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Heterostructured metallic silver-layered bismuth niobate two-component system (Ag/BisNbs0;5) was
developed for the first time by a mild hydrothermal method combined with photodeposition. The
Ag[BisNb3045 exhibited single-crystalline orthorhombic structure with small particle size (50-200 nm)
and octahedral as well as sheet-like shape; additionally, it possessed photoresponse in both UV and vis-
ible region. As a novel alternative photocatalysts to TiO,, the photocatalytic activity of the Ag/BisNb3 015
was evaluated by the degradation of tetrabromobisphenol A, a member from the family of the bromi-
nated flame retardant, under solar simulating Xe lamp irradiation, and enhanced photocatalytic activity
in compared to Bi;Nb30;; itself and Degussa P25 was obtained.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis has consistently drawn much attention for many
of the environmental challenges facing the modern world since it
can provide a simple way to use light to perform chemical transfor-
mation. Hazardous waste remediation, either in aqueous solutions
or air, is the most extensively studied application of photocataly-
sis. Although TiO, has proven to be a promising candidate among
various photocatalysts, its practical application is limited due to
following two reasons: (i) quantum yield of TiO, is low owing to
fast recombination of photoexcited hole (h*) and electron (e™);
and (ii) TiO, has null photoresponse under visible light irradiation,
which severely affects on the development of solar photocatalysis.
Consequently, increasing research endeavors have been devoted
to search for alternative photocatalysts to TiO, for detoxification
of aqueous effluents with the assistance of the solar light. Among
these, semiconductors based on cations with d° configuration such
as Ta (V) [1], Nb (V) [2,3], or Ti (IV) [4], and oxides of d!° elements
such as Bi (III) [1,2,4,5], In (III) [3,6], or Ga (III) [6,7] are among the
most successful visible light-driven photocatalysts.

Our current work focuses on the development of metallic
silver-layered bismuth niobate two-component heterostructure
(Ag/BisNb30q5) as a novel and efficient photocatalyst. On the one
hand, the valence band (VB) of BisNb3Oq5 is contributed by the
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hybridization of O2p orbit and Bi6s orbit, which leads to the ele-
vated VB position of the compound and thereby the decreased band
gap can be obtained. Accordingly, the photoresponse of BisNb3 015
is expected to extend to visible light region. On the other hand,
deposition of silver particles throughout the interlayer space of the
BisNb3 045 compound is expected to facilitate the separation of the
photoexcited h* and e~ due to the strong electron accepting ability
of metallic Ag particles; in addition, it is well known that noble met-
als (e.g. Au, Ag, and Pt) can strongly absorb visible-light due to the
so-called surface plasmon resonance (SPR) effect; meanwhile, they
also exhibit considerable UV-light response owing to the interband
transition [8]. Therefore, Ag is a potentially photocatalyst that can
utilize the full solar spectrum.

Conventionally, BisNb3015 was synthesized by high tempera-
ture (e.g. 1100°C) solid state reaction (SSR), which results in the
compound with large crystal size (4-5pum) [9]. Moreover, the
photocatalytic performance of BisNb3015 has seldom been stud-
ied expect for its ferroelectric and optoelectric properties. Herein,
layered BisNb3O15 was successfully obtained by low temperature
(200°C) hydrothermal method; afterwards, metallic Ag particles
were introduced into the interlayer space of BisNb3Oq5 by pho-
tochemical deposition. The photocatalytic activity of the resulting
Ag/BisNb3015 heterostructure was assessed by the degradation of
a kind of light insensitive target compound, tetrabromobisphe-
nol A (TBBPA), under simulated sunlight irradiation. TBBPA is the
most widely used brominated flame retardant in the treatment
of paper, textiles, plastics, electronic equipment and upholstered
furniture. TBBPA is a nonvolatile and a non-mobile agent in soils
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and river sediments because of its limited water solubility, how-
ever, it is expected to leach out into ground waters and river at
higher acidity. More recently, concerns have arisen due to the
increasing occurrence of TBBPA in the environment and to the
proven toxic and endocrine disruptor activity. TBBPA is difficult
to be degraded under natural conditions, but it can be decomposed
through anaerobic-aerobic biological process when microorgan-
isms are domesticated for a long period [10]. Therefore, how to
efficiently treat the wastewaters containing TBBPA is an important
issue in the protection of ecosystems.

