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The 3D open Bi; MoOg/ZnTiO3 hierarchical heterostructures with Bi;MoOg ultrathin nanosheets (<10 nm)
grown on hexagonal-phase ZnTiO; nanofibers were fabricated by combining the electrospinning
technique and solvothermal method. And, the Bi;Mo0QOg/ZnTiO3 hierarchical heterostructures had remark-
able light absorption in the visible region. The photocatalytic studies revealed that the hierarchical

heterostructures system exhibited exceptional photocatalytic activity in visible-light degradation of
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Rhodamine B, which might be attributed to the synergistic system with excellent charge separation
characteristics and the unique morphology of Bi;MoOg nanosheets with the extended absorption in the
visible light region. What is more, the 3D open structure supported on nanofibrous candidates possessed
large surface areas and excellent recyclability.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductors of the Aurivillius oxides with general formula
BizA;_1BnOsn+3 (A=Ca, Sr, Ba, Pb, Na and B=Ti, Nb, Ta, Mo, W)
have received extensive interests in solar energy conversion and
degradation of pollution due to their layered structure and excel-
lent intrinsic physical and chemical properties [1-3]. In particular,
Bi;MoOg as a typical Aurivillius oxide (the simplest member when
n=1), with a typical Eg of about 2.6 eV, shows great potential in the
utilization of visible-light-active photocatalysts [4-6]. However,
similar to other photocatalysts, poor quantum yield caused by the
rapid recombination of photogenerated electrons and holes is still
a challenge to enhancing the photocatalytic efficiency of Bi,MoOg
to meet the practical application requirements. Therefore, several
attempts have been made to reduce the recombination of pho-
toinduced electron-hole pairs by conjugation of the Bi;MoOg with
electron scavenging agents such as functional carbonaceous mate-
rials, metals, or metal-oxide-semiconductor (MOS) [7-9]. Among
these, the manipulation of MOS heterostructures has proved to be
an effective method in our previous work [10-12]. The coupling
of two different semiconductors could transfer electrons from an
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excited narrow band gap semiconductor into another attached one
in the case of proper conduction band (CB) potentials. Therefore, it
is desirable to find a semiconductor which possessed a matchable
bandgap to form the heterojunctions with Bi;MoOg,

Notably, titanium-based perovskite oxides of AITi'VO3 type,
where A is Pb, Sr, Ba, Zn or Fe, have attracted wide-spread atten-
tion due to their outstanding potential in photocatalysis because
of their higher reduction potential and lower oxidation potential
[12,13]. Especially, ZnTiO3 with a hexagonal structure (h-ZnTiO3)
has a typical Eg of about 3.1 eV, which is wider than that of Bi;MoOg,
but the CB of ZnTiO3 is lower than that of Bi;MoOg. When radi-
ated by visible light, the photogenerated electrons of Bi,MoOg may
move to the CB of ZnTiOs3, thus hindering the charge recombina-
tion and improve the photocatalytic efficiency. On the contrary,
the candidates with one dimensional structure have been proved
to be beneficial to the separation of the nanostructural photocat-
alysts from the solution [14-16]. Based on the above analysis, the
ZnTiO3 nanofibers (ZnTiO3 NFs) may be a good candidate to form
the one dimensional heterojunctions with Bi;MoOg,

In this paper, we had fabricated the ZnTiO3 NFs with one
dimensional structure by electrospinning technology, and had pre-
pared the 3D open Bi;Mo00g/ZnTiO3 hierarchical heterostructures
by using the electrospun ZnTiO3 NFs as supports through solvother-
mal processing. The two-component hierarchical heterostructures
synergistic system with excellent charge separation characteristics
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Fig. 1. (A) FESEM image of S1; (B) TEM image of S1; (C, D, E) EDX, HRTEM and SAED images of S1.

showed preeminent activity in the visible-light-driven photodegra-
dation of Rhodamine B (RhB). What is more, the 3D open structure
supported on nanofibrous candidates possessed large surface areas
and excellent recyclability.

