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a b s t r a c t 

This is the first report that three compounds, Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 , can be selectively syn- 

thesized by a controlled and template-free hydrothermal method. Crystalline Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and 

Bi 12 SiO 20 are prepared from the reaction of Na 2 SiO 3 and Bi(NO 3 ) 3 • 5H 2 O in an alkaline aqueous so- 

lution at 150 °C–250 °C for 24 h, whereas conventional syntheses necessitate operational tempera- 

tures above 650 °C. The composition and morphology of bismuth silicates could be controlled by ad- 

justing some growth parameters, including reaction pH and temperature. The products are characterized 

by X-ray diffraction scanning electron microscope–energy–dispersive X-ray spectroscopy, high-resolution 

transmission electron microscopy, Diffuse Reflectance UV–visible spectroscopy, Brunauer–Emmett–Teller, 

and high-resolution X-ray photoelectron spectroscopy. The UV–Vis spectra demonstrate that the three 

materials are indirect semiconductors with optical bandgaps of 2.65, 3.30, and 3.44 eV for Bi 12 SiO 20 , 

Bi 2 SiO 5 , and Bi 4 Si 3 O 12 , respectively. The photocatalytic efficiency of the powder suspension is evaluated 

by measuring the crystal violet concentration under visible-light irradiation. The order of rate constants 

shows Bi 2 SiO 5 > Bi 4 Si 3 O 12 > Bi 12 SiO 20 . 

© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

During the last decade, heterogeneous photocatalysis methods

or environmental remediation and solar energy conversion have

roused extensive interest because they require mild reaction

onditions, produce no secondary pollutants, and are inexpensive

nd environmentally sturdy [1] . To utilize visible light and har-

est solar energy efficiently, intensive effort s have been made to

evelop visible-light-driven photocatalysts. 

In efforts to exploit novel photocatalyst systems working under

isible light, it has been revealed that orbitals of some p-block

etals with a d 

10 configuration, such as Ag 4d in Ag(I), Sn 5 s

n Sn(II) and Bi 6 s in Bi(III), could hybridize O 2p levels to form

 new preferable hybridized valence band (VB), thus narrowing

he band gap to harvest visible light. In terms of low toxicity and

arth abundance, bismuth-based materials are more appropriate

andidates; on the other hand, bismuth based semiconductors

ave shown efficient photocatalytic performance in waste water

urification and harmful pollutant removal. Hence, considerable

ttention has been drawn to bismuth-based semiconductors,
∗ Corresponding author. 
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876-1070/© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All r
hich could be endowed with strong visible light absorption and

xcellent photocatalytic activity [2–5] . 

Recently, Bi-based layered structure compounds, within the

urivillius family, such as BiOX (X = Cl, Br, I) [2,3] , Bi 4 Ti 3 O 12 

6] , Bi 2 WO 6 [7] , BiVO 4 [8] , Bi 3 TiNbO 9 [9] , Bi 7 VO 13 [4] , Bi 11 VO 19 

5] , etc., have been extensively researched as highly efficient

hotocatalysts because of their unique layered structures and

ighly catalytic activities. It is thought that the Bi 6 s and O

p levels can make a greatly dispersed hybridized valence band,

hich would favor the mobility of photogenerated holes and the

xidation reaction, inducing efficient separation of photogenerated

lectron-hole pairs and improving photocatalytic efficiency [10] . 

The Bi 2 O 3 -SiO 2 binary system [11–14] consists of three com-

ounds of Bi 12 SiO 20 , Bi 4 Si 3 O 12 , and Bi 2 SiO 5 . Bi 2 O 3 and SiO 2 form

ilicates (such as Bi 2 Si 3 O 9 , Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 )

resents different molar ratios. Among these, the compounds

i 4 Si 3 O 12 and Bi 12 SiO 20 have several interesting properties such

s a large value of the dielectric constant, piezoelectric and

lasto-optic coefficients, and high refractive index; hence they

re technologically crucial [15–19] . Bi 2 SiO 5 , a substance of the

urivillius family is a promising material with relatively good di-

lectric and piezoelectric properties and nonlinear optical effects.

ts luminescent properties were also reported in a recent study

y Duan et al., who synthesized Bi 2 SiO 5 by using hydrothermal

ethods, which demonstrated excellent photocatalytic abilities
ights reserved. 
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Fig. 1. XRD patterns of the as-prepared Bi 2 SiO 5 , Bi 4 Si 3 O 12 , and Bi 12 SiO 20 samples 

under different temperatures, pH = 13, and Molar ratio (Bi/Si) = 1/1. 

Fig. 2. (a) FE-TEM images, (b) SAED, (c) HRTEM images, and (d) EDS of Bi 12 SiO 20 

prepared by the hydrothermal autoclave method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) FE-TEM images, (b) SAED, (c) HRTEM images, and (d) EDS of Bi 2 SiO 5 
prepared by the hydrothermal autoclave method. 

