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Enhanced Photocatalytic Activity of Bi,WOg by the Synergistic
Action of Ti(IV) and Graphene Bi-cocatalysts
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(Department of Chemistry, Chemistry, Chemical Engineering and Life Science, Wuhan University of Technology, Wuhan
430070, China)

Abstract: Cocatalyst modification is an effective way to promote the separation of photogenerated electron-hole pairs.
The reduced graphene oxide (rGO) with high electron transfer rate and the amorphous Ti(IV) compounds as hole co-
catalyst were loaded on the surface of highly-efficient and flake-like Bi,WO; nanoparticles by a hydrother-
mal-impregnation method to prepare Ti(IV)-rGO/Bi,WOs visible-light-driven photocatalyst. It was found that the
Ti(IV) and rGO single-cocatalyst modified Bi, WOy exhibited an enhanced photocatalytic activity and dual-cocatalyst
modified Bi,WOg photocatalyst showed higher photocatalytic performance than single-cocatalyst modified Bi,WOs.
When the amount of Ti(IV) was 5wt%, the photocatalytic rate constant of Ti(IV)-rGO/Bi,WOg photocatalyst reached
2.2x10” min”', which was 88-fold higher than that of bare Bi,WOq. The enhancement of photocatalytic performance
mainly depends on the synergistic effect of novel Ti(IV)-hole cocatalyst and rGO-electron cocatalyst, namely, Ti(IV)
compounds rapidly transfer the photogenerated holes, while rGO rapidly capture the photogenerated electrons. The
present amorphous Ti(IV) and rGO cocatalysts can be widely applied in the design and development of highly efficient
cocatalyst-modified photocatalytic materials.

Key words: Bi,WOg; graphene; amorphous Ti(IV) hole-cocatalyst; visible-light photocatalytic activity.

Yis BER: 2016-05-30; WEMELIR BEA: 2016-09-16

ELW B : BHK ARREIL4(21477094) National Natural Science Foundation of China (21477094)
EZ BN K H4£1990-), &, Wi-WF5i4:. E-mail: doudousj@whut.edu.cn

BIEE: 1% BY, #PZ. E-mail: xuying@whut.edu.cn



270 TS| R =

W32 %

FRRELAE R — Pl R aT WAL 7, el
HAGE M, et 5 R R S,
HEEA R TSRS E A, B8R AE™, H
Uk, oPE Oh $ A R O A M RE I TR B
FEEHIESOT, BREL PR AC TR
AR SO i, BRI S E B D L RO T K
R AL IR O PR e A g 1R

ARk, A7 S DAL — e MM L B R TR
DRI EL T A R e 5 0 1 4% SR A 9 bk 45
W, A SRR R oL T Eb AT, 5 Bi, WO
AR Ay, fen] iR OB rEpel™. Bt
Bt R b, A B B ) SR iy
TR AAR ) 32 ZLE TR HO- A 2% 7 ORI HaO SRV
BRNW, TRk, B A AR AR
AN, CoO, 251 V8 Ji 21 i S AL (G
I Ti0), T6 5 78 Bh 7] B by 6 A AT 1 o BT
FORIL, ¥ w A TiO, W W AE Sk Bh 7 vk B A2
BiVO,.GaAs HIME I, AEPLIEERE e 25 20,
LIU 2529 Yo o2 A TiO, 55 Fe(II)(Cu(I) 45 4,
Fy%E T Ti(IV)-Fe(III)(Cu(I1))/TiO,, XUBh 7R 4%
HL TR 45 7, AE Ti(IV)-Fe(IIT)(Cu(I1))/TiO, Y& AL 1%
PEEE oA ) . AR BT IR s T 4R o
) Ti(V) R 7 Bh 7] Fe() P [RI/E H, (EAR AR
oGP e B s . (HARSE AR i 51, IR
B A B R A S P B AR A AR TAE BA G e 1Y
Ti(IV) A J5 A7 2897 (rGO) A WU 7, % %% Bi, WO,
FEO G AR T WO LR T RE, IR B G E
Ti(IV)45 rGO P [F4E I R G AL LR