2. Experimental
2.1. Preparation of BisNb3015

Bi(NO3)3-5H,0 (2 mmol) and NbCls (1.4 mmol) was dissolved
with ethanol (10 mL), respectively. With continuous stirring, the
above NbCls solution was slowly added to the Bi(NOs3); solution.
NH3-H,0 was added into the mixture to adjust pH of 9, and then
the solution was magnetically stirred for 0.5h to obtain a white
suspension. The white suspension was transferred into Teflon-lined
stainless steel autoclave, and the autoclave was heated to 473 K for
24 h. After the reaction, the product was filtered and washed with
distilled water and ethanol for three times, and then it was dried at
318K for 12 h.

2.2. Preparation of Ag/BisNb3015

BisNb3015 powder (625 mg) was suspended in 90 mL AgNO3
solution (0.10 mg/mLor 1.11 mg/mL). The resulting suspension was
illuminated by an inserted high pressure mercury lamp (150W)
for 2 h under magnetic stirring. During illumination, the suspen-
sion changed from pale yellow to gray black. The gray black powder
was recovered by centrifugation and then rinsed continuously with
distilled water until no Ag* was detected in the eluate. Finally, the
product was dried in an oven at 318 K for 12 h, and it is denoted as
Ag/BisNb3015-1 (Ag doping level of 1%) and Ag/BisNb3015-10 (Ag
doping level of 10%), respectively.
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For comparison, Pt/BisNb3015-1 (Pt doping level of 1%) was
also prepared following the above route by using H,PtClg-6H,0
(0.19 mg/mL) as a Pt source.

X-ray diffraction (XRD) patterns were obtained on a Japan
Rigaku D/max 2000 X-ray diffractometer. Field emission scanning
electron micrographs (FESEM) was obtained on a XL-30 ESEM FEG
field emission scanning electron microscope at 20KkV. Transmis-
sion electron microscope (TEM) micrographs were recorded on a
JEM-2100F high resolution transmission electron microscope at an
accelerating voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) was performed on a VG-ADES 400 instrument with Mg
K-ADES source. UV-vis diffuse reflectance spectra (UV-vis/DRS)
were recorded on a Cary 500 UV-Vis-NIR spectrometer. Nitrogen
porosimetry measurement was performed on a Micromeritics ASAP
2020 M surface analyzer.

The photocatalytic degradation of TBBPA was conducted in a
quartzreactor, as shownin Fig. S1 of Electronic Supporting Informa-
tion. The diameter of the reactor is 63 mm, consistent with that of
facula of the light resource. The light source (being placed ca. 15 cm
above the reactor) was provided by a PLS-SXE300 Xe lamp (300 W,
Beijing Trusttech Co. Ltd., China) equipped with an IR cut filter to
remove most of IR irradiation (680-1100 nm). Consequently, the
artificial solar light used here matches well with the natural solar
light with main emission from 320 nm to 680 nm (see Fig. S2 of Elec-
tronic Supporting Information). The light intensity was adjusted to
150mW cm~2 (1.5 AM) measured by a radiometer (OPHIR, New-
port, USA). The suspension containing the solid catalyst (150 mg)
and TBBPA (40 mgL~1, 100 mL) solution was poured into the reac-
tor. Due to the poor water solubility, a mixture of water/acetonitrile
50/50 (v/v) was employed to prepare TBBPA reaction solutions.
The suspension was ultrasonicated for 10 min and then stirred in
the dark for 120 min. Subsequently, the Xe lamp was turned on
and the photocatalytic degradation reaction was conducted for the
next 120 min. Changes of the concentrations of TBBPA in the reac-
tion system were monitored by a Agilent 1200 high pressure liquid
chromatography (HPLC): C;g column, UV detector (A =210 nm), and
acetonitrile/water (80/20, v/v) was used as a mobile phase at a flow
rate of 1.0 mL/min. Evolution of HPLC chromatograms during the
adsorption and photocatalytic degradation of TBBPA in the above
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Scheme 1. The proposed band structure of Ag/BisNb3045 as well as TBBPA degradation process over the simulated sunlight irradiated Ag/BisNb3O1s.
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system were provided in Fig. S3 of Electronic Supporting Informa-
tion, and the peaks with the retention time of 5.9 min are originated 10000+
from TBBPA. The concentration of Br~ ion (final product) was deter-
mined by a DX-300 ion chromatography (IC). 9000
3. Results and discussion ;', 8000
>