2. Experimental
2.1. Fabrication of ZnTiO3 nanofibers

Firstly, 1.0g of Ti(OC4Hg)4 and 0.65g of ZnAc were dissolved
in 5 mL of DMF and 2.5 mL of anhydrous ethanol. 0.5 g of PVP was
added into the solution to increase the viscidity. Secondly, the mix-
ture was magnetically stirred for 12 h at room temperature (RT) to
form a homogeneous precursor solution. In this solution, the molar
ratio between Zn and Tiis 1: 1. In a typical electrospinning process,
the precursor solution was loaded into a plastic syringe equipped
with a 23-gauge stainless needle. A high voltage of 20 kV was sup-
plied by a direct-current power supply and the feeding rate for the
precursor solution was adjusted to a constant rate of 0.3 mLh~1 by
using a syringe pump. A piece of aluminum foil was placed at 15 cm
below the tip of the needle to collect the as-spun nanofibers. The
process was carried out in air at RT. For the following thermolysis
process, the as-spun nanofibers were placed in a muffle furnace and
calcined at 800°C in air for 3 h with a heating rate of 2°Cmin~1, to
remove PVP and obtain ZnTiO3 nanofibers (ZnTiO3 NFs).

2.2. Fabrication of Bi;MoOg/ZnTiO3 hierarchical nanostructures

In a typical experiment, 421 mg Bi(NOs3)3-5H,0 and 105 mg
Na;Mo04-2H,0 were dissolved in 5mL of ethylene glycol under
magnetic stirring, respectively. The two solutions and ZnTiO3 NFs
(15 mg) were mixed together, and then 30 mL ethanol was slowly
added into the above solution, followed by stirring for 10 min.
The resulting clear solution (pH 7) was transferred into a 50 mL
Teflon-lined stainless steel autoclave, which was heated to 160°C
and maintained for 24 h. Then, the autoclave was cooled down
to room temperature. The obtained composite nanofibers were
washed with deionized water and ethanol to remove any ionic
residual then dried in oven at 80°C for 4h. The as-fabricated

sample was denoted as S1. By tuning the precursor concentration
for synthesizing Bi;MoOg, another sample of Bi;MoOg/ZnTiO3 was
fabricated and was denoted as S2. And, the Bi;MoOg synthesized
in the absence of ZnTiO3 NFs was synthesized. The detailed exper-
imental conditions for the fabrication of S1 and S2 were listed in
Table S1 in ESIt. In addition, for simplicity, pure ZnTiO3 NFs were
denoted as SO.

2.3. Characterization

The morphologies of the as-prepared nanofibers were observed
by the scanning electron microscope (SEM; XL-30 ESEM FEG, Micro
FEI Philips), transmission electron microscopy (TEM; Hitachi 600).
X-ray diffraction (XRD) measurements were carried out using
a D/max 2500 XRD spectrometer (Rigaku) with Cu Ko line of
0.1541 nm. X-ray photoelectron spectroscopy (XPS) was accom-
plished using a PHI-5702 multi-functional X-ray photoelectron
spectrometer with pass energy of 29.35 eV and an Mg Ka line exci-
tation source. The specific surface areas of the samples were mea-
sured with a Micromeritics ASAP 2010 instrument and analyzed
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Fig. 2. XRD patterns of SO, S1 and pure Bi; MoOg.
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Fig. 3. (A, B) XPS spectra of Ti 2p for the samples SO and S1; (C) XPS spectra of Zn 2p for the sample S1; (D) XPS spectrum of Bi 4f for the sample S1; (E) XPS spectra of Mo 3d

for the sample S1; (F) XPS spectrum of O 1s for the sample S1.

by the BET method. The UV-vis diffuse reflectance (DR) spec-
troscopy of the samples was recorded on a Cary 500 UV-vis-NIR
spectrophotometer.

2.4. Photocatalytic test

The photoreactor was designed with an internal xenon lamp
(XHA 150W) equipped with a cut-off glass filter transmitting
A >420nm surrounded by a water-cooling quartz jacket to cool
the lamp, where a 100.0 mL of RB solution with an initial con-
centration of 10mgL-! in the presence of solid catalyst (0.05g),
respectively. The solution was stirred in the dark for 30 min to
obtain a good dispersion and reach adsorption-desorption equi-
librium between the organic molecules and the catalyst surface.
Decreases in the concentrations of dyes were analyzed by a
Cary 500 UV-vis-NIR spectrophotometer at A =554 nm. At given
intervals of illumination, the samples (3 mL) of the reaction solu-
tion were taken out and centrifuged. Finally, the filtrates were
analyzed.

