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Abstract: The photocatalytic performances ob\W®iOg were limited by the slow electron transfer and &@marge recombination. In this
report, BpWOg/graphene (2 wt%) composites were fabricated hycastep approach using graphene as precursor, whithmaintain

the crystallinity, morphology and particle size mistine hierarchical BiWOg microspheres, providing the unique opportunities to
10 correlate interfacial interaction to the photocgtal activity. The interfacial electronic interamti between BWOg and graphene
evidenced by X-ray photoelectron spectroscopy (XfeSllted in positive shifting of the Fermi leveidabroadening the valence band

(VB) of Bi,WQg. These reveal a stronger oxidative power and rfastbility of photogenerated holes upon excitatiortombination

with radical trapping and electron spin resonait®R) experiments

providing clear evidence for tleig groperty. Compared to pristine

Bi,WOg, the composites exhibited not only higher photalgét activity toward the oxidation of NO, but albetter selectivity for the
15 formation of ionic species (NQ as well as a 9-fold enhancement of the photootirdensity. The significantly improved charge

separation and migration in BVO4/graphene composite was demonstrated by electrachkeimpedance spectroscopy (EIS). Moreove

the interfacial electron transfer rate determinztittie composite was 7.97 x81€' through time-resolved fluorescence decay spelttra.

was therefore proposed that the enhanced photgtiatattivity of Bi,WOg/graphene could be directly ascribed to the de¥Beedge

position as well as efficient charge transfer agitbg interface. The present study points out #yer&le of graphene in tuning electronic
20 structure and interfacial charge transfer procefsabe development of highly efficient photocstas.

45

1. Introduction

25 In the past few decades, photocatalytic solar-gnecgversion
has attracted extensive interests due to the isioiglgt serious
energy crisis and environmental pollutibhThe quest for highly
efficient photocatalysts is crucial to enable thgiactical use,
which is mainly dictated to three processes: opt@tsorption,

30 charge separation and migration, and catalytic ti@acon
surface$. Among the various studied photocatalysts;\WBDg
with corner-sharing W@ octahedrons sandwiched between
(Bi,0,)?" layers has been regarded as an excellent pholgoxtata55
due to its intrinsic chemical and physical propti® Generally,

35 Bi,WOg can produce ©from AgNG; solution’® degrade organic

pollutants and reduce CQinto hydrocarbon fuets under light

irradiation. However, the slow electron transfed dast charge
recombination in BWOg greatly restricted its extended practica?
applications in photocatalysis.

On the other hand, graphene possess excellentaglgcansfer
properties with a charge transfer mobility of 25 @&nf V! st

at room temperaturéApart from its unique electronic properties,

graphene have a large surface area (theoreticaé vaP600 nf *

gl) and flexible structur&® These unusual properties make it be a

50

0
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suitable candidate to couple with,BiOg and improve charge
separation and transfer behaviours ofVBBDs. Recently, several
studies have clearly demonstrated the enhancemdnt
photocatalytic activity of BWOg with the introduction of
graphené*'® For instance, Wang's group reported that
graphene/BWOg showed enhanced photocatalytic activity for
the degradation of Rhodamine B (RhB), which was atteithdo
the negative shift in the Fermi level of composiéesl the high
migration efficiency of photoinduced electrdfisAlong these
lines, Min et al. observed a three times enhancerrerthe
photodegradation of RhB over BVOg¢/graphene in comparison
with neat BjWO4.*® Most recently, a sonochemical method was
developed for fabrication of BNOg/graphene composite which
exhibited higher photocatalytic activities for bokfp and Q
generation under visible-light irradiation. Nevertheless, the
reported synthetic approaches usually used graptede (GO)
as precursor to prepare of,BIOg/graphene composites through
one-step route, in which the crystallinity, morptmpt and
particle size of pristine BWOg may change during the composite
formation proces¥'® Particularly, the photocatalytic reaction
process is a complex interplay of each propertyctviis related
to each other. Therefore, in practice, the enhapbedocatalytic
performance is difficult to attribute to the change Bi,WOg
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itself during the reduction of GO or the interantibetween  The precipitate was collected after filtration, tved with
Bi,WOs and graphene. Moreover, although several woskdistilled water and dried in the air.
proposed that the high conductivity of graphenelddmprove
the photogenerated charge separation and tramstis\WQOsg, N0 2.3 Synthesis of Bi,WOg/graphene composites
s direct evidence has been provid&d®
In addition, the previous studies have focused be t 300 mg of synthesized BNVOgz powders were dispersed in 84 mL
photodegradation of organic dyes such as RhB, mattgmge ethanol and 6 mg of graphene (2 wt%) were dispeirseg mL
(MO), methylene blue (MB) or water splittii§’® On the other  ethylene glycol under ultrasonic condition for 30inm
hand, with the development of modern industry, paltution is e respectively. After that, the graphene were addetd ithe
10 becoming a serious issue which is harmful for humealth. In Bi,WQg for further ultrasonification of 30 min. Then thexmare
particular, NO is one of the common air pollutiorsd was stirred for 24 h at room temperature. Findhlg precipitate
responsible for many hazardous effects such asablearming, was collected after filtration, washed with ethamald dried in
tropospheric ozone, acid rains, human diseases san®n*® the air.

