, 3, 4, 15, 16, 29].  

o

o

C

C -C t
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Figure 1. XRD patterns of 0–2% Sm-doped Bi2MoO6 samples at 2θ of (a) 10o–60o and (b) 27.00o–29.50o 

 

 
 

Figure 2. (a) FTIR and (b) Raman spectra of 0–1% Sm-doped Bi2MoO6 samples 

 

Table 1. Unit cell, unit volume and particle size of Bi2MoO6 and Sm-doped Bi2MoO6 samples 
 

Samples Unit cell (Å) Unit volume 

(Å3) 

Particle size  

(nm) a b c 

Bi2MoO6 5.4960 16.1707 5.4902 487.94 32.47 

0.5% Sm-doped Bi2MoO6 5.4881 16.0793 5.4813 483.70 31.07 

1% Sm-doped Bi2MoO6 5.4843 16.0615 5.4761 482.37 30.14 

2% Sm-doped Bi2MoO6 5.4815 16.0259 5.4719 480.68 29.21 

The asymmetric and symmetric stretching modes of 

the apical oxygen of Mo–O atoms in [MoO6]6− 

octahedrons were detected at 842 and 796 cm−1 [1, 3, 4, 

15, 16, 29]. The vibration of metal-oxygen of Sm-doped 

Bi2MoO6 was slightly shifted because of the change in the 

length and co-angular structure between [Bi2O2]2+ layers 

and corner-shared octahedral structure of [MoO6]6− [4, 16, 

29, 30]. Fig. 2b is the Raman spectra of Bi2MoO6 and Sm-

doped Bi2MoO6. Raman spectrum of Bi2MoO6 shows the 

main peaks at 715, 796 and 844 cm−1 which were assigned 

to the asymmetric stretching vibration (Eu mode) of Mo–

O bond at equatorial oxygen atoms containing in the 

[MoO6]6− octahedrons and symmetric and asymmetric 

stretching vibrations (A1g and A2u modes) of Mo–O bond 

at apical oxygen atoms of [MoO6]6− octahedron [2, 16, 28, 

33]. The minor Raman vibrations at 293 and 282 cm−1 

correspond to the Eg bending vibration while the minor 

Raman vibration at 325, 351, and 399 cm−1 correspond to 

Eu symmetric bending [2, 16, 28, 33]. The Raman spectra 

of Sm-doped Bi2MoO6 became broaden due to the change 

in the metal-oxygen environment containing in Sm-doped 

Bi2MoO6 [16, 28, 33, 55].  
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Figure 3. SEM images of (a) 0%, (b) 0.5%, (c) 1% and (d) 2% Sm-doped Bi2MoO6 samples 

 

 
 

Figure 4. EDS maps of (a) Sm, (b) Bi, (c) Mo and (d) O elements containing in 2% Sm-doped Bi2MoO6 sample 

 

      Fig. 3 shows the SEM images of Bi2MoO6 and Sm-

doped Bi2MoO6 prepared by hydrothermal method. The 

pure Bi2MoO6 sample was composed of uniform 

nanoplates with size of 300–800 nm. Bi2MoO6 nanoplates 

form a layered sandwich structure, specifically an 

Aurivillius-type structure, where perovskite-like 

(MoO2)2+ layers are intercalated between (Bi2O2)2+ layers, 

creating distinct internal interfaces that contribute to the 

unique electronic and photocatalytic properties [3, 16, 30, 

31, 40].  
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Figure 5. TEM images, SAED patterns, HRTEM images and FFT patterns of (a, b) Bi2MoO6 and (c, d) 1% Sm-doped Bi2MoO6 

 

 
 

Figure 6. (a) Full survey scan XPS spectra of pure Bi2MoO6 and 1% Sm-doped Bi2MoO6. High resolution XPS spectra of (b) Sm 3d, (c) Bi 4f, (d) Mo 3d 

and (e) O 1s of pure Bi2MoO6 and 1% Sm-doped Bi2MoO6 samples 
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Upon being loaded with Sm dopant, they show the 

uniform nanoplates with size of 200–400 nm. The size of 

Bi2MoO6 nanoplate became smaller because Sm2+ ions 

substituted for Bi3+ ions and the growth rate of Bi2MoO6 

nanoplates was inhibited [16, 30-32]. The surface area of 

Bi2MoO6 nanoplates was increased and the pollutant 

adsorption was enhanced. In addition, visible light harvest 

on the nanoplate surface and the photocatalytic 

performance were improved [56, 57]. The distribution of 

individual element of Sm-doped Bi2MoO6 sample was 

analyzed by EDS (Fig. 4). The characteristic X-ray maps 

of Sm, Bi, Mo and O elements containing in 2% Sm-

doped Bi2MoO6 appear as uniform distribution of 

elements containing in Bi2MoO6 lattice, including the 

existence of Sm ions across the Bi2MoO6 lattice.  