Fig. 4. (a) FE-TEM images, (b) SAED, (c) HRTEM images, and (d) EDS of Bi 4 Si 3 O 12 

prepared by the hydrothermal autoclave method. 
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and good stability during rhodamine B photodegradation under

visible-light irradiation [20] . 

Using Bi 2 O 3 and SiO 2 as the starting materials, a novel method

of melt-cooling processes [21] and molten salt methods in NaCl-

Na 2 SO 4 flux are applied to prepare pure Bi 2 SiO 5 crystals [22] . Chen

et al. also synthesized Bi 2 SiO 5 with a template-free hydrothermal

method, where Bi 2 SiO 5 showed high photocatalytic activity toward

salicylic acid and benzene under UV-light irradiation [13] . With an

emulsion polymerization technique, Police et al. produced porous

Bi 2 SiO 5 for the isoproturon degradation [23] . Xie et al. synthesized

Bi 4 Si 3 O 12 with a sol-gel method in which Si (OC 2 H 5 ) 4 and Bi

(NO 3 ) 3 •5H 2 O were the precursors and acetic acid was the solvent

[24] . Bi 4 Si 3 O 12 nanofibers were also synthesized and tested for

degrading methylene blue [25] . He and Gu used Bi (NO 3 ) 3 • 5H 2 O

and Si (OC 2 H 5 ) 4 as the starting materials for degrading Congo

red to prepare Bi SiO through a chemical solution decompo-
12 20 
ition technique [26] . No reports to date have prepared a series

f bismuth silicates, Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 using a

emplate-free hydrothermal method. 

Triarylmethane dyes have been used as industrial colorants

nd antimicrobial agents [27] . However, troubling difficulties have

risen regarding the thyroid peroxidase-catalyzed oxidation of the

riarylmethane class of dyes, because the reactions can produce

arious N -de-alkylated primary and secondary aromatic amines

ith structures similar to those of aromatic amine carcinogens

28] . The photocatalytic degradation of CV, a cationic triaryl-

ethane dye, was studied using several systems to generate active
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Table 1 

Crystalline phase changes of the as-prepared samples under different hydrothermal condi- 

tions. (Bi [NO 3 ] 3 / NaSiO 3 = 1/1–3/1, pH = 1–13, temp = 100 °C –250 °C, time = 24 h). ( 

Bi 2 SiO 5 , Bi 12 SiO 20 , Bi 4 Si 3 O 12 , Bi 6 O 6 (OH) 3 (NO) 3 , Bi 2 O 3 , SiO 2 ). 
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pecies, including Bi 2 WO 6 [29] , TiO 2 [30] , ZnO [31] , SrTiO 3 [32] ,

iOX/BiOY(X, Y = Cl, Br, I) [33] , Bi x Ag y O z [34] , SrFeO 3-x /g-C 3 N 4 

35] , PbBiO 2 Br/BiOBr [36] , and BaTiO 3 [37] . 

As far as known, there has not been a report in the literature

bout a series of Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 syntheses using

 hydrothermal method. This is therefore the first report mention-

ng about Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 being prepared with

 controlled and template-free hydrothermal method and charac-

erized by field-emission scanning electron microscope-electron

ispersive X-ray spectroscopy (FE–SEM–EDS), X-ray diffraction

XRD), high-resolution X-ray photoelectron spectroscopy (HR–XPS),

nd diffuse reflectance ultraviolet visible spectroscopy (DRS). We

ompare and discuss the photocatalytic activities of these three

emiconductors, Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 , by degrading CV

n aqueous solution under visible-light irradiation. 

. Experimental details 

.1. Materials 

Na 2 SiO 3 and NH 4 C 2 O 4 (Osaka), Bi (NO 3 ) 3 • 5H 2 O, KI and urea

Katayama), CV dye (TCI), p -benzoquinone (Alfa Aesar), ammonium

xalate (Osaka), and isopropanol (Merck) were purchased and used

ithout further purification. Reagent-grade CH 3 COONH 4 , NaOH,

NO , and HPLC-grade methanol were obtained from Merck. 
3 
.2. Instruments and analytical methods 

The Brunauer–Emmett–Teller (BET) specific surface areas of the

amples ( S BET ) were measured with an automated system (Micro-

etrics Gemini) using nitrogen gas as the adsorbate at a liquid

emperature. FE–SEM–EDS measurements were carried out using

 JEOL JSM-7401F at an acceleration voltage of 15 kV. The Al-K α
adiation was generated at 15 kV. The field-emission transmission

lectron microscopy (FE–TEM) images, the selected area electron

iffraction (SAED) patterns, the HRTEM images, and the EDS data

ere obtained using a JEOL-2010 with an acceleration voltage of

00 kV. The XRD patterns were recorded on a MAC Science MXP18

quipped with Cu-K α radiation, operated at 40 kV and 80 mA.

RXPS measurements were carried out using an ULVAC-PHI.

ltraviolet (UV) photoelectron spectroscopy measurements were 

erformed using a ULVAC-PHI XPS, PHI Quantera SXM. Photolumi-

escence (PL) measurements were carried out on a Hitachi F-70 0 0.