Photocatalysis is a promising method to remove N®@rgy the
1s proposed strategié8Huang and co-workers found that,BiOg
can oxidize NO under light irradiation and a higkarface area Powder X-ray diffraction (PXRD) was performed with a

leads to the improvement of photocatalytic acti%hy PANalytical X'pert diffractometer operated at 40 kvid 40 mA
Nevertheless, to the best of our knowledge, theneoi research  Using Cu K radiation. Scanning electron microscopy (SEM) was
focusing on the photocatalytic oxidation of NO over performed on a Hitachi S-4800 microscope. Transotiss

20 Bi,WOg/graphene composites. 70 electron microscopy (TEM) images were recorded offEd

Following our previous work on the understandingtoé ~ Tecnai G2 20 microscope operated at 200 kV. XPS

hydrothermal growth mechanisms of hierarchical ,VBDg measurements were conducted on a Thermo ESCALAB 250Xi
microsphere??® in the current work, BWOggraphene and the binding energies were referenced to thet@€284.6 eV.
composites were synthesized by a two-step methddgus Diffuse reflectance spectra (DRS) data were recordada

s graphene as precursor, which can maintain the affiysty, 75 Shimadzu UV-2600 spectrophotometer equipped with an
morphology and particle size of pristine hierarehi®i;WOq integrating sphere using BapGs the reflectance standard
microspheres. The obtained BiOg/graphene (2 wt%) sample. Time-resolved fluorescence decay spectra reeorded
composites exhibited both higher photocatalytic Ngdation ~ at room temperature with a fluorescence spectrapheter
activities and improved selectivity for the fornmati of ionic ~ (Edinburgh Instruments, FLSP-920). Electron spisonance

wspecies (N@). X-ray photoelectron spectroscopy (XPSY (ESR) signals of radicals spin-trapped by 5,5-diykth-
investigations indicated that the electronic iraeidl interaction ~ Pyrroline N oxide (DMPO) were recorded at room tenapure
between BWOg and graphene made the valence band (VB) and®n @ JES FA200 spectrometer. Samples for ESR measote
conduction band (CB) of BiVOs more positive, as well as Were prepared by mixing the samples in a 40 mM DMPO
broadening the VB. The improved transport of phatdess over ~ solution tank (aqueous dispersion for DMPO--OH amethanol

35 Bi,WOg/graphene composites has been clearly demonstogtedss dispersion for DMPO-+@) and they were irradiated with an
the photoelectrochemical (PEC) measurements anevestime-  ultraviolet-visible light lamp.
resolved fluorescence spectra. On the basis okthesults, a 25 photodectrochemical and photocatalytic measur ements
mechanism for enhanced photocatalytic performanoesr
Bi,WOg/graphene was proposed.