Figs. 5a and 5c shows the TEM images of Bi2MoO6 

and 1% Sm-doped Bi2MoO6 which present uniform 

nanoplates with size of ~200–300 nm for Bi2MoO6 and 

~100–200 nm for 1% Sm-doped Bi2MoO6. The size and 

thickness of Bi2MoO6 nanoplates were slightly decreased 

by the loaded Sm dopant. The SAED patterns of 

individual Bi2MoO6 and 1% Sm-doped Bi2MoO6 

nanoplates show the bright symmetric spots of electron 

diffraction of orthorhombic Bi2MoO6 single crystal. Both 

of them can be indexed to the (200), (220) and (020) 

planes of orthorhombic Bi2MoO6 structure (JCPDS no. 

00-021-0102 [45]) with zone axis of [001].  

The orthorhombic Bi2MoO6 nanoplate was composed 

of (Bi2O2)2+ layers sandwiched between (MoO4)2− layers 

along the b axis, leading to two-dimensional growth [29, 

30, 38, 58]. HRTEM images of Bi2MoO6 and 1% Sm-

doped Bi2MoO6 (Figs. 5b and 5d) present the 

crystallographic planes corresponding with orthorhombic 

Bi2MoO6 structure (JCPDS no. 00-021-0102 [45]). The 

Fast Fourier Transformation (FFT) image of Bi2MoO6 

(inserted in Fig. 5b) reveals the periodic structure of 

orthorhombic Bi2MoO6 crystal and the symmetric 

electron diffraction of the single Bi2MoO6 crystal. 

The surface compositions and chemical states of 

elements containing in Bi2MoO6 and 1% Sm-doped 

Bi2MoO6 were analyzed by XPS (Fig. 6) calibrated to the 

adventitious carbon C 1s peak centered at 285.1 eV. The 

full survey XPS spectra of Bi2MoO6 and 1% Sm-doped 

Bi2MoO6 reveal the presence of C, Bi, Mo and O for 

Bi2MoO6 and C, Sm, Bi, Mo and O for Sm-doped 

Bi2MoO6. The adventitious carbon C 1s peaks for both 

Bi2MoO6 and Sm-doped Bi2MoO6 were determined as a 

reference [3, 16, 59, 60].  

Upon the use of Gaussian analysis, the high-resolution 

XPS spectrum of Sm 3d was fitted and corresponded to 

the binding energies at 1080.82, 1083.39 and 1085.78 eV 

for Sm 3d5/2 spin orbital and 1108.00, 1110.90 and 

1113.04 eV for Sm 3d3/2 spin orbital [32, 61-65]. The 

binding energies at 1080.82 eV for Sm 3d5/2 and 1108.00 

eV for Sm 3d3/2 correspond to the spin orbital of Sm2+ and 

those at 1083.39 eV for Sm 3d5/2 and 1110.90 eV for Sm 

3d3/2 correspond to the spin orbital of Sm3+ [32, 61-63]. 

The binding energies at 1085.78 eV (Sm 3d5/2) and 

1113.04 eV (Sm 3d3/2) are the strong charge-diffusion 

effect of 4f electrons and satellite of Sm3+ [63, 64].  