1 KA

1.1 EFEKF

Bi(NO;)3-5H,0 #l Na,WO,-2H,0 T ik 2%
XA 7], NaOH. HNOs. Ti(SO4), 1T [H 25 4E 14k,
AR AT, BT, KB /K. 1 mg/mL
SEALAT BB (GO) Ay AR I 4 1 4% 120
1.2 #H&EElE
1.2.1 $BEREARYHI &

S SCHR[29]H145 BiaWOg : 1.14 mmol Bi(NOs)s
(0.5 mol/L: 4.851 g Bi(NOs)3-5H,0 ¥ T 20 mL 1 mol/L
HNO3)#1 0.57 mmol Na,WO, 43¢ T 15 mL H,O. A
2 mol/L NaOH % pH=7, $it+f 1 h. 1%&IFK 180°C
IR 12 h Frf3 =4 /KvE 5 1K, 60°CT4: 8 h, &
450°CHH%E 3 h, 3213 B Bi,WOs.
122 AEK-ERUESELFINEF

I 0.2 g BiWOs, MIA 2 mL 1 mg/mL GOP*3!

F120 mL H,O, 4k 0.5h, A 25 mL /K#5 150°C
KB 8 h JEAKYE 5 WK, 60°C T 8 h, FTfFFEM
rGO(1wt%)/Bi, WO il A rGO/Bi,WO(A 525 GO
B4 1wt%).
123 Ti(IV)-AEH/BEHE S ELTIR S &

U rGO/Bi;WOg 0.1 g, A E & Ti(SO4)2 F1 H,O
BVEWARFA N 20 mL, 75°CHERE 1 h, KUEE 1,
60°C 1 8 h, PrfFFtitnic  Ti(IV)(x%)-rGO/
Bi,WOs(x A TiIIV)E & H orth: 1. 34 5. 7). Hrh
Ti(IV)(5%)-tGO/Bi,WOg it A1 Ti(IV)-rGO/Bi; WOy
(mTi: mo=35)o

9T 6, Ti(IV) £t 8 Bi,WOs 1 il % 5
Ti(IV)-rGO/Bi,WOgs 2L, (HA GO, Frfdsfibid
H Ti(IV)/Bi,WOg.
1.3 efE e

Z: ISR (28] DU 3 B 1RO AL PR e X
0.05g FER T EHAAA 5 em [MEFFEIL, JOA 10 mL
20 mg/L (1 H LR (MO). IEALFEHE 0.5 h, 3 20 0% b
VAT, WEWUE T 420 nm () LED 4] S I HEEE,
B8 S min B3k, H 722N 0] WLAr 66 B
(EIERE B R 22 A AR B ], 2=460 nm)ill & MO (1]
OGRS . AR MO IR B s Y.k 1 — 2 MY,
R KRR In(eo/o)=kt, T k NHERELL, coF ¢
23 IS MO [T LA RN I N ¢ ISF AR 32 o Rk, W]
FH I H ke R VPN FOG AL PERE
1.4 #HmFIE

FIH H A Rigaku 2 7 [f] D/Max-RB %! X 4 2617
SHYCHT USA-FEI [#) JEM-2100F 7447 5t 414t v % 33t
ATIARSE R AL BRI R T 458 1) 93 M. R Shimazu
AL 7RI UV-2550 5 AT WL 4 o ol B T (b A
BaSO,)MJE[E Renishaw 23] [ INVIA 7261
(R 632.8 nm) Z3 il HEAT 58 Ah—1] W18 S S Al
b8 s 4347 - K H € [E Thermo Niclet 23 7 ] Nexus
A B AR 2T ARSI T 2L AN G AT

2 HR5WR

2.1 Ti(1IV)-rGO/Bi,WOg 1L I 89 & B R I8
Bi,WOg /& HL (2R Aurivillius 2464,
WO HI(Bir0,)> A B4 T AP 1 Bi; WO,
g3 TIAV)F rGO G B o 7K AR N T, %
B A7 GO i I BiY-GO 1 T I 7E Bi, WO,
K, KPR F GO #ik ik rGO™, JE ik (4
rGO/Bi; WOy, 75°C N4, Ti(SO4), Kf# A Ti(IV)(TiO,
9 E)IURA R BiaWOg KT » Bi;WOg £ 35 B 51 1) 3= %2