6s 2.4 Characterization

PEC measurements were conducted in a three electystem
on a CH660D electrochemical work station, using Big\VOg,
» 2. Experimental 9 graphene or BWOg/graphene films as the working electrode,
saturated calomel electrode (SCE) as the referdactragle, and
Pt wire as the counter electrode. All potentials quoted with
All the chemicals were analytical grade reagentsl aised  respect to SCE. The wavelength range of the lamg frsePEC
without any further purification. Graphene was fased from  tests is from 375 to 550 nm. The photocurrent-talependent
Sichuan Jinlu Co., Ltd. Deionized water was usedalh ¢ experiments of graphene, BIOs and B)WOg/graphene films at
15 experiments. open circuit potential (OCV) was measured in 0.5N&SO,
under chopped illumination with 20 s light on/offctes. The
working electrodes were prepared by deposition gos/dnto
Hierarchical BjWOs; microspheres were prepared via a conducting glass supports (fluorine-doped tin oxi(feTO)
hydrothermal method according to our previous wrk.25 100 substrate) with a size of 1 cm x 1 cm: 100 mg ofigas were
mmol NaWQO,-2H,0O and 0.5 mmol of Bi(Ng)s 5H,0 were suspended in 0.5 mL of dimethylfomamide (DMF) todiuce a
so placed into 25 mL of 20 vol% acetic acid and stirneagnetically  slurry by grinding for 30 min, then the slurry wesated on the
for 20 min. Then, the suspension was transferréal &h50 mL FTO by a scraper with a scale of @, and subsequently treated
Teflon-lined stainless steel autoclave, which wasntamed at at 170C for 2 hours. The photocatalytic activities of thes
160 -C for 24 h, and subsequently cooled to room tempegat 10s Samples were evaluated by removing NO at ppb léveh

2.1 Materials

2.2 Synthesis of hierarchical Bi,WOgmicrospheres

2 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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continuous flow reactor. Details of the reactoupehave been

reported in previous studiA tungsten halogen lamp (150 W)o their

was vertically placed 20 cm above the reactor. as@repared
sample (200 mg) was dispersed in distilled watér (&) by
s ultrasonic treatment for 10 min, and then coatetb awo glass
dishes with a diameter of 12.0 cm. The NO gas waglieed
from a compressed gas cylinder at a concentrafid®@ ppm of
NO (N, balance, BOC gas) with traceable National Instifte

Standards and Technology (NIST) standard. The alniti

10 concentration of NO was diluted to about 600 ppbthy air
stream. The air stream flow rate and NO were cliettcat 2.4
L/min and 15 mL/min, respectively. After the addgoop-
desorption equilibrium was achieved, the lamp wasedd on.
The concentration of NO was measured by a, N@alyzer

15 (Thermo Scientific, 42i-TL). The removal ratig)(of NO was
calculated by; (%) = (1 —C/Cp) x 100%, whereC is the outlet

preparation process, the,BiOg microspheres can still maintain
hierarchical morphology (Figure 2b). Furtherm
stratiform graphene sheets can also be observeer dhan
Bi,WQOs microspheres (Figure 2b-d). The hybridization of
Bi,WQOs and graphene is further investigated by TEM. The
graphene sheets and,BiOs spheres are clearly observed in

45 Figure 3a. The obtained particles can be undouptddhtified as

orthorhombic BjWQOg from their characteristic (131), (002) and
(260) reflections in the selected area electrofradifion (SAED)
pattern (inset of Figure 3b). The high resolutidd (HRTEM)
image (Figure 3b) shows the crystal lattices ofL,V\BDs,

s0 indicating that the composite is well crystallizéithe observed

lattice fringes withd spacing of ca. 0.272 nm and 0.315 nm can
be assigned to (002) and (131) lattice planes ofWBK
respectively, which is consistent with the resdlem SAED
pattern (inset of Figure 3b). All in all, the PXRSEM as well as

concentration of NO after reaction for timheand C, represents ss TEM investigations revealed that the crystallinitporphology
and particle size of pristine BWVOg can keep almost unchanged
after coupling with graphene, which permits the mbmuous
correlation of the photocatalytic activity with thmodifications
through the introduction of graphene.