It is reported that BisNb3O;5 exhibits a mixed lay- @
ered Aurivillius phase structure that can be expressed as % 7000+
[Bi; O, ]+ [NbO4] +[Bi; 0O, ]+ [BiNbyO7] (Scheme 1) [9]. Herein, -
the phase structure of as-prepared BisNb3O;5 and Ag/BisNb3Os 6000+
samples was studied by XRD analysis (Fig. 1). As shown in Fig. 1, 1
as-prepared BisNb3015 compound exhibits a orthorhombic crystal 50004
structure with characteristic 20 values of 29.22° (114), 32.60° -—
(200), 33.88° (202), 46.82° (0110), 48.66° (221) and 57.79° 380 378 376 374 372 370 368 366 364 362

Binding Energy (eV)

Fig. 2. High-resolution XPS spectrum of Ag/BisNb30;s5 in the Ag3d binding energy
region.

(0210), respectively (JCPDS 16-0293). As for the Ag/BisNb3Oqs
heterostructure, its main diffraction peaks are still in accord with
orthorhombic BisNb305; meanwhile, the cubic Ag phase can be
observed with the characteristic 260 value of 38.1° (111) (JPCDS

BigNb3Oy5 JCPD 16-0293 87-0720).
s Doping metallic Ag throughout the layered BisNb30q5 com-
pound is further confirmed by XPS surface probe technique (Fig. 2).
The determined Ag3ds;, and Ag3ds), binding energy of 368.2 eV
Ag JPCD 87-0720 and 374.2 eV and spin energy separation of 6.0 eV indicate that sil-
D o8 ver in the Ag/BisNb3015 heterostructure is of metallic nature [11].
) During the process of UV light illuminating BisNb3 045 in the pres-
ence of AgNO3, the absorbed Ag* was reduced into metallic Ag® by

2'0 ' 4'0 ' 6'0 Io the photoexcited electrons.

2 Theta (degree) The morphology of BisNb3045 and Ag/BisNb3015 was revealed
by FESEM and TEM technique (Fig. 3). Fig. 3a and b are the FESEM
Fig. 1. XRD patterns of BisNb3O1s and Ag/BisNb3 05 samples. images of BisNb3O15 and Ag/BisNb3 045, respectively. From these
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Fig. 3. FESEM images of (a) BisNb30;5 and (b) Ag/BisNb30;s; (c) TEM image of Ag/BisNb3O15; and (d) high-resolution TEM image of Ag/BisNb301s. Inset of (a) and (b): EDX
patterns of BisNb30;5 and Ag/BisNb3;O;s. Inset of (¢): SAED pattern of Ag/BisNb3O;s.
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Fig. 4. UV-vis/DRS of BisNb3O;5 and Ag/BisNb3O;5 samples; inset is the plot of
(ahv)? vs hv for BisNb3 015 and Ag/BisNbs 05 samples.