%533 R Ak, A TIOV)-A7 S8 XU 7 i [7) 238 : 8 'e A

(a) [0
! : r 7
. Hydrothermal 7/ 'y
Bi,WO, action 150C 8h 1
S ALEp 3
= 5]
2|5
o
L Ti(1V)
6o L @
© o ,
°© o |
(b)

BT Bl G 28 5 R i 1 o i

Fig. 1 Schematic diagram illustrating the preparation of
various samples
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Fig. 2 XRD patterns of different samples

(a) Bi,WOg; (b) Ti(IV)/Bi,WOs; (c) rGO/Bi;WO; (d) Ti(IV)-rGO/
Bi,WOs; (e) Ti(IV)
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Fig. 5 FTIR spectra of various samples

(a) Bi,WOg; (b) Ti(IV)/Bi,WO4; (c) rGO/Bi,WOy; (d) Ti(IV)-rGO/Bi,
WOg; (e) rGO; (f) GO

TR AL, B S0 HU K i GO 57 480 B RE AT IR R I 0 -
$25:(—OH, 3405 cm ™). HE(C=0, 1725 cm ™). 4,
(C-O-C) i #R BN I AR R (C-O, 1054 cm™ )45 ik
il &, K Sc~e H-OH. C=0. C-0 %44,
B AE ) I B 59, R KA LUK GO i
J5UA tGOP, 33 5 7 2 il o B 48 5

Bl 6 A S 8 A0 AT L 1S B Y . Ti(TV)
O FE S A g AR, DIt ZE b 5 a A1
Bl rGO 9128 Bi;WOg (19 AT WAL IE 25 3 58 (e d),
X FEH T EA oGO BTN, R A K
H1E 6 KA ahv = Clhv — Ep)(a, v, Eg F1 C 4} 514
W R B, R, RS E R K B0
Bi,WOg 257 58 FE 204 2.7eV (i &)

24 FHmATSCELERE R L EL IR

Kl 7 SRR T IGRER MO PERER. TiV)Ek
1GO &1 Bi,WOg [ & 42129 3.3X10#.1.3X 107 min ",
&4l Bi,WO6(2.5 X 10~ min ¥ 1.3 58 5.2 15, ot
HEALMERESI AT BT m (8 Ta~c). XIS
AL PERE 5 1 TIIV) & 804 1%.3%0, Ti(IV)-r
GO/BLWO, ] k kA 8.0X10°, 1.2X102 min (&
7ds e)e 4 TIAV) S RIS 5%, R HuL R mE
22X 107 min (/& 76), & Ti(IV)/Bi; WO 1 rGO/Bi, WOy
(167 f5F0 17 fi. 4 Ti(IV) & =4k 2] 7%, Ot
MEAGPE R P B B, (HARKARLE Ti(IV)/Bi,WOg
rGO/Bi, WO i -

h 2 SRR PR R AR e i, R AR S 56 1 e
BAERE TI(IV)-rGO/Bi,WOg X MO #EAT 4 URAEFA I
e HE 8 B, MK RAMRLFROGHARE T
(ke AE I/ 0.00238 min ™) B AT (A QLRI Ah, Ti(IV)-rGO/
Bia WO, X G 6 28 1y A L A7 4R o 119 B A8t 16 LA 34
AR E (B 9 JAdIA), TR R B LR AR A AL

| 2 : 6
Photon energy / eV

Absorbance/(a.u.)