.3. Synthesis of Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 

By mixing 2 mmol Bi (NO 3 ) 3 • 5H 2 O and 1 mmol Na 2 SiO 3 in a

0 ml flask and adding 30 ml 4 M HNO 3 with continuous stirring,

 M NaOH was further added dropwise to adjust the pH value.

fter vigorously stirring for 30 min, the solution was transferred

nto a 30 ml Teflon-lined autoclave for being heated up to 150 °C–

50 °C for 24 h and then naturally cooled to room temperature.

he resulted solid precipitate was filtered and washed with deion-
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Fig. 5. (a) FT–IR and (b) Raman of the as-prepared Bi 2 SiO 5 (B1S1-150-13-24), 

Bi 4 Si 3 O 12 (B1S1-200-13-24), and Bi 12 SiO 20 (B1S1-250-13-24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Physical and chemical properties of BiSi x O y . 

Catalyst code EDS of atomic ratio (%) E g (eV) 

Bi Si O 

B1S1-150-13-24 25.63 1.94 72.43 2.69 

B1S2-150-13-24 29.26 3.75 66.99 3.35 

B1S3-150-13-24 22.70 10.04 67.26 2.85 

B2S1-150-13-24 23.37 9.91 66.72 2.58 

B2S3-150-13-24 22.70 10.04 67.26 2.63 

B3S1-150-13-24 21.39 10.42 68.19 2.58 

B3S2-150-13-24 27.32 3.27 69.40 2.55 

B1S1-200-13-24 23.09 9.43 67.48 3.44 

B1S2-200-13-24 22.70 10.04 67.26 2.66 

B1S3-200-13-24 29.32 3.13 67.55 3.30 

B2S1-200-13-24 27.32 3.27 69.40 3.30 

B2S3-200-13-24 29.26 3.75 66.99 3.51 

B3S1-200-13-24 20.90 9.77 69.33 2.53 

B3S2-200-13-24 23.37 9.91 66.72 2.66 

B1S1-250-13-24 23.39 9.88 66.73 3.55 

B1S2-250-13-24 19.84 7.53 72.63 2.58 

B1S3-250-13-24 19.81 7.59 72.60 2.35 

B2S1-250-13-24 23.37 9.91 66.72 2.58 

B2S3-250-13-24 21.84 9.53 68.63 2.61 

B3S1-250-13-24 23.37 9.91 66.72 2.58 

B3S2-250-13-24 19.84 7.53 72.63 2.58 
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ized water and methanol to remove any possible ionic species in

the solid precipitate. Finally, it was dried at 60 °C overnight. 

2.4. Photocatalytic experiments 

For the irradiation experiments of CV, an aqueous solution was

stirred in a 100-ml flask for an aqueous suspension of 10 ppm,

100 ml CV, which was placed in a Pyrex flask with an amount

of catalyst powder. Either HNO 3 or NaOH solution was added for

adjusting the pH of the suspension. The adsorption and desorption

equilibrium was then examined with a dark experiment. After

mixing 10 mg of the photocatalyst into 100 ml CV aqueous so-

lution with a known initial concentration in a 100 ml flask, the

mixture was shaken in an orbital shaker (100 rpm) at a constant

temperature. Batch sorption experiments were conducted with

UV–PDA to determine the absorbance of CV at 580 nm; then the

mixture was centrifuged at 30 0 0 rpm in a centrifugation machine.

Linear regression was applied to determine the concentration

of the solution. Magnetically stirring the suspension in dark for

approximately 30 min to establish an adsorption and desorption

equilibrium between the CV and the catalyst surface. 15 W Xe

arc lamps were then used for the irradiation. The reaction ves-

sel was placed 30 cm from the light source, which was fixed at

0.312 W/cm 

2 . Within given irradiation time intervals, 5-ml aliquots

were collected and centrifuged to remove the catalyst. Eventually,

a UV–PDA was used for measuring the supernatant. 
. Results and discussion 

.1. Characterization of Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 composites 

.1.1. Phase structure 

Figs. 1 and S1 show the XRD patterns of the as-prepared

amples, which clearly present the existence of Bi 4 Si 3 O 12 (JCPDS

1-076-1726), Bi 2 SiO 5 (JCPDS 01-075-1483), Bi 12 SiO 20 (JCPDS

1-080-0627), Bi 6 O 6 (OH) 3 (NO 3 ) 3 (JCPDS 53–1038), Bi 2 O 3 (JCPDS

1–1449), and SiO 2 (JCPDS 29–0085) phases. A small amount of

mpurity phase contamination was noted in almost all samples

ue to the reactant of non-stiochiometry. Under basic condi-

ions, Bi 12 SiO 20 was obtained at pH = 10–13, temp = 150 °C,

nd molar ratio (Bi/Si) = 1/1, 1/2, 3/1, 3/2; Bi 2 SiO 5 was ob-

ained at pH = 10–13, temp = 150 °C, Bi/Si = 1/3, 2/1, 2/3

nd pH = 10–13, temp = 200 °C, Bi/Si = 2/1, 2/3, 3/1, 3/2, and

H = 10–13, temp = 250 °C, Bi/Si = 1/1–3/1; and, Bi 4 Si 3 O 12 

as obtained at pH = 10–13, temp = 200 °C, Bi/Si = 1/1–1/3.