The charge-diffusion of Sm3+ is influenced by the 4f 

electrons, shielded by the 5s and 5p electrons of the host 

lattice. The shielding effect can lead to reduce the role of 

the host lattice on charge-diffusion, allowing for more 

accurate prediction of the 4f and 5d energies of Sm3+. The 

symmetric high resolution binding energies of Bi 4f7/2 and 

Bi 4f5/2 spin orbitals were detected at 159.22 and 164.52 

eV for Bi2MoO6 and 159.41 and 164.72 eV for 1% Sm-

doped Bi2MoO6, respectively. These belong to bismuth 

with tri-valence state [3, 16, 17, 22, 30, 32]. The 

symmetric high resolution binding energies at 232.54 eV 

of Mo 3d7/2 and 235.73 eV of Mo 3d5/2 for Bi2MoO6 and 

232.80 eV of Mo 3d7/2 and 235.94 eV of Mo 3d5/2 for 1% 

Sm-doped Bi2MoO6 were identified as the existence of 

Mo6+ in both Bi2MoO6 and 1% Sm-doped Bi2MoO6 

samples [3, 16, 17, 22, 30, 32].  

Two minor energies at 231.93 eV (Mo 3d7/2) and 

235.12 eV (Mo 3d5/2) for 1% Sm-doped Bi2MoO6 were 

assigned to the spin orbitals of Mo5+ [66, 67]. The 

asymmetric binding energies of O 1s spectra of Bi2MoO6 

and 1% Sm-doped Bi2MoO6 were deconvoluted by 

Gaussian analysis. The peaks of binding energies at 

530.14, 531.09, 532.32 and 533.59 eV of Bi2MoO6 and 

530.30, 531.39, 532.68 and 533.91 eV of 1% Sm-doped 

Bi2MoO6 were attributed to the Bi–O bond, Mo–O bond 

and hydroxyl group on surfaces of the samples [3, 16, 17, 

30, 32, 38].  

The specific surface area and pore size distribution of 

Bi2MoO6 and 1% Sm-doped Bi2MoO6 samples were 

analyzed through the nitrogen adsorption-desorption 

isotherms (Fig. 7). The nitrogen adsorption-desorption 

isotherms of Bi2MoO6 and 1% Sm-doped Bi2MoO6 

samples appear as hysteresis loops at P0/Pt of 0.7–1.0 

which can be categorized as type IV according to the 

IUPAC classification, and the Bi2MoO6 and 1% Sm-

doped Bi2MoO6 samples were mesoporous [18, 19, 26, 27, 

33, 34].  

The specific surface area and average pore size 

calculated by Brunauer-Emmett-Teller (BET) and 

Barrett-Joyner-Halenda (BJH) formulae were 10.9045 m2. 

g–1 and 16.6058 nm for Bi2MoO6 and 11.4403 m2.g–1 and 

13.3486 nm for 1% Sm-doped Bi2MoO6. Generally, 

introducing Sm dopant into Bi2MoO6 can lead to increase 

specific surface area and average pore size, create more 

active sites and pathways for pollutants, including 

promote charge separation and enhance photocatalytic 

efficiency of the photocatalyst [18, 19, 26, 27, 33, 34].  

Fig. 8 shows the UV–visible absorption spectra of 

Bi2MoO6 and Sm doped-Bi2MoO6 recorded on the 

wavelength of 200–800 nm.  
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Figure 7. Nitrogen adsorption-desorption isotherms of Bi2MoO6 and 1% Sm-doped Bi2MoO6 samples 

 

 
 

Figure 8. Absorption spectra of Bi2MoO6 and Sm-doped Bi2MoO6 samples 

 

The spectrum of Bi2MoO6 shows the strong light 

absorption capacity from ultraviolet to visible range with 

the absorption edge of 441.53 nm because the 

Bi2MoO6 intrinsic band gap diffusion from VB to CB of 

O 2p orbitals were primarily from the Mo 4d orbitals of 

MoO6 octahedrons and the absorption edge was believed 

to the secondary Bi 6p orbitals [2, 16, 68, 69]. Upon the 

introduction of Sm, the visible-light absorption range was 

obviously increased and the absorption edge was redshift 

from 441.53 nm of Bi2MoO6 to 443.23, 444.35 and 445.63 

nm for 0.5%, 1% and 2% Sm-doped Bi2MoO6, 

respectively.  
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Figure 9. UV–visible absorption of RhB photocatalyzed by (a) 0%, (b) 0.5%, (c) 1% and (d) 2% Sm-doped Bi2MoO6 samples for different lengths of time 

 

 
 

Figure 10. (a) Decolorization efficiencies and (b) linear plots for RhB degradation photocatalyzed by Bi2MoO6 and Sm-doped Bi2MoO6 samples compared 

with the blank test for different lengths of illumination time 

 

Thus, the light absorption in visible range of Sm 

doped-Bi2MoO6 was able to absorb more photons during 

the photocatalytic reaction [31, 32, 70]. The band gap (Eg) 

of Bi2MoO6 and Sm doped-Bi2MoO6 was calculated as 

follows. 
 

