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Abstract As an effective drug for the treatment of novel coronavirus pneumonia, chloroquine
phosphate is widely used in clinic. With its excessive use and arbitrary discharge, the water
environment is seriously polluted. Photocatalytic technology is a green and economical method for
wastewater treatment, and the design of catalysts with high catalytic performance is the key to the
practice of this technology. In this paper, WO; and BiOBr were composited by two-step
hydrothermal method, and the microstructure and structural characteristics of the materials were
characterized by various characterization methods. Pure WO;, BiOBr and a series of WO/BiOBr
with different molar ratios were used to degrade chloroquine phosphate in water under visible light.
The results show that the catalytic activity of WO;/BiOBr composite is better than that of WO; and
BiOBr, and it can efficiently degrade chloroquine phosphate. Among them, WB-1.0 is the most

prominent, and after 60 min of reaction. The degradation rate of chloroquine phosphate reached
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92.6%. The composite material will significantly improve the photocurrent response and electron
mobility, while maintaining good structure and cycle stability during the reaction. This work will
provide new ideas for the construction of new composite photocatalysts and environmental
governance.

Keywords WO;, BiOBr, composite materials, photocatalysis, chloroquine phosphate.

Tl AR K SR ) TR s S R TR 2 R 1), LUK AR TS Yt A 5 M o AR A IR ZX LT B
ol N SR 0 . e S 3 5 FH e AT AN 7 Y3y T R )5 ) 24, HE AT BT OR B R 28 R G
7RI TAE R4 . AE R —Fh AT BEIRYT F ™ B 2RI 2R G 28 A el IR 75 5 LS ) e DR s 30 1 O
TR 37 BRI 22 () 56 1 B R AR A SREUE B R S VE A YU S R 259, #E B AR AR
S LA R i, 1T BE XA 4 AR PR 85 7 A VA . ) P 0 5 5 ) PR B DR A B R ) 48 N 45 4R
(IR ZE #R0s,, Fod oAb B AR i T HARREAE . TOT5 Y S8 e KA, B J2 i e 34 85 ) L5 B VR A ML
FR T LT 32 B2 D L H A7 R ) i AR R, A R AR AR m AR L IR I ik
0, PRI Re A A R R ELAR AR 0 S A A AR I BOR B G B R R L T ARk, AR
(WO3) PR 5 1) S0 A0 1T D i) 1o 8 ) T 4 32 DG, O T 38R B R 1 28 7RI 36, iR B A el R
i WO; FEAEALFC . 40 Shi S0 BF 5% A& IR, 38 2 K $9L TT LU 45 N 842 A 2805 35 CuO/WO,/Cu i
30, ZHMBH R G R 23 O T 10 70 B R AL PR AL Tk 4%, DN 28 i T ot fb g SCa0 ik
S, B AR O] LI UK P 25 iR (CV) L IR (MO) . 21 B(RhB) I FH L5 (MB) %6
Z 5 Y ). Zhu SF SRR KGR WO; 90K AR, Bl Ag 90Kk Tl it i A T2k T WO, 4k
MR, TE i WO/Ag AT /E R L1748 01 Ag 9K 1] LU 2 H far 43 25, teAh, 76 W] WO RE
SR HG 5 B PR E M T LU T Ag BT I R AE A1 WOs/Ag & A 8RB AL BT i 16 2, PR
Qb FRAE 2 A R (SAs) L B A5 Y R K HLA P

FERZ AT, BiOBr FE A5 7055 1) S AR 25 48 RN 43 197 B, P DA R0 B 5 0 oA e A
BT, e vz 0 B4 A0 150, {51 G Sabit 2500 58 1 187 B A K BRI T UE L I S TR
AU M BiOBr/ZnFe,04/CuO YA AL, HAG B = J0 5 J5t 25 A AN (A 28 R far g 25, 1 HL &5 7= A K 2
A EAL IR MY . Fu S50 il & T HA RS AL AgyWO,/BIiOBr & A Ak, LG ] LIAT 2L
P H far i e, [) 9 I A v m R P LA R T T s P B A

H T WO; Fll BiOBr HAT &4 1Y gy 4544, A i 5% 3 1 K #ak ¥ WO, 5 BiOBr i A7 &2 &, 1538 T
— RINA[REE IR H ) WO5/BiOBr Y AL . e PEm iR S0 o H A5 i5 4o LU S8 WO, JE5 Ak A4k
TS BR /K ALy T .