the inlet concentration after achieving adsorpti@sorption
equilibrium.
2 3. Results and Discussion

3.1 Structure and morphology of
composites

Bi,WOg¢/graphene

The PXRD patterns of the pristine,BiOg and BpWOg/graphene
composite are shown in Figure 1. All of the diftian peaks
25 from Bi,WOg/graphene are nearly identical to
orthorhombic BjWOg (JCPDS 39-0256). This,

indicates that the structure, crystallinity andstay orientations

of Bi,WQOs in composite are not changed and no other impsriti

are observed. Moreover, no characteristic diffractpeaks of

30 graphene are observed in,®iOg/graphene which is probably

due to the relatively low content (2 wt%) of grapa&*

Bi,WO,-graphene
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Figure 2. SEM images of BWOg (a) and BiWOg/graphene (b ¢ d) under
different magnifications

[

graphene %%

200 _nm

Figure 1. PXRD patterns of pristine BNOsand BbWOs/graphene composite.
The reference pattern of orthorhombig\BOs (JCPDS No. 39-0256) is shown
at the bottom.

Figure3. TEM (a) and HRTEM (b) images of BNOg/graphene (inset in (b):
65 SAED pattern of BAWOg/graphene)

s The SEM images of BWOgand BpWOg/graphene are shown
in Figure 2. Pristine BWOg displays a hierarchical morphology
constructed from nanosheet building blocks (Fidlak in accord  The photocatalytic activities of BNOg and BpWOg/graphene
with our previous work® After introducing graphene into the \ere evaluated for the photooxidation of NO at kheoor air

3.2 Photocatalytic activities

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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level. Prior to the light irradiation, the adsogptidesorption
equilibrium between NO and photocatalysts had heached. Figure 4. Photocatalytic oxidation of NO (a) and monitorirfgtte fraction of
Figure 4a shows the decomposition of NO conceptndt/Cy %) so NO, intermediate (b) over BiVOs and BpWOg/graphene under ultraviolet-
with irradiation time over BWOg and BpWOg/graphene under visible light irradiation
s ultraviolet-visible light irradiation. NO is verytable and cannot
be photolyzed under light irradiation in the absenof
photocatalysts. In the presence of photocataljs could react
with the photogenerated reactive radicals and medNG  As well known, the photocatalytic activity of semiciuctor
intermediate and ionic species, involving four foissreactions s photocatalysts is intrinsically governed by threecesses: light

3.3 Optical propertiesand interfacial interactions

10 as following? absorption, charge separation and migration, amthciredox
NO +20H ~NO; + H,0 @) potential. In the following, the mechanisms for thehanced
NO, +"OH —~NO; + H' 2 photocatalytic performances of JB/Og/graphene are explored
NO + NG, + H,O ~ 2HNG, (3) individually based on the above three processes UW-vis
NO +-0; ~NOs (4) s0 DRS of BbWOg and BpWOg/graphene are compared in Figure 5.