. 1 1
200 400 600 800
Wavelength / nm

6 ANIEFE A ST DL S T

Fig. 6 UV-vis DRS of different samples

(a) Bi;WOg; (b) Ti(IV)/Bi,WOs; (c) rGO/Bi,WOs; (d) Ti(IV)-rGO/Bi,
WOg and Energy band diagram of Bi,WOg(insert)
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Fig. 7 Photocatalytic performance of the decomposition of
MO by different samples

(a) Bi,WOg; (b) Ti(IV)/Bi,WOs; (c) rGO/Bi;WOg; (d) Ti(IV)(1%)-
tGO/Bi,WOg; (e) Ti(IV)(3%)-rGO/Bi,WOs; (f) Ti(IV)-rGO/Bi,WOs; (g)

Ti(IV)(7%)-rGO/Bi, WOy

1st 2nd 3rd 4th

0.02 -

0.01 -

k/ min™'

0.00

8  Ti(IV)-rGO/Bi, WO, JGAEAL A MO HIfEFA T fE
Fig. 8 Recycled photocatalytic performance of Ti(IV)-rGO/
Bi,WOq for the decomposition of MO

AT A G AE
Kl 10 44117 rGO/Bi;WOg. Ti(IV)/Bi, WO+

Ti(IV)-tGO/Bi, WO, HJ BEMGHEA LI . BiWOg
SR AT WO, PR TR T, A ER
T HH0.3 eV)RM (3.0 eV)PT B AT
MR GEA, e tEaeit. 8 GO it
rGO/Bi WO4(Kl 10(a)), T rGO LLERHBIA, FH
PEAR S, Al i PudAE B vGO K, L BIPR
TR WL T RO - T Ti(IV)/Bi, WO(] 10(b)),
TR TIAV) AT AE R 2= 7k, AR AN
JAEARIC PHAEARUEEY A HO- . 22 B Ti(V)
H1 GO F:[FE M Bi,WO, (] 10(c)), ToiE R Ti(IV)
AT S 2 B A R RS R ], B ST IR AR T
¥, HICFER, rGO /£ FHBEN, Pudiiiiok
AL R R RE L, (kT O AR R
TUHHEA R 73 B, A 8D T O L R U
B, RS T OGP RE

1.0 o

N
A\
02+ X
g \
= -04f1st\ | 2nd\ | 3ed Y | 4th
0.6}
L-i'o i 1 i 1 L i 1 i
— 081 20 40 60 80 1po
¥ Irradation time / min
—s— MO
—e— Phenol
0.6 P N L . 1 . L .
0 5 10 15 20 25

Irradiation time / min

K9 Ti(IV)-rGO/Bi, WO, JGHEML I RE L2 B Al 5 ARG EA 1 fiE
Fig. 9 The photocatalytic performance of Ti(IV)-rGO/Bi,
WOg for the decomposition of MO and phenol and recycled
performance for the degradation of phenol(insert)

n_.o,m_.(y ¥

b

Ti(Iv) Ti(Iv)

§ ",O\ idation
s knl‘ MO

¥ Oxidation
3 \ of MO

(c)

& 10
Fig. 10 Photocatalytic mechanism of (a) rGO/Bi,WOy; (b)
Ti(IV)/Bi;WOg; (¢) Ti(IV)-rGO/Bi, WO

BRI Bi, WO, K i (DGR LR P

3 45

AWFFOEH T E M Ti(IV) 28 7 Bh 7R w25
T GO 4, RATEER K A-EBDRRE, ik
il 46 T B SUE A Ti(IV)-rGO/Bi; WO, 1 WL
A FEASEIE AT R, TIAV) (5wt%)-rGO(1wt%)/
Bi,WOg YA B MO IOPERE R, Ha R 5y
AL Bi,WOg. Ti(IV)/Bi;WOg. rGO/Bi;WOj [1] 88
W67 £i5 17 £« HOG AL P e 358 3= 22 tH T Ti(IV)
N rGO XU AP FEIAE L, DU SR B e A8 71
T, REPIE &, NI AR T 6 A3
TES . AT A WOCHEAA B Bt 5
PR B AT SR

S 3k

[1] YU SH, LIU B, MO M S, et al. General synthesis of single-crystal
tungstate nanorods/nanowires: a facile, low-temperature solution
approach. Advanced Functional Materials, 2003, 13(13): 639-647.

[2] NAGIRNYI YV, KIM M, KOTLOV A, et al. Separation of excitonic
and electron-hole processes in metal tungstates. Journal of Lumi-
nescence, 2003, 102-103(5): 597-603.



274

F LM R 3

i EURPE

(3]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

YANG Y G, WANG Z, XU J H, et al. Influence of surfactants on
morphology of lead tungstate crystalline. Journal of Synthetic
Crystals, 2008, 37(1): 240-242.

