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Abstract

Nanosized AgO decorated BMoOg hierarchical microspheres were successfully
prepared and evaluated as efficient visible-ligigponsive photocatalysts. X-ray
diffraction (XRD) patterns confirmed that the fortioa of the AgO and BjMoOsg
composites while scanning electron microscopy (SBRY energy dispersive X-ray
spectrometer (EDX) results revealed the relativehyform deposition of AgD
nanoparticles on the surface of ,®bOs microspheres. The visible light
photocatalytic activity of the composites was stddby photodegradation of methyl
orange (MO) and the composite with Ag to Bi ratfdla 1 shows the highest activity
due to the effective separation of photocarrietse Pphotocatalytic mechanism study

indicates photogenerated holes play a key roléhidye degradation.
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1. Introduction

Semiconductor photocatalysts have attracted easing attention for their
potential applications in environmental remediatiand energy conversion.[1-3]
Bismuth-containing materials have been extensiveiudied as efficient
photocatalysts due to their good chemical stabilityand  high
visible-light-responsibility.[2,3] Layered PBVIoOs is a n-type narrow band gap
semiconductor ( 2.5~2.8 eV ) whichn utilize the visible light irradiation and would
be a good candidate as photocatalysts.[4-59¥1BOs is characterized by alternative
perovskite (MoO4)" slaps and stacking of (BD,)** layers, which facilitates the
effective separation of photoinduced electron-hgiairs, resulting in high
photocatalytic activity.[3]

BioMoOs can degrade organic compounds under visible-lighadiation.[6]
However, the photocatalytic efficiency of singleoOgis still low, because of the
rapid recombination of photogenerated electrons &ades. To improve the
photocatalytic activity of BMoOg, some efforts have been made, such as rare earth
elements doping, morphology control and formatiérheterostructures.[7-11] It is
well-known that the performance of photocatalysts largely dependent on
morphology, which can be obtained via controlledtlgsis process. [12] Many kinds
of BioMoOg microstructures including nanofiber/wires, nantgda spheres and
hierarchical architectures have been reported[]3dfiong which 3D hierarchical
structures exhibit the superior properties of digeoaption and light absorption via

reflection.[16] BpMoOg based spheres have been reported with high phatpoa



activity, such as BMoOe, BiM0oOg/TiO, and BpOs/Bi,M0Og [17-19], which were
synthesized using hydrothermal, solvothermal octedehemical methods. Rational
design of heterostructures is another effective teagnhance the activity. AQ is a
p-type semiconductor with a narrow band gap abot® V. [20] AgO/TiO, and
Bi»O3s/Ag.0 have been reported with improved activity in thecaiaposition of
methyl orange (MO), [7,21,22] due to the inhibitiaf the recombination of
photogenerated electrons and holes. In this stutdg AgO/BioM0Os p-n
heterojunction photocatalysts were synthesizedutiiroa chemical precipitation
method using hierarchical BiloOs microspheres precursor. The composite with
narrowed band gaps can inhibit the recombinatiophaitogenerated electrons and
holes, and exhibited higher photocatalytic activitige relationship between the A
loading and the photocatalytic activity was studiadd the possible enhanced
mechanism was discussed also.
2. Experimental section
2.1 Preparation of the BioM00g

The hierarchical BMoOg hollow spheres were prepared according to thevatig
procedureBriefly, Bi(NO3)3-5H0 (1.6866 g) and NMoO,4-2H,0O (0.4210 g) were
dissolved separately in ethylene glycol (5 mL) unalagnetic stirring to obtain the
clarified solution. Then the two solution was mixaad added into ethyl alcohol (20
mL) with continuous stirring for 10 min. The mixeurwas poured in a 50mL
Teflon-lined stainless steel autoclave and heapetbul60°C for 20 h. After cooling

down to the room temperature, theN8oOg precipitates were washed and dried at 60



°C.
2.2 Preparation of the Ag,O/Bi,M 00g composite photocatalysts

Taking the ion ratio (Ag: Bi®*) of 1 : 1 for example, 0.3048 g of 8100 hollow
spheres and 1 g of PEG-8000 were dissolved in 50vater and stirred for 5 min.
Then 0.16987 g of AgN§(>99.8%9 was added into the suspension with vigorous
stirring for 10 min, and the pH value was adjustedl2 by dropwise addition of
NaOH (4 M) with vigorous stirring for 15 min. Thesulting powder with black color
was filtered and washed several times with dei@hizater and finally dried at 61C
for 2 h. Similarly, pure AgD nanoparticles were synthesized by the same puoeed
without Bi,MoOs. Other composite photocatalysts with *AgBi**=1:2, 2 : 1 and
3 : 1 were prepared by controlling the amount ofN@&g (0.08493, 0.33974 and
0.50961 g).
2.3 Characterization