Eg = hc/λ (2) 
 

, where h, c and λ represent the Planck constant, speed of 

light and absorption edge wavelength, respectively [16, 

41, 42, 71]. The band gap energies of as-prepared samples 

were 2.814, 2.803, 2.796 and 2.788 eV for 0%, 0.5%, 1% 

and 2% Sm-doped Bi2MoO6, respectively. The 

introduction of Sm played the role in narrowing the band 

gap of Bi2MoO6 by forming the impurity level in 

electronic band of Bi2MoO6 [16, 31, 32, 41].  
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Figure 11. Mass spectra of RhB solutions photocatalyzed by 1% Sm-doped Bi2MoO6 sample for 0, 90 and 150 min 

 

 
 

Figure 12. Decolorization efficiencies of 1% Sm-doped Bi2MoO6 sample for the degradation of RhB solutions with and without EDTA-2Na, IPA and BQ 

under visible light irradiation 
 

 
 

Figure 13. Stability and re-usability of 1% Sm-doped Bi2MoO6 photocatalyst for the gradation of RhB for five cycles 

 

The photocatalytic performance of Bi2MoO6 

containing different weight contents of Sm dopant was 

monitored through the RhB degradation under visible 

light irradiation. Fig. 9 shows the temporal UV-visible 

spectra of photodegraded RhB solutions photocatalyzed 

by Bi2MoO6 containing different weight contents of Sm 

dopant for different lengths of irradiation time. Clearly, 

the visible absorption peak of RhB at 554 nm for all the 

samples was monotonically decreased with the increase of 

irradiation time.  
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Table 2. Comparison of photocatalytic efficiencies of the present and previous works 
 

Photocatalysts Organic compounds Photocatalytic efficiencies  References 

1.5 wt% g‑C3N4/Bi2MoO6 MB  97% within 210 min [18] 

Sn-doped Bi2MoO6 nanosheets Tetracycline (TC) 81.10% within 180 min [23] 

2-mercaptobenzothiazole(MBT) 85.1% within 180 min 

1.5% Y doped Bi2MoO6  CR 85% within 180 min [31] 

8% Cd doped Bi2MoO6 Sulfamethoxazole (SMZ) 97.9% within 210 min [33] 

6% Gd/Bi2MoO6 RhB 84% within 100 min [38] 

Carbon-coated Bi2MoO6 composites   RhB 90% within 210 min [73] 

0.05% Er-doped Bi2MoO6 RhB 93.30% within180 min [74] 

C3N4/BiOBr/Bi2MoO6 composites Ciprofloxacin (CIP) 94% within 240 min [75] 

RhB 92% within 240 min 

5% Pt-doped Bi2MoO6 nanoparticles  RhB 80% within 180 min [76] 

9% Ag/Bi2MoO6 composites RhB 77% within 120 min [77] 

3% Au-doped Bi2MoO6 RhB 96.25% within 240 min [78] 

MOF derived Bi2MoO6/TiO2 

nanohybrids 

RhB ~92% within 180 min [79] 

1% Sm-doped Bi2MoO6  RhB 96.27% within 150 min This work 

The visible absorption peak of RhB by pure Bi2MoO6 

was decreased less than that by Sm-doped Bi2MoO6 

because the photo-excited electrons diffused from 

Bi2MoO6 to Sm3+ dopant as an electron acceptor and 

further combined with oxygen to form superoxide anion 

radical [41, 43, 44, 72]. At the end of 150 min, the peak 

position of RhB over 1% Sm-doped Bi2MoO6 was shifted 

to 498 nm by transforming the ethyl groups of RhB into 

rhodamine [3, 16, 25, 43].    

The photocatalytic activities of Bi2MoO6 and Sm 

doped-Bi2MoO6 were evaluated through RhB degradation 

under visible light illumination. Fig. 10a shows the 

photocatalytic efficiency of Bi2MoO6 and Sm doped-

Bi2MoO6 for RhB degradation under visible light 

illumination. The absorption intensity of pure RhB 

solution without the photocatalyst was remain unchanged 

under visible light irradiation. The pure RhB solution did 

not show any photolysis under visible light irradiation. 