15s As shown in Figure 4a, the NO concentration ovehi®i,WOs  Bj,WOg/graphene (2 wt%) composites exhibit absorptiorilaim
and BWOg/graphene decreased rapidly through photocatalyticto that of pure BWO,. The band gapsEf) of the BpWO; and
oxidation within 5 min. After 10 min of irradiatiorthe removal  Bj,WOg/graphene were assigned as 3.08 and 3.04 eV,
ratio of NO is 40.0% in the presence of,\BiOs while an  respectively, according to the onset of the absmipedge.
enhanced removal ratio of 59.0% is observed fQf Nevertheless, BWOg/graphene composites show slight higher
20 Bi,WOg/graphene. Nevertheless, the NO removal ratio dsee  apsorption intensities than that of BIOg in the visible light
slightly between 5 and 20 min, which could be doetfte  region, which could be ascribed to the reintrodarctof black
accumulation of HN@on the photocatalyst surface (cf. Figure pody properties of graphite-like materisfsSimilar phenomenon
4b)?* restricting the diffusion of reaction intermediatwer has been reported by the previous wdrk.
materials. This phenomenon can be further obsefr@d the
2s cycling NO oxidation test (Figure S£5:2" The NO removal ratio
at the initial time can keep stable over five cgcleAfter first
three runs, the NO removal ratio decreased withirtfagliation — Bi,WO,
time, indicating that the accumulation Hi6n the photocatalyst
surface impaired its activity. Nevertheless, theREX pattern
0 investigation of the BWOg/graphene composite after cycling
tests showed that they did not undergo significstntictural
changes (Figure S2). Generally, since the reaati@nmediate of
NO, during photocatalytic oxidation of NO is also héumto
human health, the desired oxidation products shbalthe ionic
species (N@), which can be simply washed away. The ratio of
NO, in the final oxidation products, on the other haislalso 300 400 500 500 700 800
reflected the photooxidation ability of materialherefore, the Wavelength (nm)
reaction intermediate of NOs monitored on-line as shown iny, Figure5. The UV-Vis DRS oBi,WOs and BiWOg/graphene
Figure 4b. After stabilization, the fraction of NQ@enerated over
40 Bi,WOQg/graphene is as low as 6.4%, which is much lowanth
that in the presence of BVOg (11.0%). These results indicate

that BLbWOg/graphene can promote the oxidation of intermediatecomposne.s are invgstigated by XPS spectra. .The xlﬂ@y
NO, to final NO; and exhibits stronger oxidation ability in spectra (Figure S3) indicate the presence of BiOAgnd C in

comparison with pure BVOg. All in all, Bi,WOy/graphene (2 ™ both BLbWOQOg and ByWOg/graphene. Figure 6a-d show the high-
s WI%) composites not only show higher photocatalyti© resolution spectra of WA4f, Bi4f, Cls and Ols, respelgt The

oxidation activities, but also exhibit improved esglvity for the peaks With, binding energy at 37.3 an.d 351 eV i@mﬁ
formation of ionic species. corresponding to W4#% and W4§,,, respectively, can be assigned

to a W* oxidation state (Figure 648J.Compared to pure BNOs,

Bi,WO,-graphene

Absorbance (a.p.)

3!

@

The interactions between the,BiOs and graphene in the

(a) (b)2 g0 these peaks in BIVOg¢/graphene were shifted to 38.0 and 35.9 eV,
Bsth = BiWO, 1oee,tOBLWO, respectively, indicating the presence of strongeraution
. " BilOsgraphene g | |V 7 BuWOsgraphene between graphene and ,BIO; microsphered® Note that the
€0l * g“w [ R similar result was obtained in the binding energi€8i4fs, and
g’eo S g ‘ .......... e, Bi4f;,. It was observed that the peaks of Biand Bi4f,in
L e rerennnen, 3| oo ss Bi,WOg/graphene were shifted up by 0.7 and 0.6 eV (Figlije
L e © ogd respectively, suggesting chemical bonding betweeiBj and
© 0 Tmemin T " ey, C elements in graphef2The Cls XPS spectra of BVOq

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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shown in Figure 6c can be devolved into three peakscan be further confirmed by Mott-Schottky (MS) measnents

corresponding to C-C bond (284.6 eV), C-O in epoxirydroxyl
forms (285.8 eV), and C=0 (288.0 e¥)respectivelywhile the
peak at 288.0 eV cannot be observed fos\\EB)g/graphene,
indicating graphene existing in such compositesteats of

3

as shown in Figure S4 and Table S1. The chemidataction
between BIWOg and graphene can contribute to a 0.34 eV down-
shift of Vi, matching well with the results obtained from X-ra
photoelectron VB spectra (Figure 6e). In generag W, of

graphene oxide (GO). Compared to,\BDs, the observed Ol1s s graphene (-0.08 eV vs. NHE) is more positive than dbserved
peaks of BiWOg/graphene also shifted to higher binding energiesCB of Bi,WOg (-0.25 eV), which means photogenerated electron::