1 MRLE )7 (Materials and methods)

1.1 S0k R

K A il R 0 ( Bi(NOs);-SH,O) | IR AL 8 (KBr) . & L8 (WClg) . 5 R (H,C,0,) . & 1%
((CH,0H),) . ZFE(CHGO), fEM R SEHG rh, RN ¥ 0 258 oK, 35 B A fh 2 i L B 35k 43
BTk, Rt it — 4k,

1.2 SLE ik
1.2.1  WO; 44K F 5y il %

WO, 4K 23 i A2 88 K5 209 il £ A5 20 1. B 5B A 80 mL ZEERY BRI A 4 g FEERH
FEELTEM, IR AP INA 0.4 ¢ WCIg FFEEHEHE, 1A 2 NSk (0 20 B (0 1 3] o (i B, Mk
2 WPIR 5 L e, B 5 7% A 100 mL 2R VU380 M P AT B 185 R 48, 100 °C T HF4E 24 h, RN Z5HR G T2
PSR 2 B T oK R B DRI LIR, TR EZS T 60 °C L
1.2.2  BiOBr 44k H- 1yl 4%

TEREA 20 mL 2, FE 1 20 mL /KB 4390 A 0.485 g Bi(NOs);-5H,0 H1 0.119 g KBr, F54E
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P FE 20 min, 0 FE 45 S5 K P ROIR &, TR G0 WAk Z2 00 FE 40 min, S % A 50 mL (9 = R 4
160 C F7K# 12 h, ¥ 2 =5 H CEER LB 1K I B VeV, 78 60 C FHET.
1.2.3  WO,/BiOBr & &+ Bl %

30 2 K PRI R0 2 o A [ B A5 B WO,/BiOBr &2 & MR K S i il 4 1 WO5(0.3 g) 43T 20 mL
2 FEH B S A 1 mmol-L™' (4 Bi(NO;)5-5H,0 $i ¥ 20 min, J& 22 &4 B 5 <1.2.27M A, fc& 3K 15
WO,/BiOBr & & it b7, A A BE /K f Bi(NO;) 3-5H,0 #1 KBr(0.5, 1.0, 1.5 mmol-L™) & A 7] F 44l
1) WO3/BiOBr & & 41K}, 435l 4 5 WB-x(x=0.5. 1.0, 1.5).
1.3 AL RAE

X AT 353 B A (XRD, Smart Lab), H A 2% 394 i+ i {35 (SEM, Phynom), 3¢ [#l FEI /A wl;
X S T BE 3% (XPS, ESCALAB 250Xi), 3% [ Thermo Fischer /A 7 ; 4 [ 3 Ho 28 1 5 FL R 20 14X
(BET, ASAP 2460), 3¢ [E Micro Y #5727l ; 8 40-1] WL 43608 B 11 (UV-Vis , U-3900H), H A< HITACHI
O3 AL LT AMEREIL (FTIR, V80), %% Bruker 23 @5 HiAL2: TAEE (CHI 660E), |- R AL A KR
AR
L4 SepEAb RS

AR YR LB B BALHE A0 0T WL A O BT L Al A R PR K B A 5 N A AT DGR . HARSE G
U, B JETE 40 mL BERR S M W (20 mg L) THImA 20 mg #4050 3 58 73 53 8%, Bl S $T9F 300 W

JEAEA TR Wl 1R S s 1 TR R AE — i S (][] o PN, BB i S WV R R AT 08, DAAEOKOR TS 5, R
A= AT L4356 B T rh I AN [ B[] 1] B 1l R SR W VS R i WO B2, T AR I e TR S ME 7F 347 nm KR
A W2 S B T3 R S A A e A 80 T SR 1) 5B o e AR AR (5K D AT HIRL, S5 % 4% S il A T 1
e b, DT B A B i 0 A Ak 5.