nder acidic conditions, Bi 6 O 6 (OH) 3 (NO 3 ) 3 was obtained at

H = 1–4, temp = 150 °C–250 °C, Bi/Si = 1/1–3/1; and, Bi 2 O 3 /SiO 2 

omposites were obtained at pH = 7, temp = 150 °C–250 °C,

i/Si = 1/1–3/1 in natural conditions. Figs 2 –4 show that the

i 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 samples consist of layers with

ifferent sizes, which is consistent with the TEM observations. Fur-

hermore, the EDS spectrum reveals the composition of Bi, Si, and

 in the sample. The HRTEM images appear one set of different

attice images with a d-spacing of 0.289 nm, corresponding to the

321) plane of Bi 12 SiO 20 , a d-spacing of 0.276 nm, corresponding

o the (200) plane of Bi 2 SiO 5 , and a d-spacing of 0.274 nm, corre-

ponding to the (020) plane of Bi 4 Si 3 O 12 . This was in agreement

ith the XRD results. The results suggest that the Bi 4 Si 3 O 12 ,

i 2 SiO 5 , and Bi 12 SiO 20 phases were synthesized using controlled

emplate-free hydrothermal methods. According to the results

ummarized in Table 1 , the controllable crystal phases of bismuth

ilicates can be completed by simply changing some growth

arameters, including pH, molar ratio (Bi/Si), and temperature. 

The FT–IR results are shown in Fig. 5 (a). According to previ-

us reports [38,39] , the peaks located around 430 cm 

−1 , 570 cm 

−1 ,

57 cm 

−1 , 946 cm 

−1 , and 1030 cm 

−1 present the stretching vibra-

ion mode of Bi −O bonds, (SiO 4 ) 
4 − groups, Bi −O −Si bonds, iso-

ated (SiO ) 6 − groups, and Si–O bonds, respectively. Raman spec-
5 
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Fig. 6. XPS of the as-prepared Bi 12 SiO 20 (B1S1-150-13-24), Bi 4 Si 3 O 12 (B1S1-200-13-24), and Bi 2 SiO 5 (B1S1-250-13-24). 
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ra of the bismuth silicates in the frequency range 50–1200 cm 

–1 

re shown in Fig. 5 (b). The modes in the interval 45–170 cm 

−1 are

ue to the lattice modes. The internal modes related to Bi–O and

iO 4 tetrahedral appear between 200 and 850 cm 

−1 [40,41] . The

eaks located around 90 cm 

−1 , 131 cm 

−1 , 143 cm 

−1 , 207 cm 

−1 ,

27 cm 

−1 , 327 cm 

−1 , and 537 cm 

−1 belong to the stretching vibra-

ion mode of Bi −O bonds. Other peaks located around 164 cm 

−1 ,

59 cm 

−1 , 784 cm 

−1 , and 826 cm 

−1 belong to the stretching vibra-

ion modes of Si −O bonds, (SiO 4 ) 
4 − groups, Bi −O −Si bonds, iso-

ated (SiO 5 ) 
6 − groups, and Si–O bonds, respectively. In the Raman

pectra of Bi 12 SiO 20 , all the modes of SiO 4 and Bi 3 O 4 units are Ra-

an active in the bismuth silicate crystal lattice, and their corre-

ponding Raman peak positions are in excellent agreement with

he values in the literature [42,43] . The vibration peak intensity of

he SiO 4 tetrahedron is much weaker than that of Bi–O because

he tightly bound SiO 4 tetrahedron is surrounded by a “sphere” of

2 heavy bismuth atoms. The crystal structure of Bi 2 SiO 5 has pre-

iously been reported to be an orthorhombic Cmc2 1 at room tem-

erature. The structure is layered, comprising a single layer of one-

imensional silicate chains sandwiched between Bi 2 O 2 sheets [44] .

ig. 5 (b) shows the Raman spectrum of Bi Si O at ambient pres-
4 3 12 
6

ure is in excellent agreement with those in earlier reports [45] .

hese results are similar to those in the XRD and TEM experiments.

Bi 2 SiO 5 /g-C 3 N 4 , with high photocatalytic activity toward CV

nder visible-light irradiation, is also synthesized in this study

y using a template-free hydrothermal method [14] . The forma-

ion processes of a series of bismuth silicates were proposed in

qs. (1)–(4) by Yang et al. [14] . The results demonstrate a series

f changes in the compounds prepared under different hydrother-

al conditions, described as Bi 2 Si 3 O 9 → Bi 4 Si 3 O 12 → Bi 2 SiO 5 

 Bi 12 SiO 20 . By controlling the pH of the hydrothermal reaction,

he following compositions of bismuth silicates are obtained. 