HE J Y, WANG W M, LONG F, et al. Hydrothermal synthesis of
hierarchical rose-like Bi,WO; microspheres with high photocata-
lytic activities under visible-light irradiation. Materials Science
and Engineering: B, 2012, 177(12): 967-974.

GUI M S, WANG P E, YUAN D, et al. Synthesis and visible-light
photocatalytic activity of Bi,WO¢/g-CsN4 composite photocatalysts.
Chinese Journal of Inorganic Chemistry, 2013, 29(10): 2057-2064.
HU S P, XU C Y, ZHEN L. Solvothermal synthesis of Bi,WOg
hollow structures with excellent visible-light photocatalytic prop-
erties. Materials Letters, 2013, 95(3): 117-120.

WANG X, CHANG L, WANG J, et al. Surfactant-free hydrother-
mal synthesis of flower-like Bi,WO; with enhanced solar-light-
induced photocatalytic performance. Micro & Nano Letters, 2012,
7(11): 1129-1132.

LAI K, ZHU Y, LU J, et al. N- and Mo-doping Bi,WOs in
photo-catalytic water splitting. Computational Materials Science,
2013, 67(4): 88-92.

ZHANG L, WANG W Z, SHANG M, et al. Bi,WO¢@carbon/
Fe;04 microspheres: preparation, growth mechanism and applica-
tion in water treatment. Journal of Hazardous Materials, 2009,
172(2/3): 1193-1197.

COLON G, LOPEZ S M, HIDALGO M C, et al. Sunlight highly
photoactive Bi,WO,-TiO, heterostructures for rhodamine B deg-
radation. Chemical Communications, 2010, 46(40): 4809—4811.
WANG C Y, ZHU LY, CHANG C, et al. Preparation of magnetic
composite photocatalyst Bi,WO4/CoFe,O, by two-step hydrother-
mal method and its photocatalytic degradation of bisphenol A. Ca-
talysis Communications, 2013, 37(13): 92-95.

ZHOU Y, ZHANG Q, LIN Y H, et al. One-step hydrothermal syn-
thesis of hierarchical Ag/Bi,WOs composites: in situ growth
monitoring and photocatalytic activity studies. Science China
Chemistry, 2013, 56(4): 435-442.

ZHANG N, YANG M Q, LIU S Q, et al. Waltzing with the versa-
tile platform of graphene to synthesize composite photocatalysts.
Chemical Reviews, 2015, 115(18): 10307-10377.

THANASIS GEORGIOU, RASHID JALIL, BELLE BRANSON
D, et al. Vertical field-effect transistor based on graphene—WS; het-
erostructures for flexible and transparent electronics. Nature
Nanotechnology, 2013, 8(2): 100-103.

HUANG X, QI X Yi, BOEY F, ef al. Graphene-based composites.
Chem. Soc. Rev., 2012, 41(2): 666—686.

LI H, SONG Z N, ZHANG X J, et al. Ultrathin, molecular-sieving
grapheme oxide membranes for selective hydrogen separation.
Science, 2013, 342(6154): 95-98.

YANG J, VOIRY D, AHN S J, et al. Two-dimensional hybrid
nanosheets of tungsten disulfide and reduced grapheme oxide as
catalysts for enhanced hydrogen evolution. Angew. Chem. Int.
Ed.2013,52(51): 13751-13754.

GUO D, WANG P, ZHENG Q Y, et al. One-step synthesis of
flower-like Bi,WOg-1rGO composite photocatalysts. Journal of In-
organic Materials, 2014, 29(11): 1193-1198.

ZHANG F X, YAMAKATA A, MAEDA K, et al. Cobalt-modified
porous single-crystalline LaTiO,N for highly efficient water oxida-
tion under visible light. Journal of the American Chemical Society,
2012, 134(20): 8348-8351.

SHENGJ Y, LI X J, XU Y M. Generation of H,O, and OH radicals
on Bi;, WO for phenol. ACS Catalysis, 2014, 4(3): 732-737.