X-ray diffraction (XRD) measurement was carriaat by a Rigaku-D/max 2500
diffractometer with Cu-Kr radiation (A = 0.15418 nm) for phase identification. The
morphology, particle size and chemical compositbthe product were examined by
a scanning electron microscopy (SEM, Hitachi S-488Quipped with an energy
dispersive X-ray spectrometer (EDX). The opticalparties of the composites were
determined by the UV-vis diffuse reflectance spec{Cary 500 UV-vis-NIR
spectrophotometer) over the wavelength range off@@ 700 nm.
2.4 Photocatalytic activity evaluation

In a typical experiment, 0.02 g of Ay/BioMoOs composite was dispersed into 60



mL aqueous solution (0.005 g/L) stirred for 40 rmirthe darkness in order to reach
an adsorption—desorption equilibrium between phatidgsts and the organic dye.
Then the solution was exposed to visible lightdraéion under vigorous stirring. A
300W Xe lamp X>400 nm) was used as the light source with a distaf 10 cm
from the suspension. At a given time interval, 4 ofLsuspension was taken and
immediately centrifuged at 10000 rpm for 15 min.emhthe concentration of MO
solution without catalyst was determined by theogtison spectra at 446 nm using a
specterometer (Perkin-Elmer Lambda-35 UV-vis sjpacéter).
3.Results and discussion
3.1 Structure and mor phology

The XRD patterns of the BMoOs and AgO/Bi,M0oOgs composites are shown in
Fig. 1. As for pristine BMoOg, the as-prepared powder is phase-pure orthorhombic
structure, which is coincident with the standard®DS cards no. 84-787. After the
introduction of AgO, small peaks at ~83and 38 become detectable and the
newly-formed peaks can be perfectly indexed asQAghase (JCPDS cards no.
3-796). With the increasing of Agcontent, the diffraction peaks of g become
much more stronger, indicating the increasing ohb\gleposition on BMoOg
surface.

The morphology of the BMoOg and AgO/BioMoOs composites are shown in
Fig. S1. The pure BMoOgin Fig. Sla exhibits a hierarchical sphere supgctire
composed of many interleaving nanoflakes. For tlggOABi,M0Ogs composite, the

spherical morphology was kept and lots ob@granoparticles are sparsely deposited



on the surface of BMoOg, as shown in Fig. S1b. In order to investigatedétiled
surface composition, A@/BioMo0Og(1:1) was taken for energy dispersive X-ray
spectroscopy (EDX), as shown in Fig. 2. The EDX-piags demonstrate that Ag
element is relatively uniformly distributed on tkphere, which also indicates the
even deposition of A® on BpMoOg sphere, in spite of several large ,8g
nanoparticles.
3.2 Optical absorption property

The optical absorption properties are studiedthry UV-vis DRS and typical
absorption spectra are shown in Fig. 3. ObviouBi¥o00s microspheres exhibit a
sharp absorption edge located at about 423 nmoysuire AgO, a strong absorption
band from the UV to visible light was observed. domparison to BMoOg
microspheres, the absorption of AYBi,M0Og(1:1) presents a slightly red-shifts at
~518 nm, revealing the absorption ability was dyeathanced by the introduction of
Ag.0 nanophase.

The band gap energyof the composite plays a significant role in deti@ing
the photocatalytic performance. From the absorpsjpectra, the §of sample can be
determined by the formula ofthv = A(hv—-E,)", where a is absorption coeffcient,

v is light frequency, A is proportionality constaf#3]. E; values of the pure
Bi,M0oOs and AgO/Bi,M0Og(1:1) composites are estimated as 2.78 and 1.94 eV,
respectively. [24] The A®/Bi,MoOg(1:1) composites with a wide optical-response
range are expected to show a better photocatgisgjmerty than that of the BfoOe.

3.3 Photocatalytic activity and therecycling performance



The photocatalytic activities of the AYBi.MoOs composites with different ion
ratios were estimated via photodegradation of M@eunvisible light irradiation
(Fig.4). BpbMoOs, Ag:O and AgO/Bio,MoOs composites were all examined for
comparison under the same testing condition. It lbanseen that both AQ and
Bi,MoOs presentvery weak photocatalytic activity. On the other ¢harthe
photocatalytic activity of the A®/Bio,MoOs composites show an obvious enhancing
with the increase of Ag : Bi ratio from 1:2 to 34s the ratio of Ag : Bieaches at 1:1,
the AgO/BioMoOs composite performed the best photocatalytic agtiainong all
samples and the degradation rate is about 88% uwnsibie-light irradiation in 80
min. According to the Langmuir-Hinshelwood (L-H) nkitics model, the
photochemical reaction is a pseudo-first-order treacand in line with the kinetics
In(Cy/Cy) = kt, where G is the initial concentration and (S the concentration at time
t. The reaction rate constant k can be calculated the results of BMoOs,
Ag,0/Bi;M00g(1:1), (1:2), (2:1), (3:1) and A are estimated to be 0.0001, 0.0257,
0.01694, 0.02029, 0.01499 and 0.0064 hirespectively. The results show that the
degradation rate of MO is dependent on the amotidgeO loading and the best
performance is obtained by AQ/Bi,M0Og(1:1).