two images it is estimated that the particle size of BisNb30;5 and
Ag/BisNb30q5 is in the range from 50 nm to 200 nm, and part of
them show octahedral shape in addition to the sheet-like shape.
The result demonstrates that the size and shape of BisNb3Oqs5
remained intact after the deposition of Ag® clusters. Compared with
SSR method, the particle size of BisNb3015 obtained by hydrother-
mal reaction is smaller. EDX analysis result (insets of Fig. 3a and b)
also indicates that Ag was successfully introduced into BisNb3O15
compound. The nanocrystalline nature of Ag/BisNb30q5 is visibly
observed from the TEM images (Fig. 3c and d). The inset of Fig. 3¢
is the selected area electronic diffraction (SAED) of Ag/BisNb30O1s,
indicating single-crystalline orthorhombic Ag/BisNb301s. The lat-
tice fringe that is used for phase determination is 0.327 nm,
0.195nm, and 0.161 nm observed in the high resolution TEM image,
corresponding to the lattice spacings of (114),(0110),and (02 10)
plane of orthorhombic BisNb3O15, respectively (Fig. 3d).

Fig. 4 shows UV-vis diffuse reflectance spectra of BisNb3Oqs
and Ag/BisNb3O15 samples. The absorption of BisNb3045 appears
in the range of 200-450 nm, which is assigned to the charge trans-
fer (CT) from the hybrid orbit of O2p and Bi6s (VB) to Nb4d orbit
(CB) [12,13]. After deposition of Ag throughout the Ag/BisNb301s,
the CT band of BisNb30q5 has somewhat redshift (with edge of
ca. 500 nm) accompanying with a new absorption showed up in
the range of 400-800 nm. Such absorption originates from the SPR
effect of metallic Ag nanoparticles, further substantiating the for-
mation of Ag? in as-prepared heterostructure [14]. For a crystalline
semiconductor, the optical absorption near the band edge follows
Kubelka-Munk formula athv = A (hv — Eg)"/?, where o, v, Eg and A are
the absorption coefficient, the light frequency, the band gap and a
constant, respectively [15]. The band gaps (Eg) of BisNb3O45 and
Ag/BisNb3 015 are therefore estimated to be ca. 2.92 eV and 2.65 eV
from the onsets of the absorption edges (inset of Fig. 4).

The simulated sunlight photocatalytic activity of as-prepared
BisNb3015 and Ag/BisNb3 015 samples was evaluated by the degra-
dation of TBBPA (40mg/L) in CH3CN/H,0 (1/1, v/v) system. For
comparison, Degussa P25 and as-prepared Pt/BisNb30q5-1 were
also tested under the same conditions. From the result shown
in Fig. 5 it is observed that after stirring the suspension of the
catalyst and TBBPA CH3CN/H;0 solution for 30 min in the dark,
decrease of TBBPA concentration reaches to 1%, 6%, 2%, 11%, and 2%
for the Bi5Nb30]5, Degussa P25, Ag/Bi5Nb3015—1, Ag/BiSNb3015—
10, and Pt/BisNb30;5-1, respectively; and TBBPA concentration
remains unchangeable with further increasing the stirring time
to 120 min. The result indicates that adsorption-desorption equi-
librium between TBBPA molecules and the catalyst is established
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Fig. 5. Photodecomposition of TBBPA (co =40 mg/L, 100 mL) under simulated sun-
light (320 nm < A <680 nm) irradiation over various photocatalysts (150 mg). ¢y and
c; refers to the concentration of TBBPA at initial and t time, respectively.

after 30 min stirring. Through analyzing the textural parameters
of BisNb3015 and Ag/BisNb30q5 (Pt/BisNb30q5) it is found that
Ag/BisNb3015 (Pt/BisNb3O15) with lower Ag (Pt) doping level (e.g.
1%) possesses almost the same BET surface area and pore volume as
those of pure BisNb3Oq5 (42-44m?2 g1, Fig. S4 of Electronic Sup-
porting Information). In the case of Ag/BisNb30¢5 with higher Ag
doping level (e.g. 10%), its BET surface area has somewhat decrease
(31 m2g1), which is due to the fact that part of the interlayer
space of the BisNb3015 was occupied by Ag particles. Therefore,
we think that the adsorption capacity of TBBPA on the surface
of Ag/BisNb3015 is influenced by both the textural properties of
Ag/BisNb30O15 and Ag particles deposited.