Bi 3 + + 3SiO 3 
2 −; → Bi 2 Si 3 O 9(s) (1)

Bi 2 Si 3 O 9(s) + 6OH 

− → Bi 4 Si 3 O 12(s) + 3SiO 3 
2 − + 3H 2 O (2)

i 4 Si 3 O 12(s) + 2OH 

− → 2Bi 2 SiO 5(s) + SiO 3 
2 − + H 2 O (3)

− 2 −
Bi 2 SiO 5(s) + 10OH → Bi 12 SiO 20 + 5SiO 3 + 5H 2 O (4) 
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Fig. 7. FE–SEM–EDS of the as-prepared Bi 12 SiO 20 , Bi 4 Si 3 O 12 , and Bi 2 SiO 5 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. DRS patterns of the as-prepared Bi 12 SiO 20 , Bi 4 Si 3 O 12 , and Bi 2 SiO 5 . 
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3.1.2. XPS analysis 

Fig. 6 displays the Bi 4f, Si 2p, and O 1 s XPS spectra of

Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 , respectively. The transition peaks

involving in the Bi 4f, Si 2p, and O 1 s orbits shows the respective

compositions of Bi, Si, and O of the catalysts. The characteristic

binding-energy value for Bi 4f 7/2 , 158.1 eV, ( Fig. 6 (b)) shows

a trivalent oxidation state for bismuth. Huang et al. [46] also

published a similar binding energy for Bi 4f 7/2 . In Fig. 6 (c), the

binding energy for Si 2p 3/2 , 101.0 eV, indicates Si at the tetravalent

oxidation state. The asymmetric O 1 s peak, Fig. 6 (d), can be split

with an XPS peak-fitting program. The peak at 530.9 eV is assigned

to the external −OH group or the water molecules adsorbed on

the surface, while the other O 1 s peak at 529.2 eV corresponds to

lattice oxygen atoms in bismuth silicates [36,47] . 

3.1.3. Morphological structure and composition 

Controlled solution chemical synthetic methods are efficient in

producing inorganic nanocrystals with a wide variety of compo-

sition, size, and shape, in addition to unique electronic, magnetic

and optical emission properties [48–50] . Yang et al. reported that

controlled growth of nanocrystals was produced by self-seeded

nucleation with preferential thermodynamic stability. The interme-

diate reactants underwent in situ phase transformation to form the

final products. The growth followed by irreversible phase trans-

formation leading to the complete separation of nucleation and

growth, thereby allowing size tuning of the final nanocrystals [50] .

When the formation of crystalline bismuth silicate powders

under hydrothermal conditions was complete, the resulting parti-

cles grew through Ostwald ripening, which was the final stage of

a first-order phase transformation process. The first stage of nu-

cleation was the result of a high degree of super-saturation of the

solution; the second stage of particle growth results from the de-
osition of solute, which led to a decrease in super-saturation and

ields a distribution of particles of various sizes. Ostwald ripening

r particle coarsening occurred when the super-saturation became

ery light. The driving force behind coarsening was a reduction in

he total surface free energy resulting from the growth of larger

articles at the expense of the dissolution of smaller ones [51–53] .

Fig. 7 shows the FE–SEM images of Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and

i 12 SiO 20 at high magnification. The Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and

i 12 SiO 20 samples show thin irregular nano-sheet, square-plate,

nd stacked-square-plate morphologies, respectively. The SEM–EDS

nd TEM–EDS results demonstrate that bismuth, silicon, and

xygen are the main elements of these samples, Figs 2 –5 and 7 .

he composition of the as-prepared samples contains bismuth,

ilicon, and oxygen, Table 2 . Such results indicate that Bi 4 Si 3 O 12 ,

i 2 SiO 5 , and Bi 12 SiO 20 could be selectively synthesized through a

ontrolled hydrothermal method. 

.1.4. Optical absorption properties 

DR–UV spectra of the samples are shown in Fig. 8 . Police et al.

eported that bismuth modified silica samples showed an intense

and centered at 240 nm, and this implied the presence of a ligand

o metal charge transfer involving isolated Bi atoms (Si-O-Bi-O-Si)

n the structure of silica [54] . The DR–UV spectra for a silica and
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Fig. 9. N 2 adsorption-desorption isotherms, pore size distributions, specific surface areas, pore volumes, and pore diameters of (a) Bi 2 SiO 5 , (b) Bi 4 Si 3 O 12 , and (c) Bi 12 SiO 20 . 
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m  
ismuth oxide mixture show a large absorption at ca. 400 nm [55] .

ll the bismuth silicate show an intense band centered at 400 nm,

nd this bond infers the presence of [Bi 2 O 2 ] 
2 + slabs with the sil-

cate in the structure of bismuth silicate. All the bismuth silicate

hows an intense band centered at 275 nm, and this infers the

resence of a ligand to metal charge transfer involving isolated Bi

toms (Si-O-Bi-O-Si) in the structure of bismuth silicate. In addi-

ion to this band, a band centered at 310 nm is found for the bis-

uth silicate, and it indicates the existence of another kind of bis-

uth species at high bismuth contents, which may be assigned to

he formation of polymeric bismuth species (Bi-O-Bi). It is in con-

istent with the results obtained by Raman, IR, and XRD spectra

54,56] . From the above results, it can be concluded that at higher

ismuth contents, the bismuth oxides are well reacted into the

tructure of silicate and exist as Bi 4 Si 3 O 12 and Bi 2 SiO 5 , whereas, at

igher bismuth contents, they exist as Bi 12 SiO 20 . The results indi-

ate that there is the formation of bismuth silicate in the samples.