(Figure 6d), agreeing well with the observatioranfrW4f and
Bi4f XPS spectra (Figure 6a and b). All these rasulearly
o demonstrated the strong interfacial interactiortssben graphene

=

can transfer from BWOg to graphene easily once they are in
contact. Consequently, the charge equilibrationenakeV, of
Bi,WOg/graphene shift positively in comparison with thaft

and BbWOg microspheres, which could remarkably affect the Bi,WQOg. Contrarily, both Wang et al. and Sun et al. olesgthe

electronic structures of BNOg. As shown in Figure 5, BiVOg

interaction between graphene and,VBDgs can lead to the

and BLWOg/graphene have similar band gap which reveals thanegative shift ofVy, in the previous work*!® Such contrary

the enhanced photocatalytic activity is not maiattributed to
the light absorption. Instead, the band edge piedeand charge

.
[}

results could be due to the different synthesis@gghes. Both of
them used GO as precursors which may change tbéaaial

carrier mobility could play a more important rol@onsequently, so interactions between BNOg and graphene. In addition, the

the X-ray photoelectron VB spectra of ,BiOg

and

different synthetic approaches to -®BiOs could also have

Bi,WOg/graphene are shown in Figure 6e. The VB maximum ofinfluences on the band edge potential of VBDg.241°

Bi,WOg after coupling with graphene is shifted from bimgli
energy of 2.19 to 2.56 eV. Therefore, the VB maximof

[N
=

Interestingly, these results point out that botlgatiwe and
positive shift of VB of B}WOg can be achieved through coupling

Bi,WOg/graphene is higher by 0.37 eV, suggesting a muehwith graphene on the basis of synthetic parametisament. In

stronger oxidative power of photogenerated holes tlie
composites. As the VB maximum of anatase ;Ti©located at
+2.64 eV vs. normal hydrogen electrode (NHE) at7# which
25is 0.64 eV higher than the value obtained by Xphgtoelectron
VB spectra, the electronic potentials for ,\BiOg

and

addition, the valence bandwidth of ,BiOg/graphene is ca. 7.9

eV, which is 1 eV wider than that of BVOg (6.9 eV) due to the

possible contributions of C2p and C2s orbitals framppene™

Hence, the wider and more dispersed VB of\BD¢/graphene
s0 could increase the mobility of photogenerated esst?

Bi,WOQOg/graphene were determined at +2.83 and +3.2 eV vs. It is generally accepted thad,, ‘OH and photogenerated h

NHE, respectively. Hence, the band structures g¥MBls and

Bi,WOg/graphene can be drawn and shown in Figure 6f.
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S

of Bi,WOg and BpWOg/graphene (f)

The positive shift in the Fermi levely) of Bi,WOg¢/graphene

Figure 6. W 4f (a), Bi 4f (b), C 1s (c), O 1s (d) XPS speatfaBi,WOs and
Bi,WOQO¢/graphene; valence-band XPS spectra (e) and bamctise diagram

are main reaction species in photocatalytic reastio
Consequently, ESR spin-trap technique with DMP Cbfath -O,’
and ‘OH is employed to monitor these reaction species. N

es Signals are observed in the darkness (Figure 7deUtight
irradiation, DMPO-0, species were observed for both samples
and the intensities of the characteristic peaksDMPO-0O,
increased with the irradiation time (Figure 7a)vaitheless, the
formation rates ofO, radicals on BWOg and BpWOQOg/graphene

70 are comparable, indicating the generation ability@ radicals
did not enhance after coupling with graphene. Ssirmgly, the
calculated CB minimum of BiVOg and BpWOg/graphene are -
0.25 and +0.16 eV vs. NHE, respectively, which anere
positive than the standard redox potential gf@ (-0.28 eV vs.