ﬂ=(1—C£)><100% (1

1.5 bR e PE S g

T VA WB-1.0 By R M, WSS B il 57 0l R S804 Ji= AR B, 7E 4000 rmin™' 1Y 4% 30T 25200 3 min,
PR 2 O3 F /KPR LR, Bl G AR TE 60 °C T HET, 7] LLE HT R4S WO,/BiOBr #EfL 5. K 3i 5
AL ) S 52 AT A 20 B8 3 Ok, BT LA 3 A A Ak R0 A 70 PR 12k

2 ZER 5408 (Results and discussion)

2.1 AR RS 25 A R AR
2.1.1 XRD 47

T S8 ik XRD K JEATHE AL ) S50 B 20 . [ 1 B R T 4l A WO, BiOBr DA J2 A [] BE /R HE Y
WO,/BiOBr & & 18 MK 1 0T LLFE H, WB-x 7E 24.8°, 34.9°, 55.4°4b 7R HY WO5 FUGFAEIE, 76 11.2°,
22.4°, 45.4°4b 7R Y BiOBr [ 4RI 220 ML B T 4l A ARG RRAE U4, SER T 5 Sk B A Al )
BFA AT DA Y, B BiOBr BE/R L A3 R, R 3 H R AT S I TR R BOR B 4 T BiOBr. X L alifH f i &
PEHY XRD B3, AT LAE | WO, 5 BiOBr #1758 & 1A 5 B A AT 5 0 19 4= 1, W] WO, 5 BiOBr
HEFT 7K AN AN 25 13 | AR AR A A o A 285 ) ) e 2
2.12 FT-IR 43t

AU AN S AT B 1k 24 5 % e A i FT-IR R4 740 #7118 2 4640 W05, BiOBr LA WB-1.0 /Y
FT-IR %3 #7, WB-1.0 7F 3430, 1630, 707, 515 cm™ &b B & AR fiF 16, o 3430 om™ Ab % W 1004 8 F
—OH M4k 3l, 707 em™ J& WO; 1Y FE LM, FTIHK T O—W—O0 B4R 311>), 515 cm™ ALY
U R T Bi—O 829, WB-1.0 405 4l A WO5 1 BiOBr 4 BT A F- RIS, FRRIESE T 8 S5 194 nl.



3866 7N 5% 1t 2 43 %

BiOBr
| A

WB-1.5

= L. n | DN N

=

=)

= WB-1.0

5

k]

M

! 1 1 1 1 f |
10 20 30 40 50 60 70 80
20/(°)

B 1 & WO5/BiOBr ) XRD [
Fig.1 XRD patterns of WO3/BiOBr
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Fig.2 FTIR spectrum of WO;, BiOBr and WB-1.0

2.13 SEM 437

B BOUE 3538 5 SEM 43 B, IIET 3(a) 7T LU, /K3 JE 1 WO, 22 30 HE bR &5 4, il 45 1
BiOBr( &1 3(b) ) [l 52 AR IE S, X T WO, H AR a5 i 52 0 A 3 & 56 R [ 3(e. d) il 45 1Y
WO,/BiOBr & AL

B3 WO; (a). BiOBr(b) fil WOy/BiOBr (c. d)AJ SEM ¥ &l
Fig.3 SEM images of WO;(a) BiOBr(b)and WO;/BiOBr (c, d)



114 L [) 745 . WO,L/BiOBr &2 7 4 KA B IR S ME R AL R 3867

2.1.4 XPS 43t

it XPS itk gk — R AL R K AL AR AR, [ 4(a) y WO, BiOBr Fil WB-1.0 fit) XPS 45
B, ATLAE H WB-1.0 R IJCEAA/E W, Bi, Br, C 1 0, Hi W JG 23k H W03, Bi #1 Br JGZ K H BiOBr,
FRURENIE T WB-1.0 A R N W 4f 59784338 XPS 3£ (& 4(b) ) T WL, ZEZ5 A HEN 35.27 eV fil 37.41 eV
Qb R PRANERAE 43 530 T J T W 4£7/2 FIT W 41572, & WO R RRE IR, Br 3d 15 20 9 XPS 3% &1 (K] 4(c)) ik
LT 68.01 eV il 69.03 eV PIANFEAEIE, 3 5% 1 T Br 3d5/2. Br3d3/2 f45 4 6E; K 4(d) 2 Bi 4f m
7B XPS K], RN T 158.91 eV Fl 164.28 eV, 41-5llJ& T Bi 4F 7/2 1 Bi 4F 5/2 455 82" )AE] 4(b-d)
AILLE , B AP RHEXT T Al B 25 5 ik & AR R % 2, 2B WO, Hil BiOBr Z 158 21 AH BAE .