In the absence of any photocatalyst, decrease of the TBBPA
concentration is negligible after simulated sunlight irradiation for
120 min. However, significant degradation of TBBPA is found in the
presence of both simulated sunlight irradiation and photocatalyst,
and conversion of TBBPA reached to 95%, 94%, 67%, 64% and 52%,
respectively, after simulated sunlight irradiating Ag/BisNb3015-10,
Pt/BisNb3015-], Degussa P25, Ag/BisNb3015-1, and Bi5Nb3015 for
30 min. To further test the photocatalytic activity of Ag/BisNb301s,
its mineralization ability was evaluated by monitoring the con-
centration changes of Br~ ion produced during simulating Xe
lamp irradiation of Ag/BisNb3015-10 and TBBPA (Fig. S5 of Elec-
tronic Supporting Information). It shows the concentration of Br—
ion reached to its maximum value rapidly after the light irradia-
tion for 30 min. In addition, eight intermediate products including
4-(2-hydroxyisopropyl)-2,6-dibromophenol (detected by HPLC as
well as LC/ESI-MS and yielded after losing two Br atoms from
TBBPA) and bisphenol A (detected by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF/TOF)mass spectrometer
and yielded after losing four Br atoms from TBBPA) were identified
during the course of the degradation of an aqueous TBBPA. These
results implied that Ag/BisNb3 015 can not only degrade TBBPA but
also mineralize it efficiently.

The above catalytic tests indicate that as-prepared
Ag/BisNb3Oq5 heterostructured system possesses excellent
simulated sunlight photocatalytic activity towards TBBPA degra-
dation, and its photoactivity outperforms pure BisNb30;5 as well
as Degussa P25 TiO,. On the one hand, the layered BisNb3O;5
structure created a more favorable environment for the diffusion
and separation of the h*—e~ pairs. Moreover, the electrons pho-
togenerated on the surface of the BisNb30;5 compound may be
trapped by metallic Ag particles because of lower Fermi level of Ag
[16]. Therefore, the photoexcited h* and e~ can be separated effec-
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tively. The above two factors may lead to the Ag/BisNb305 system
with the increased quantum efficiency with respect to BisNb3 045
itself. On the other hand, Ag/BisNb3O15 shows photoresponse in
both UV and visible light region, accordingly, BisNb3015 and Ag are
excited simultaneously under the simulated sunlight irradiation,
which gives higher population of the photoexcited e~ and h* to
participate in the photocatalytic reaction with respect to Ag-free
BisNb3 045 system. Accordingly, more active species like O,°~ and
*OH radicals that are responsible for the decomposition of TBBPA
can be produced [16-18]. The enhanced photocatalytic activity of
Pt/BisNb30q5 in comparison to pure BisNb3015 further supports
the above explanation.

Based on the above discussion, the proposed band structure of
Ag/BisNb3015 as well as TBBPA degradation process over the sim-
ulating Xe lamp irradiated Ag/BisNb3 015 is illustrated in Scheme 1.

4. Conclusions

Single-crystalline orthorhombic Ag/BisNb3015 heterostructure
was successfully prepared by mild hydrothermal method combined
with photodeposition. The process is cheaper and more environ-
mentally friendly with respect to the traditional high temperature
solid state reaction. As-prepared Ag/BisNb3Oq5 exhibited signifi-
cantly highly simulated sunlight photocatalytic activity towards
TBBPA degradation, and its activity outperformed BisNb30;5 itself
and Degussa P25 TiO,. The excellent photocatalytic activity of
Ag/BisNb30O15 could be attributed to the synergistic effect of the
layered structure of BisNb3 015, photoresponse in both UV and vis-
ible light region of Ag/BisNb3015, and the electron trapping ability
of metallic Ag particles.
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