The photocatalytic efficiency of Sm-doped Bi2MoO6 for 

RhB degradation was higher than that of pure Bi2MoO6 

sample. When the loaded Sm was increased, the 

photocatalytic efficiency was also increased. The 

efficiency of 1% Sm-doped Bi2MoO6 was the highest of 

96.27% or 3.91 times of Bi2MoO6 (24.65%) due to the 

increase of specific surface area and visible light harvest 

[18, 19, 31, 33, 34, 41]. Upon further increase the loaded 

Sm to 2% Sm dopant, the efficiency of 2% Sm-doped 

Bi2MoO6 became weaker because Sm dopant was 

excessive [32, 41, 43].  

Comparting to the previous reports (Table 2), 1% Sm-

doped Bi2MoO6 nanoplates have the highest 

photocatalytic performance [18, 23, 31, 33, 38, 73-79]. 

The Sm dopant is a promising candidate in improving the 

photocatalytic performance of the semiconductor. The 

kinetic photocatalytic constant of Bi2MoO6 and Sm-doped 

Bi2MoO6 for RhB degradation under visible light 

illumination was calculated by the Langmuir-

Hinshelwood model as follows.  

ln(Co/Ct) = kt 
(3) 

Co and Ct are the content of RhB before and after 

visible light illumination at a certain time (t) and k is the 

apparent kinetic constant [3, 15, 16, 29, 43, 80].  Fig. 10b 

shows the linear relationship between ln(Co/Ct) versus 

visible light illumination time (t) with correlation 

coefficient (R2) → 1. The reaction followed the pseudo-

first-order model [1, 3, 16, 29]. The calculated kinetic 

constants were 1.85x10−3, 7.53x10−3, 0.0196 and 

9.38x10−3 min−1 for 0%, 0.5%, 1% and 2% Sm-doped 

Bi2MoO6, respectively. The 1% Sm-doped Bi2MoO6 

sample has the highest kinetic photocatalytic constant for 

RhB degradation under visible light illumination. This 

certifies that Sm dopant acted as an electron accepter 

which played the role in narrowing band gap and 

suppressing the recombination of photo-induced charge 

carriers during photocatalytic reaction [31, 33, 34, 41, 44].  

The degradation pathway of RhB photocatalyzed by 

1% Sm-doped Bi2MoO6 was investigated by mass 

spectroscopy (Fig. 11). Mass spectrum of RhB solution 

stirred in the dark condition for 30 min presents the mass-

to-charge ratio (m/z) of 443 for a positive electrospray 

ionization (ESI+) mode [81, 82]. Upon being 

photocatalyzed for 90 min, the intensity of m/z at 443 was 

reduced. They indicate that the positively charged RhB+ 

molecules were degraded by active species such as 

hydroxyl radical (●OH), superoxide anion (●O2
−) and hole 

(h+). New m/z ratios at 415, 387, 359 and 311 

corresponded to the N,N,N′-triethyl-rhodamine (m/z = 

415), N,N′-diethyl-rhodamine (m/z = 387), N-ethyl-

rhodamine (m/z = 359) and rhodamine (m/z = 311).  
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Figure 14. Comparison of XRD patterns of the fresh and five-cycle test of re-used 1% Sm-doped Bi2MoO6 nanoplates 

 

 

Figure 15. A proposed photocatalytic mechanism of Sm-doped Bi2MoO6 for RhB degradation illuminated by visible radiation 

 

     The results show that the positively charged RhB+ 

molecules were degraded the full ethyl group by N-

deethylation pathway [81, 83-85]. Subsequently, 

rhodamine molecules (m/z = 311) were cleaved through 

the chromophore pathway. Thus, several aromatic 

intermediates with m/z of 301, 294, 221, 185 and 149 were 

produced and further converted into H2O, CO2 and 

inorganic ions as final products through the mineralization 

process [81, 83-85]. 