7s NHE). From the thermodynamics point of view, the
photogenerated electrons can not react with therbdd Q to
formrO,, but the proposed band structures shown in Figfidid
not consider the influences of light irradiationigihcan strongly
affect the band structure of materi#lsEurther studies on the

so exact determination of the band structure upontaton are
currently in progress. No typical signals with cieristic
intensity of 1:2:2:1 for DMPOOH were observed for both
samples no matter the reaction was conducted ikndss or
under light irradiation (Figure 7b), suggestit@H could not be

ss the dominant photooxidant. Previously, Fu et all Wang et al.
also reported thaOH radicals are not the main oxidizing species
in the photocatalytic system with BVOg** Instead, the
hyperfine splitting characteristics of the ESR speotvealed the
direct oxidation of DMPO to DMPOX Therefore, the direct'h

9 oxidation and-O, oxidation reaction could mainly govern the

This journal is © The Royal Society of Chemistry [year]
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photocatalytic reactions. Moreover, the formatiates of i on pristine BbWOg; and BpWOg/graphene, respectively. These
Bi,WOg/graphene were much higher than that of pupt\VBg (cf. results clearly demonstrated the conductivity af Bi,WOg is
Figure 7b), further confirming the deeper VB edgsifion and increased of 3 orders of magnitude after coupliith graphene.
stronger oxidative power in BNOg/graphene. Consequently, The high conductivity can facilitate kinetic chargransfer and
light absorption is not the dominant factor forithenhanced sothus improve the photocatalytic activity as recgdéémonstrated
photocatalytic activity and selectivity toward N®hilst the by Irvine et al. on metallic photocataly$fsnd by our group on
positive shift inVg, and wider VB of BjWOg/graphene play a semimetallic photocatalyst8.

more important role. Nevertheless, the charge stipar and

migration processes are still unclear, which wélibvestigated in (@) (b)

10 the following Part 3.4. ssoo00
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55 Figure 8. EIS spectra of BWOs and BpWOg/graphene (a); the magnified EIS

spectra of BiWOg/graphene (b); equivalent circuit constructed frtmse
Figure 7. DMPO spin-trapping ESR spectra obBIOs and ByWOg/graphene Ip trodes (¢) Jgrap (b); eq
electrodes (c

in methanol dispersion for DMPO-sO (a) and in aqueous dispersion for
DMPO-+OH (b). The ns-level time-resolved fluorescence decay speskre
further employed to investigate the charge trandf@ramic over
0 Bi,WOg and ByWOg/graphene. Figure 9 shows the ns-level time-
34 PEC measurements and timeresolved fluorescence  resolved fluorescence spectra for both samplesclihes can be
spectra fitted well based on a biexponential decay functidhe fitting
The transient photocurrent responses for graphBi®/O, and ~ parameters are summarized in Table 1. The shetintié ¢,) of
Bi,WOy/graphene under ultraviolet-visible light irradaati (with ~ Bi2WOs is 0.1660 ns. After coupling with graphene, theis
20 wavelength from 378 to 550 nm) are shown in FigsBe Almost s decreased to 0.1466 ns. The long lifetimg ¢f charge carriers is
no photocurrent was observed for pure graphenis. worth to ~ 0.9676 ns for BWOs and 0.9203 ns for BiVOg¢/graphene,
note that the photocurrent on,BiOg/graphene is about 9 times respectively, confirming the role of graphene imrisig and
higher than that of BWOs which is consistent with the shuttling electrons from photoexcited ;BI0.>° Nevertheless,
photocatalytic measurements and indicates a muahehi the average life timerf,) for Bi,WOs and BWOg/graphene is
2 efficiency of charge separation as graphene colay @ role as 7 0.4374 and 0.4309 ns, respectively, which are coatyp@ These
an acceptor of the electrons photogenerated oveW@®. results indicated that the coupling of,BiOs with graphene did
Electrochemical impedance spectroscopy (EIS) ithéurused to ~ not increase the radiative lifetime of charge easiiwhich differs
investigate the photogenerated charge separatiosegs, as from the introduction of noble-metal in Bi based des®® In
shown in Figure 8. The diameter of the arc radinstte EIS ~ addition, the apparent electron transfer (ET) rgter) in
a0 Nyquist plot of BjWOg/graphene is smaller than that of pures Bi;WOs/graphene can be obtained according to the follgwin
Bi,WQOs regardless of whether it is in the darkness orutidht equation#*
irradiation, which reveals an effective separatioaf B 1 1
photogenerated electron-hole pairs and fast irdiatfacharge kET_Tl(Bi2W06/graphene)_ 71(BioWOg) (5
transfer to the electron donor or electron acceptwer
35 Bi,WOg/graphene in line with the photocurrent measuresi®nt &
Although graphene possess excellent high condugtivthe
diameter of the arc radius on the EIS Nyquist plbgraphene
keeps almost unchanged both in the darkness andr uigtht
irradiation (cf. Figure S6). Moreover, Figure 8cowls the
40 equivalent circuit model fitted by the obtainedalahd Table S2 ®
shows the values of fitting circuit. Here, R1 andr@@resent the
resistance of the solution and the counter eleetrosspectively,
which keep almost unchanged with light off and an both
Bi,WOs and BpWOg/graphene. It is interesting that the
ss resistances of work electrode (R3) are 15191 andQ3€r °