3. Results and discussion

The morphology of the Bi;MoOg/ZnTiO3 hierarchical het-
erostructures were analyzed by SEM and TEM. As displayed in
Fig. 1(A), ultrathin (<10 nm) Bi;MoOg nanosheets branched uni-
formly on the surface of ZnTiO3 NFs. In contrast, the pure ZnTiO3
NFs (Fig. S1 in ESI}) ranged from 60 to 100 nm were of relative
smooth surface without secondary structures. The TEM image of
the S1 further verified that the Bi;MoOg nanosheets with well-
dispersed distribution grew along the nanofibers (Fig. 1B). And, EDX
spectrum of S1 was measured to determine the chemical compo-
sition of the heterostructure. The existence of Zn, O, Ti, Bi and Mo
elements was detected. It was worth pointing out that the atomic
ratio of Zn to Ti was about 1:1 (Fig. S1 in ESI}), indicating the well
defined ZnTiO3 NFs through electrospinning technique. The HRTEM
image from the heterostructures displayed two types of clear lat-
tice fringes shown in Fig. 1D. One set of the fringes spacing was ca.
0.373 nm, corresponding to the (102) plane of h-ZnTiO3. Another
set of the fringes spacing measures ca. 0.314nm, corresponding
to the (13 1) lattice spacing of the orthorhombic phase of Bi;MoOg.
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Fig. 4. (A) UV-vis diffuse reflectance spectra of SO, S1, S2 and Bi;MoOg. (B) Plots of (F(R)hv

Selected-area electron diffraction (SAED) pattern (Fig. 1E) from sin-
gle nanosheet clearly demonstrated the high crystallinity of the
nanosheet.

The XRD patterns (Fig. 2) were employed to investigate the
crystal phase of ZnTiO3 NFs (SO) and Bi;M0Og/ZnTiO3 hierarchi-
cal heterostructures (S1). For the S1, diffraction peaks at about
20=24.1°, 32.8°, 35.3°, 40.5°, 48.8°, 52.9°, 56.8°, 61.7° and 63.3°
could be perfectly indexed to the (102), (104), (110), (113),
(204), (205), (108), (214) and (300) crystal faces of h-ZnTiO3
(JCPDS 14-33), respectively. Besides, additional diffraction peaks
with 26 values of 28.1°, 32.3°, 34.6°, 46.7° and 55.3° appeared, cor-
respondingto(131),(200),(060),(062)and (31 1)crystal planes
of orthorhombic phase Bi;MoOg, respectively (JCPDS 76-2388). No
other phases can be found in the S1, suggesting that no impurity
species were formed between ZnTiO3 and Bi;MoOg.

)? vs. (hv) for estimation of the optical band gaps of S0, S1, S2 and Bi;MoOg.

In order to further study the interaction and arrive at more
detailed information regarding the chemical and bonding environ-
ment of the ZnTiO3 and Bi,MoOg, XPS was applied. Fig. 3(A and B)
showed XPS spectra of Ti 2p for the samples SO and S1, there were
two peaks in the Ti 2p region. The peak located at 464.2 eV corre-
sponded to the Ti 2p;;, and another one located at 458.6 eV was
assigned to Ti 2p3p,. The splitting between Ti 2p,), and Ti 2p3),
was 5.7 eV, indicating a normal state of Ti** in the as-prepared
Bi;M00g/ZnTiO3 hierarchical nanostructures. Besides, the peaks
for Ti 2p in the S1 showed no shift compared with that in pure
SO, confirming that the structure of ZnTiO3 remained intact after
synthesis of Bi;MoOg. As observed in Fig. 3C, there were two sym-
metric peaks in the Zn 2p region. The peak centered at 1021.6eV
corresponded to the Zn 2ps, and another one centered at 1044.6 eV
was assigned to Zn 2py,, indicating a normal state of Zn%* in the
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Fig. 5. (A) Degradation profiles of RB in the dark and self-degradation of RB with visible light irradiation but in the absence of the nanofiber photocatalysts. (B) UV-visible
spectra of RhB vs. photoreaction time; wavelength shifts as a function of the decrease in absorption maximum (inset). (C) Degradation profiles of RB over different samples
(C=10mgL-!, sample=0.05 g). (D) Photocatalytic activity of S1 for RB degradation with three times of cycling uses.
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Fig. 6. A simplified band structure diagram for Bi;MoOg and ZnTiOs.