The recycling usage of photocatalyst is an ingrtcriteria for the practical
application of waste water purification. To invgstie the stability of photocatalytic
activity on AgO/BinM0o0Og(1:1) composite under visible light irradiation.etlsame
samples are repeatedly used for five times afees#paration via membrane filtration.

The XPS spectra of the XQ/Bi,M0Og(1:1) composite after the photodegradation of



MO dye shows that Ag peak was observed, indicatiegAg was partially reduced
by the photogenerated electrons (Fig. S2). Thectiexy results (Fig. 5) show that
after five cycling runs, the catalysts can alsoai® good activity, confirming that
the AgO/Bi,M0Og(1:1) composite has good stability in activity asdeasily to be
used for recycling.
3.4 The mechanism of the photocatalytic decomposition of MO dyes

To further study the photocatalytic mechanism aehtify the reactive species
(h*, < O, or+ OH) in decolorizing MO process over the :8Bi.MoOs composite,
different scavengers were added during the phabgdat process. In this study,
ethylenediaminetetraacetate (EDTA), tert butyl hto(TBA) [25] and N were
respectively used as holes, hydroxyl radicals amqemoxide radicals scavengers and
their effects on the photocatalytic degradatioM@ are shown Fig. 6. After bubbling
N2 in the photocatalytic system, the activity of tggawas slightly quenched by the
removal of Q, indicatinge O, species take part in the photodegradation prosesse
While, as for the addition of TBA{OH quencher), the degrading rate of MO was
obviously depressed, revealing theOH species are much more active thar®, in
the photodegradation process. Moreover, a serioagmaping effect was observed
after the adding of EDTA (hquencher), indicating holes play the dominate iole
MO degradation. Thus, the effective inhibition diet recombination between
electrons and holes would probably increased tiotgghtalytic activity.

On the basis of the above results, a possiblehameem for the photocatalytic

degradation of MO by A/BioMoOs composites under the visible-light irradiation is



proposed (Scheme 1). When®boOs complexed with AgO, the Fermi energy levels
would become balanced. And also bothMBIOs and AgO could be excited and
corresponding photo-induced electron-hole pairs gaeerated (Eqs. 1-2).[26] The
electrons on the CB of A@ would be transferred to the CB of,BioOg according to
the energy difference. Then, the accumulated phmotoeed electrons on the CB of
Bi,MoOs would react with oxygen molecules on the surfacd generate oxygen
radicals *« @ (Egs. 3). Considering the results of scavengests,té can be estimated
that a small number of ¢ Ospecies are generated in the photocatalysis process
Meanwhile, the important role of holes can be oles@iin Fig. 6. The photo-induced
holes located on the VB of BiloOgcan be easily transferred onto the VB of,@g
inhibiting the recombination process. Further rieamst would take place between
holes and OH which can generate « OH (Egs. 4) by the oxidateaction towards
the decomposion of MO dyes (Egs. 5). Moreover, dige also can be degraded

through a direct hole oxidation reaction by holegq. 5).

Bi,MoOs + hv — Bi,MoOg(h') + € 1)
Ag,0 + hv — Ag,O(h") + € (2)
€+0,— 02 3)
h*+ OH — « OH ()
MO + h'/ » OH/ » O, — degraded product (5)

4. Conclusion

In summary, AgO nanoparticles were successfully introduced osMBOg the



surface otierarchical microspheres through a chemical pratipn method. The
formation of AgO/Bi,M0oOs composites and the deposition of @gnanoparticles on
Bi,M0oOs surface were confirmed by combined XRD, SEM andXEDapping
analysis. AgO/Bi,MoOs composites showed improved visible-light activitan that
of Bi,MoOgtowards photocatalytic degradation of MO dye, dmlliest performance
was obtained by A@/Bio,Mo0Og(1:1). Scavenger quenching results revealed tHasho
play a dominate role in the photodegradation pmcesir study demonstrates that
Ag,0 decoration is very effective for the improvemehiphoto-catalytic activity of
Bio,Mo0Og, which may also apply to other photocatalysts.
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Fig. 1 XRD patterns of Bi,M0Og and Ag,O/Bi,M 0O with different Ag to Bi ratios.



After contact
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Scheme 1 Schematic illustration of the charge transfer pathway during the MO

degradation process over Ag,O/BioM0Og under visible light irradiation



Fig. 2 (@) The SEM of Ag,0O/Bio,M0oOsand elemental distribution maps for (b) Ag, (c)
Bi, (d) Mo, (e) O.
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Fig. 3 (a) UV-visible diffuse reflectance spectra of the pure Bi,M0Os, Ag,O and
Ag0/Bi;M00g(1:1) composite materials with different reaction time, (b) the
estimated band gap energies of samples.
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(1:1) composite under visible light irradiation.
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® TheAg,O/Bi,M00Os composites were synthesized via a coprecipitation method.

® The photocatalytic activities of the composites with various weight ratio were
evaluated using the degradation of methyl orange (MO) under visible light
irradiation

® TheAg,O/Bi,M00s composites exhibited enhanced photocatal ytic performance.
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