15

The calculated value is 7.97 x®1€), which is even larger than
that of P25/graphene (1.15 x®1€}) and TiQ nanotube/graphene
(3.47 x 18 s%,% revealing that the formed interface between
Bi,WOs and graphene favors effective ET quenching of the
excited state of BWOsg.

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]



Page 7 of 8

Journal of Materials Chemistry A

b)
(3_0'_ —BipWOg-graphene
e — Fiting
2.0
K2
S 15
o
© 1ol
0.5
Nl wl I L
10 20 30 40 50 10 20 30 40 50
Time (ns) Time (ns)

Figure 9. The ns-level time-resolved fluorescence spectraitmed at 505
nm under 380 nm excitation at room temperature ByWOs (a) and
5 Bi,WOsg/graphene (b)

Table 1. Kinetic parameters of the fitting decay paranstf BbWOs and
Bi,WOg/graphene

Life Relative
Samples Component time Percentage  y°
(ns) (%)
. T 0.1660 66.14
BizWOs - 0.9676 33.86  1.158
Tay 0.4374 100
Bi,WOg¢/ 7 0.1466 63.25
graphene T, 0.9203 36.75 1.053
Tay 0.4309 100

Based on the above results, the mechanisms fornthaneed
10 photocatalytic performances toward the oxidationN& over

Bi,WOg/graphene composite are proposed as following. tLigF15

absorption
photocatalytic activity due to the similar band gdfer coupling
with graphene. The electronic interfacial interactibetween
15 Bi,WQOg and graphene can contribute to a 0.36 eV down-shi
VB maximum and 1.0 eV of wider VB, resulting in auch
stronger oxidative power of photogenerated holdschvliead to
the enhanced generation of reactive oxygen speti§sand
improved selectivity for the formation of ionic gpes. In
20 addition, due to the excellent electron mobility gfaphene,
photogenerated electrons in the excites)\BDs can inject rapidly
into graphene across the interface which resulthéneffective
charge transfer. Therefore, both the improved @hamansfer and
surface redox potential lead to the enhanced phtabytic
25 activity of Bi,WOg/graphene composite.

4, Conclusions

In summary, graphene grafted hierarchicaj\lBDs composites

were fabricated by a two-step method using graphese

precursor. Compared to pristine hierarchical \VBDg
30 microspheres, the composites exhibited both
photocatalytic removal ratio of NO (59.0%) and eettelectivity
for the formation of ionic species (93.6%). In aai, the

photocurrent density of BiVOs was enhanced by a factor of %s 16

and their conductivity increased of 3 orders of nmagle after
3s coupling with graphene. The electronic interfaciaderaction

between graphene and,BiOg results in a 0.36 eV down-shift of

f7ol

higherl4

VB maximum and 1.0 eV wider of VB as well as effeettharge
separation and transfer, which have notable infltaenon their
photocatalytic processes. These results providedaimental

winsights into the key role of graphene in tuningcélonic
structure and interfacial charge transfer processdsch are
crucial to fulfil their potential in photocatalysis
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