S1. Fig. 3D revealed the binding energies are 157.8 and 163.1eV
for Bi 4f;, and Bi 4f5,, respectively. As for the Fig. 3E, the binding
energies of around 232.2 eV and 235.3 eV could be ascribed to Mo
3d. Fig. 3E presented the spectra of O 1s for the Bi;MoOg/ZnTiOs.
The wide and asymmetric peak of the O 1s spectrum indicated that
there might be more than one chemical state according to the bind-
ing energy. The peaks at 529.6eV, 530.9eV, 531.8 eV and 533.7 eV
related to Bi-O (lattice O), Ti-O (lattice O), Zn-0 (lattice O) and sur-
face hydroxyl groups (O-H), respectively. The above XRD and XPS
results confirmed the coexistence of Bi,MoOg and ZnTiOs in the
Bi;Mo00g/ZnTiO3 composites. The Bi species might not be incor-
porated into the ZnTiO3 lattice because of the low-temperature
synthetic conditions and the bigger size of the Bi atom (103 pm)
than that of the Ti atom (61 pm), which inhibit the replacement of
Ti by Bi in the TiO, crystal lattice.

In order to further study the photocatalytic performance of the
BiMo0Og/ZnTiO3 hierarchical heterostructures, S2 was prepared.
When the concentration of precursor Bi(NO3 )3 was decreased, the
morphology of Bi,MoOg nanostructures grew on ZnTiO3 nanofibers
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changed from nanosheets to nanoparticles (Fig. S2 in ESIt). Fig. 4
showed UV-vis diffuse reflectance spectra of the ZnTiO3 nanofibers
and as-prepared Bi;MoOg/TiO, hierarchical heterostructures. The
spectrum of the ZnTiO3 nanofibers exhibited the typical absorp-
tion behavior of a wide-band-gap oxide semiconductor, having an
intense absorption band with a steep edge at about 400 nm. For the
Bi;M00Og/ZnTiO3 heterostructures, the curves of samples S1 and S2
showed significant red-shift of the absorption edge. For a crystalline
semiconductor, the optical absorption near the band edge follows
the equation:

ahv = A(hv — Eg)"/?

where «, v, Eg and A are the absorption coefficient, the light fre-
quency, the band gap and a constant, respectively. Among them,
n decides the characteristics of the transition in a semiconductor.
In this work, the band gap of the pure Bi,MoOg is calculated to be
about 2.66 eV, while the band gap of ZnTiOs is found to be about
3.1eV. It was found that the band gap of Bi;MoOg/ZnTiO3 het-
erostructures were 2.68 or so. The decrease of band gap possibly
leads to better photocatalytic efficiency, especially under visible-
light irradiation.

Since the S1, S2 had remarkable light absorption in the visible
region, we hoped that the Bi,MoOg/ZnTiO3 hierarchical het-
erostructures present photochemical activity in the visible light
region. As observed in Fig. 5A, the control experiments illumi-
nated that the adsorption-desorption equilibrium of RB in the dark
was established within 30 min. And, RhB itself was not decom-
posed in the absence of the photocatalysts. Fig. 5B showed the
absorption spectra variation of RhB vs. irradiation time on the
S1. The characteristic absorption band of RhB at 554nm dimin-
ished quickly, accompanied by slight concomitant blue-shift from
554 to 494 nm of the maximum absorption. Fig. 5C showed the
degradation curves of RB on the Degussa-P25 (St), pure ZnTiO3
NFs (S0), mechanically mixed Bi;MoOg and ZnTiO3 NFs (Szy) and

Visible light

Visible light

Bi,MoQOg
nanoparticle

Fig. 7. Schematic illustration of multireflections within the S1 compared with S2.
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Bi;Mo00g/ZnTiO3 hierarchical nanostructures (S1, S2). The pho-
todegradation of RhB on P25 can be attributed to dye-sensitized
photocatalysis. And, pure ZnTiO3 NFs showed weak reactivity, on
which less than 20% RhB was decomposed in 4 h irradiation, since
ZnTiO3 could not be activated by visible light. And, Szy;, S1 and S2
displayed good photocatalytic activity under visible light irradia-
tion; the degradation efficiency of RB was about 51, 91, and 82%
after 4 h, respectively. It could be seen that Bi;MoOg/ZnTiO3 hier-
archical nanostructures exhibited high photocatalytic efficiency
compared with the mechanically mixed Bi;MoOg and ZnTiO3 NFs.
The order of photocatalytic activities is S1>S2>Szy. Moreover,
from Fig. 3D, it was indicated that the S1 photocatalysts with high
photocatalytic activity could be easily recovered by sedimentation
because of the special one-dimensional structure.