Fig. 8 shows the DR–UV results for Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and

i 12 SiO 20 , whose absorption edges are at approximately 360.5,

75.8, and 467.9 nm, respectively. Bi 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 

bsorb merely a small amount of visible light. The E g value of

i Si O , Bi SiO , and Bi SiO , as 3.44, 3.30, and 2.65 eV respec-
4 3 12 2 5 12 20 
w  
ively, is determined by a plot of ( αh ν) 1/2 vs energy ( h ν), which

s consistent with the reported results [25,36,57,58] . Moreover, the

nergy gaps of the as-prepared samples are listed in Table 2 in the

.35–3.55 eV range. 

.1.5. Adsorption-desorption isotherm 

Fig. 9 shows the nitrogen adsorption-desorption isotherm 

urves of Bi 2 SiO 5 , Bi 4 Si 3 O 12 , and Bi 12 SiO 20 . The isotherms of

i 2 SiO 5 , Bi 4 Si 3 O 12 , and Bi 12 SiO 20 are close to Type IV with a

ysteresis loop at a highly relative pressure between 0.6 and

.0 [36,59] . The shape of the hysteresis loop is close to Type

3, suggesting that the existence of slit-like pores is generally

ormed by the aggregation of plate-like particles. Such a result

s consistent with the self-assembled nanoplate-like morphology

f the samples as well as the image results of SEM and TEM,

evealing the formation of hierarchical architectures resulted from

elf-assembled nanosheets or nanoplates. 

The BET of Bi 2 SiO 5 , Bi 4 Si 3 O 12 , and Bi 12 SiO 20 were about 20.78,

.76, 1.54 m 

2 g −1 , respectively. This nanosheet and nanoplate

tructure could provide efficient transport paths for reactants and

ore active sites for the photocatalytic reaction. The structure

as also favorable to efficient photo-energy harvesting and intro-
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Fig. 10. Photodegradation of CV as a function of irradiation time for Bi 12 SiO 20 , 

Bi 4 Si 3 O 12 , and Bi 2 SiO 5 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Cycling runs in the photocatalytic degradation of CV in the presence of 

Bi 2 SiO 5 . 

Table 3 

Pseudo-first-order rate constants for 

the degradation of CV with Bi 12 SiO 20 , 

Bi 4 Si 3 O 12 , and Bi 2 SiO 5 photocatalysts 

under visible-light irradiation. 

Bi 2 SiO 5 k(h −1 ) R 2 

B1S3-150-13-24 0.0101 0.9964 

B2S1-150-13-24 0.0257 0.9633 

B2S3-150-13-24 0.0152 0.9924 

B2S1-200-13-24 0.0213 0.9629 

B2S3-200-13-24 0.0238 0.9626 

B3S1-200-13-24 0.0148 0.9223 

B3S2-200-13-24 0.0163 0.9468 

B1S1-250-13-24 0.0213 0.9575 

B1S2-250-13-24 0.0238 0.9723 

B1S3-250-13-24 0.0148 0.9646 

B2S1-250-13-24 0.0163 0.9569 

B2S3-250-13-24 0.0163 0.9964 

B3S1-250-13-24 0.0163 0.9949 

B3S2-250-13-24 0.0163 0.9738 

Bi 4 Si 3 O 12 k(h −1 ) R 2 

B1S1-200-13-24 0.0076 0.9172 

B1S2-200-13-24 0.0057 0.9273 

B1S3-200-13-24 0.0044 0.9274 

Bi 12 SiO 20 k(h −1 ) R 2 

B1S1-150-13-24 0.0025 0.9188 

B1S2-150-13-24 0.0054 0.9671 

B3S1-150-13-24 0.0074 0.9787 

B3S2-150-13-24 0.0075 0.9816 

3

 

i  

B  

p  

a  

d  

t  

fi  

t  

m  

a  
ducing the separation of electron-hole pairs, thus promoting the

photocatalytic activities. The pore volumes and sizes of Bi 2 SiO 5 ,

Bi 4 Si 3 O 12 , and Bi 12 SiO 20 were distributed to 0.12, 0.025, 0.012 cm 

3 

g -1 and 22.3, 30.23, 37.6 nm, respectively. A greater specific surface

area and pore volume of photocatalyst could supply more surface

active sites and make reactants transport easier, leading to an

enhancement of the photocatalytic performance [60] . Bi 2 SiO 5 had

larger BET and pore volume. Thus, the large BET and pore volume

of Bi 2 SiO 5 might play a role in enhancing the photocatalytic

activity. These nanosheet and nanoplate structures could provide

efficient transport paths for reactants and more active sites for

the photocatalytic reaction. The structures were also favorable to

efficient photo-energy harvesting and introducing the separation

of electron-hole pairs, thus promoting the photocatalytic activity. 
.2. Photocatalytic activity 