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

TOWNSEND T K, BROWNING N D, OSTERLOH F E. Nano-
scale strontium titanate photocatalysts for overall water splitting.
ACS Nano, 2012, 6(8): 7420-7426.

TOWNSEND T K, BROWNING N D, OSTERLOH F E. Overall
photocatalytic water splitting with NiO,-SrTiO; - a revised
mechanism. Energy & Environmental Science, 2012, 5(11):
9543-9550.

HIGASHI M, DOMEN K, ABE R. Highly stable water splitting on
oxynitride TaON photoanode system under visible light irradiation.
J. Am. Chem. Soc., 2012, 134(16): 6968—-6971.

LIU M, INDE R, NISHIKAWA M, et al. Enhanced photoactivity
with nanocluster-grafted titanium dioxide photocatalysts. ACS
Nano, 2014, 8(7): 7229-7238.

EISENBERG D, AHN H S, BARD A J. Enhanced photoelectro-
chemical water oxidation on bismuth vanadate by electrodeposi-
tion of amorphous titanium dioxide. J. Am. Chem. Soc., 2014,
136(40): 14011-14014.

HU S, SHANER M R, BEARDSLEE J A, et al. Amorphous TiO,
coatings stabilize Si, GaAs, and GaP photoanodes for efficient wa-
ter oxidation. Science, 2014, 344(6187), 1005-1009.

YU H G, CHEN W Y, WANG X F, ef al. Enhanced photocatalytic
activity and photoinduced stability of Ag-based photocatalysts: the
synergistic action of amorphous-Ti(IV) and Fe(IIl) cocatalysts.
Applied Catalysis B: Environmental, 2016, 187: 163—170.

WANG P, WANG J, WANG X F, et al. One-step synthesis of easy-
recycling TiO,-rGO nanocomposite photocatalysts with enhanced
photocatalytic activity. Applied Catalysis B: Environmental, 2013,
132-133(12): 452-459.

ZHANG G Y, FENG Y, WU Q S, et al. Facile fabrication of
flower-shaped Bi,WOs superstructures and visible-light-driven
photocatalytic performance. Materials Research Bulletin, 2012,
47(8): 1919-1924.

MA H W, SHEN J F, SHI M, et al. Significant enhanced perform-
ance for rhodamine B, phenol and Cr(VI) removal by Bi WOg
nanocomposites via reduced graphene oxide modification. Applied
Catalysis B: Environmental, 2012, 121-122: 198-205.

SUN S M, WANG W Z, ZHANG L. Bi,WO¢ quantum dots deco-
rated reduced grapheme oxide: Improved charge separation and
enhanced photoconversion efficiency. Journal of Physical Chemis-
try C, 2013, 117(18): 9113-9120.

RANGEL R, BARTOLO-PEREZ P, Gémez-Cortés A, et al. Compari-
son Between y-BixMoOg and Bi; WO catalysts in the CO Oxidation.
Journal of Materials Synthesis & Processing, 2001, 9(4): 207-212.
YU M, LIU P R, SUN Y J, et al. Fabrication and characterization
of graphene-Ag nano particles composites. Journal of Inorganic
Materials, 2012, 372(1): 128-131.

CHENY, LIU G C, LI Z Y, et al. Citric acid-assisted hydrothermal
synthesis of Bi,WOg nanosheets for highly efficient degradation of
methyl orange under visible light irradiation. Chinese Journal of
Catalysis, 2011, 32(10): 1631-1638.

XUY, MO Y P, TIAN J, et al. The synergistic effect of graphitic N
and pyrrolic N for the enhanced photocatalytic performance of ni-
trogendoped graphene/TiO, nanocomposites. Applied Catalysis B:
Environmental, 2016, 181: 810-817.

YU H G, LIU R, WANG X F, et al. Enhanced visible-light photo-
catalytic activity of Bi;WOg nanoparticles by Ag,O cocatalyst. Ap-
plied Catalysis B: Environmental, 2012, 111-112(6): 326-333.
SUN Q, YU H G, WANG X F, et al. Facile synthesis of porous
Bi,WOg nanosheets with high photocatalytic performance. Dalton
Transactions, 2015, 44(32): 14532-14539.