The enhanced photocatalytic performance of S1
may be due to the following correlated factors: firstly,
the Brunauer-Emmett-Teller (BET) surface area of the
Bi;MoOg/ZnTiO3 hierarchical nanostructures is estimated to
be about 30.91 m2 g~!, which is much higher than that of the pure
ZnTiO3 (19.01m2 g~1). The high surface area in the hierarchical
heterostructure allows not only more surface to be reached by the
incident light but also more active catalytic sites, which results
in the good photocatalytic performance [17,18]. Secondly, the
heterostructures formed between Bi;MoOg and ZnTiO3 is more
effective in the suppression of electron-hole recombination.

Based on the above results, a possible synergetic mechanism
was indicated. As depicted in Fig. 6, the band potentials of Bi;MoOg
and ZnTiO3 in the heterostructures fit the requirements to form
a heterojunction with a straddling gap, which may facilitate the
transfer of charge carriers and retard the e~ - h* recombination,
leading to the improved photocatalytic performance. The poten-
tials of conductance and valence band (VB) edges of Bi;MoOg and
ZnTiOswere estimated via Mulliken electronegativity theory [19]:

Evp = Xsemiconductor - EO + O-SEg

where Eyg is the VB edge potential, Xsemiconductor 1S the elec-
tronegativity of the semiconductor, which is the geometric mean
of the electronegativity of the constituent atoms, E° is the stan-
dard electrode potential on the hydrogen scale (ca. 4.5eV). Eg was
derived from Eg=1239.8/Ag, where Ag is the absorption edge in
the UV-vis spectra (Fig. 4). Bi;MoOg as a sensitizer with narrow
band gap energy (2.66eV in this work) could be easily excited
by visible light (A >420nm, energy less than 2.95eV), electrons
in the VB of Bi;MoOg could be excited up to a higher potential
edge (—0.32eV)[20,21]. The CB edge potential of Bi; MoOg is active
than that of ZnTiO3 (—0.25eV), in such a way, the photoinduced
electron-hole pairs could be effectively separated. Moreover, the
formed junction between Bi;MoOg and ZnTiO3 could further pre-
vent the recombination between photoelectrons and holes. The
generated conduction band electrons (e~) probably reacted with
dissolved oxygen molecules to yield superoxide radical anions, O, ~,
which on protonation generated the hydroperoxy, HO,*, radicals,
producing hydroxyl radical OH®, which was a strong oxidizing agent
to decompose the organic dye. Meanwhile, since the Bi;MoOQg (h*)
radicals had a redox potential of about 2.34V vs. NHE, it could oxi-
dize a suitable substrate (R), together with recovery of the original
Bi;Mo0Og. On the contrary, in the hierarchical heterostructures sys-
tem, S1 exhibited better photocatalytic activity than S2. We believe
that the morphology of Bi;MoOg might also play an important
role in the photocatalytic efficiency. As schematically illustrated
in Fig. 7, compared with nanoparticles (S2), the unique hierarchical
heterostructure with an appropriate space between the nanosheets
(S1)allows multiple reflections of electromagnetic waves [22], such
as visible light, thus allowing more efficient use of the light source

and therefore endowing these hierarchical heterostructure fabrics
with greatly enhanced properties [23].

In summary, the Bi;MoOg/ZnTiO3 hierarchical heterostructures
with ultrathin Bi;MoOg nanosheets on ZnTiO3 NFs showed excep-
tional visible-light-driven photocatalytic activity, which might be
attributed to the synergistic system with excellent charge sep-
aration characteristics and the unique morphology of Bi;MoOg
nanosheets. What is more, the 3D open structure supported on
nanofibrous candidates could be easily recycled. Also, the novel
hierarchical heterostructure was expected to promote their indus-
trial application to eliminate the organic pollutants.
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