Active radicals for RhB degradation photocatalyzed 

by 1% Sm-doped Bi2MoO6 illuminated by visible light 

were investigated using isopropanol (IPA), benzoquinone 

(BQ) and ethylenediaminetetraacetic acid disodium salt 

(EDTA- 2Na) for trapping ●OH, ●O2
− and h+, respectively 

[16, 32, 86-88]. Fig. 12 shows the trapping test of 

photocatalytic efficiency for RhB degradation 

photocatalyzed by 1% Sm-doped Bi2MoO6 under visible 

light irradiation. The photocatalytic efficiencies were 

significantly inhibited to 34.68% and 12.35% by the use 

of BQ and EDTA-2Na, respectively. They identified that 
●O2

− and h+ are the main active species for RhB 

degradation [16, 32, 86, 87]. The photocatalytic efficiency 

was little decreased by IPA adding, therefore, ●OH has a 

little effect on the RhB degradation photocatalyzed by 1% 

Sm-doped Bi2MoO6 under visible light irradiation [16, 32, 

86, 87].  

Fig. 13 shows the recycled experiment to study the 

durability and stability of the 1% Sm-doped Bi2MoO6 

photocatalyst for RhB degradation under visible light 

irradiation. The stability and durability of reused 1% Sm-

doped Bi2MoO6 nanoplates were very excellent even at 

the end of cycle five. The XRD pattern of the reused 1% 
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Sm-doped Bi2MoO6 nanoplates at the end of cycle five 

was compared with the XRD pattern of the fresh 1% Sm-

doped Bi2MoO6 nanoplates. According to Fig. 14, the 

structure of the reused 1% Sm-doped Bi2MoO6 nanoplates 

can be indexed to the orthorhombic Bi2MoO6 structure 

(JCPDS no. 00-021-0102 [45]). Clearly, the 1% Sm-

doped Bi2MoO6 nanoplates are significantly stable and 

extremely good in photocatalytic performance. 

Fig. 15 shows the photocatalytic mechanism of Sm-

doped Bi2MoO6 nanoplates for the photodegradation of 

RhB under visible light irradiation. The mechanism is 

explained by the following.   

Sm-doped Bi2MoO6 + hv  → 

e−
CB(Bi2MoO6) + e−

Fermi Level + 

h+
VB(Bi2MoO6)    

(4) 

e−
Fermi Level + Sm3+ →   Sm2+ (5) 

Sm2+ + O2→   O2
− + Sm3+  (6) 

h+
VB(Bi2MoO6) + H2O/OH− →   OH  (7) 

RhB + O2
−/OH→   CO2 + H2O + 

inorganic ions 

(8) 

Sm-doped Bi2MoO6 nanoplates were excited by 

visible light. Some electrons were in conduction band 

(CB) and some were in Fermi level. The excited electrons 

diffused from Fermi level to Sm3+ with the reaction of 

Sm2+ and O2 to produce O2
−. Concurrently, photo-induced 

holes in valence band (VB) combined with adsorbed 

H2O/OH− to produce OH [16, 32, 43, 89, 90, 91]. 

According to the previous report, Jiang et al. found that 

the photocatalytic activity of BiVO4 was improved by the 

loaded Sm dopant because Sm3+ ions played the role in 

accepting the photo-electrons which further reacted with 

adsorbed O2 to form ●O2
− radicals [44]. Thus, the 

recombination of charge-carriers containing in Bi2MoO6 

was restrained and the separation of charge-carriers was 

enhanced. In addition, lifetime of the separated charge-

carriers was prolonged and the photocatalytic 

performance of Sm-doped Bi2MoO6 was improved [16, 

17, 32, 43, 89, 90]. O2 and H2O/OH− reacted with the 

photo-electrons and photo-induced holes to form O2
− and 

OH radicals, respectively. In the end, RhB molecules 

were degraded by the active radicals and were 

transformed into CO2 and H2O as final products [16, 17, 

32, 43, 89]. 

  

4. Conclusions 

 

In summary, Sm-doped Bi2MoO6 nanoplates as visible-

light-driven photocatalyst were successfully synthesized 

by hydrothermal method. The analytical results showed 

that orthorhombic Sm-doped Bi2MoO6 nanoplates played 

the role in harvesting visible-light range better than pure 

Bi2MoO6 nanoplates. The 1% Sm doped-Bi2MoO6 

nanoplates with excellent stability and re-usability have 

the highest photocatalytic activity for degradation of RhB 

by ●O2
− and h+ as the main active species. Thus, they are 

the promising visible-light-driven photocatalyst used for 

wastewater treatment. 
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