The degradation efficiency, being a function of reaction time, is

llustrated in Fig. 10 (a). After 15 W Xe light irradiation for 96 h,

i 4 Si 3 O 12 , Bi 2 SiO 5 , and Bi 12 SiO 20 exhibited superior photocatalytic

erformance, with the CV removal efficiencies of up to 99%, 90%,

nd 80%, respectively. To explain the reaction kinetics of CV degra-

ation, the apparent pseudo-first-order model [61] expressed by

he equation ln(C o /C) = kt was applied to the experiments. By the

rst-order linear fit of the data shown in Fig. 10 (b) and Table 3 ,

he k values of Bi 2 SiO 5 , Bi 4 Si 3 O 12 , and Bi 12 SiO 20 were obtained as

aximum degradation rates of 2.57 × 10 −2 h 

−1 , 7.6 × 10 −3 h 

−1 ,

nd 7.5 × 10 −3 h 

−1 , respectively, using the first-order linear fit
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Fig. 12. (a) Trapping experiment of active species and (b) (c) EPR spectra in the methanol dispersion for DMPO –O 2 
−• and DMPO- 

•
OH during the photocatalytic reaction 

using Bi 2 SiO 5 . 
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u  
f the data in this study. A comparison of rate constants among

ifferent photocatalysts is shown in Table 3 , and the order appears

i 2 SiO 5 > Bi 4 Si 3 O 12 > Bi 12 SiO 20 . Hu et al. reported that the

hotocatalytic activities of the as-prepared Bi 4 Si 3 O 12 samples were

valuated firstly by the degradation of phenol and Rohdamine B

62] . It showed the concentration changes of phenol at 269 nm

s a function of irradiation time during the degradation process

n aqueous solution in the presence of Bi 4 Si 3 O 12 samples. Obvi-

usly, the 98.5% degradation was observed using Bi 4 Si 3 O 12 sample

fter 350 W Xe light irradiation for 180 min, which demon-

trated the as-prepared Bi 4 Si 3 O 12 photocatalysts exhibiting higher

hotocatalytic performance. 

The durability of Bi 2 SiO 5 was evaluated by recycling the used

atalyst. After each cycle, the catalyst was collected by centrifuga-

ion. No apparent loss was observed in the photocatalytic activity

hen CV was removed in the 3rd cycle; even during the fifth

un, the decline in the photocatalytic activity was 4.7% ( Fig. 11 ).

he used Bi 2 SiO 5 was also examined by XRD, and no detectable

ifference was observed between the as-prepared and the used

amples; hence, Bi 2 SiO 5 had good photostability. 

.3. Photodegradation of CV 

In the experiments, CV degradation induced by photolysis un-

er visible light cannot be observed in a blank experiment, as

V is a structure-stable dye, that the decomposition by the pho-

olysis mechanism is negligible. Researchers have reported that

arious primary active species, such as O 2 
−•, HO 

•, h 

+ , H 

• and
 O , can be formated during photodegradation reactions in UV–
2 
is/semiconductor systems [63,64] . The generation of O 2 
−• could

nhibit the recombination of photoinduced charge carriers as well

s benefit the de-chlorination of chlorinated phenol derivatives.

he hydroxyl radical HO 

• might only be formatted through the

oute of e −→ O 2 
−•→ H 2 O 2 → 

•OH. Furthermore, •OH radicals are

ormatted by multistep reduction of O 2 
−• in the system [65] . Ac-

ording to earlier studies [36,66] , the photocatalytic process is

ainly governed by O 2 
−•, rather than 

•OH, e − or h 

+ ; photode-

rading CV by BiO m 

X n /BiO p X q (X, Y = Cl, Br, I) under visible light,

n the other hand, was dominated by O 2 
−• oxidation, where O 2 

−•

as the main active species and 

•OH and h 

+ were the minor active

pecies [65,67] . Fan et al. revealed [68] that Pt-TiO 2 gathered fewer

egative species on catalyst surfaces, which deteriorated reaction

ates, than pure TiO 2 did in an acidic environment. The •OH radi-

al was subsequently produced. On the basis of the references pre-

ented in previous sections, the probability of forming •OH is pro-

osed to be much lower than that of forming O 2 
−•; however, •OH,

eing an extremely strong and nonselective oxidant, could lead to

he partial or complete mineralization of several organic chemicals.

A series of quenchers were introduced to scavenge the relevant

ctive species in order to evaluate the effect of the active species

uring the photocatalytic reaction. O 2 
•−, •OH, and h 

+ were stud-

ed by adding 1.0 mM benzoquinone (BQ, a quencher of O 2 
•−) [69] ,

.0 mM isopropanol (IPA, a quencher of •OH) [70] , and 1.0 mM

mmonium oxalate (AO, a quencher of h 

+ ) [71] , respectively. The

ethod was similar to the former photocatalytic activity test. 

In order to evaluate the effect of the active species dur-

ng the photocatalytic processes, a series of quenchers were

sed for scavenging the relevant active species. As shown in
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Fig. 12 , the photocatalytic degradation of CV was slightly affected

by the addition of AO, while the degradation efficiency of BQ

and IPA quenching decreased evidently compared with that of

no-quenching, indicating that h 

+ was the minor active species,

whereas O 2 
•− and 

•OH were the major active species in the

processes of photocatalytic degradation for CV. 

In order to re-evaluate the effect of the active species during

the photocatalytic reaction, EPR measurement was used for scav-

enging the relevant active species. From Fig. 12 , not only the six

characteristic peaks of the DMPO 

–O 2 
−• adducts are observed, but

also the four characteristic peaks of DMPO- •OH adducts (1:2:2:1

quartet pattern) are observed under visible light irradiated Bi 2 SiO 5 

dispersion. Fig. 12 shows that no EPR signal is observed when the

reaction is performed in the dark, while the signals with inten-

sity corresponding to the characteristic peak of DMPO- •OH and

DMPO 

–O 2 
−• adducts [72] are observed during the reaction process

under visible light irradiation, and the intensity gradually increases

with the prolonged reaction time, suggesting that O 2 
•− and 

•OH

as active species are formed in the presence of Bi 2 SiO 5 and oxygen

under visible light irradiation. Therefore, the quenching effects of

different scavengers and EPR display that the reactive O 2 
•− and

•OH plays the major role and h 

+ play the minor role in the CV of

the photocatalytic degradation. 

In general, three possible reaction pathways are assumed to

possibly be involved in the photodegradation of organisms by a

photocatalyst, namely (i) photocatalysis, (ii) photolysis, and (iii)

dye photosensitization [73] . In the photolysis process, a 1 O 2 , acting

as an oxidant for the photolysis of the organism, is produced by

directly reacting a photoinduced electron on the induced organism

with O 2 [63] . This indicates that, aside from the degradation of

CV by the routes of photocatalytic and photosensitized processes,

another type of photocatalytic route accounts for the enhanced

photocatalytic activity. Both the photosensitized and photocatalytic

processes proceed concurrently. However, in photosensitized and

photocatalytic processes, O 2 
•− radicals are generated by the reac-

tion of photogenerated and photosensitized electrons with oxygen

gas on the photocatalyst surface, while •OH radicals are subse-

quently produced by the reactions of O 2 
•− radicals with H 

+ ions

and h 

+ holes with OH 

− ions (or H 2 O). These cycles would continue

when the system is exposed to visible-light irradiation [68] . After

several cycles of photo-oxidation, the CV degradation with the

produced oxidant species can be expressed by Eqs. (5 ) and ( 6 ). 

CV + O 2 
−•/OH 

• → decomposed compounds (5)

CV + 

• + O2 −•/OH 

• → decomposed compounds (6)

In a visible-light-driven semiconductor system, it proves

that hydroxylated compounds would cause the photocatalytic

degradation of CV [65,67] . Earlier reports [37,68] indicated that

N -demethylation processes were preceded by the generation of

a nitrogen-centered radical, and the destruction of the dye chro-

mophore structure was preceded by the formation of a carbon-

centered radical in the photocatalytic degradation of CV dye under

UV or visible-light irradiation. Some notions regarding the applica-

tions of the reaction mechanisms for photocatalytic processes pro-

posed in this study to the degradation of dyes should be offered. 

4. Conclusions 

The composition and morphology of bismuth silicates can be

controlled by adjusting some growth parameters, including reac-

tion pH and temperature. Three crystalline substances, Bi 4 Si 3 O 12 ,

Bi 2 SiO 5 , and Bi 12 SiO 20 , were prepared from the reaction of Na 2 SiO 3 

and Bi(NO 3 ) 3 • 5H 2 O in alkaline aqueous solution at 150 °C–250 °C
for 24 h, whereas conventional synthesis necessitates operational
emperatures above 650 °C. The UV–Vis spectra demonstrate the

hree materials are indirect semiconductors with optical bandgaps

f 2.65, 3.30, and 3.44 eV, respectively. The photocatalytic effi-

iency of the powder suspension was evaluated by measuring the

V concentrations under visible-light irradiation. The order of rate

onstants shows Bi 2 SiO 5 > Bi 4 Si 3 O 12 > Bi 12 SiO 20 . This work is

seful for the synthesis of bismuth silicates and the photocatalytic

egradation of CV. This will have future applications in the control

f environmental pollution. 
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