[ (a) 2 . % (b)) W4f
- w & :
WB-1.0 o =2 73% 3741 6V S
W .
- < E WB-1.0
< e = =1,
> M 2z
Z 4 2 3752V
= @ =l o .
g i o = £
5 | BioBr oA = E 35416V
_‘_’.‘ wn
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8 8| 16437ev
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Bl 4 WO;, BiOBr il WB-1.0 fitj XPS /&
Fig.4 XPS spectra of WO;, BiOBr and WB-1.0

2.1.5 BET 7#r

BET A] LAt — 2043 B WB-1.0 Y S5 RRAIE. 16T 5 S Ak 500 9 N, 1 RS- I B 25 4, mT 03T IV B0 /s
134, 2 BH e il 5 7 A 350 320 J T A LA RS, U452 7, 2li4H WO, Fit BiOBr 1) BET LU 3R IR 41
A 23.47 m?-g ' 1 29.68 m> g, 1fif WB-1.0 fit) BET H 2 I A8 K & 37.31 m> g, B8 K¢ BET L £ 1
TR G725 VAL AL, A AT WOy/BIOBr JGEAL I 5 15 YL 2 8] (%) 78 4 4 k. st ok, gk 1 f
7, WB-1.0 SEH 1048 DL R s LR FR A BiOBr il WO5 #5A FIrii i, Ui AR & 1 724 ) F BiOBr 4L
iR R, B O R TERE.

140:
120 -
100 |-
80 |-

60

Volume/(cm®-g™! STP)

40

20 -

0 0 0.2 0.4 0.6 0.8 1.0

Relative pressure(P/P)
Bl 5 N2 MR-l B 25 il £ 151
Fig.5 N2 adsorption-desorption isotherms
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R LR, PR AL

Table 1 Specific surface area, average pore size and pore volume of catalyst

ik A/ (m>g ™) SERFL AR /mm FURF (em?-g ™)
Catalyst SBET Pore size Pore volume
BiOBr 23.47 7.7935 0.096333
WO, 29.68 8.6813 0.107933
WB-1.0 37.31 10.9311 0.135055

2.2 StHMERRSAT
2.2.1 UV-vis DRS 7#r

9T HRIE WB-1.0 SEHEALPERERR THE JELIH, SR ] UV-vis DRS 3% 21 &R i OG22 52 14 6(a)
J& WO;. BiOBr Fil WB-1.0 # i 1Y) UV-vis DRS &3, FI DL AR T2l 4H WO, Fl BiOBr, & & i1k 51
FEREAR R T SR 4 0T DL IROCRE T, A RUE K T M. WO5 I AR 502 nm, BiOBr K
455 nm, WB-1.0 i W Ui i1 ¢k 558 nm, H:AH % F 4l 40 WO, Fl BiOBr A ] & () L B B 4, 156 B WB-
1.0 Y6 I3 B, 78 7T DL R B4 R 7 3435 . 1] 6(b) S b4 kAR HF 58 Ak B, il LAAS
BiOBr 1 25 77 % i 4 2.58 eV, WO [ 2547 58 i oy 2.52 eV, WB-1.0 fy 2.38 eV. 4] 6(c) iy WO;
BiOBr #r7fi i, Al LAF i, WO; 5 BiOBr B {E 43714 2.63 eV, 1.32 eV, i WO; 5 BiOBr fZ%7 ¥
B, AR LA E 35008 0.11 eV, —1.26 eV. Z5 R RB, 52 G080/ T 47 B 58 B, H6 ] U5 /Y el 7 g 7
ok, X 5 UV-vis TS Hrasie—3.

[ (@ ~ (b)

(ah)*(eV-cm™1)?

Absorbance/a.u.

238eV 252¢eV
BiOBr A

ra
” 4 7 7
1 1 1 1 1 ] . X 7 % 258V ]
200 300 400 500 600 700 800 2 3
Wavelength/nm hv/eV

[ ©

Intensity/a.u.

-1 0 1 2 3 4 5 6 7
Binding energy/eV

Bl6 MR UV-vis [ (a), 2547 58 A5 ] (b) A VB-XPS il il ()
Fig.6 The UV-vis spectra (a), band gap estimation (b) of with different doping amounts, and VB-XPS valence band
spectrum(c) of the catalyst

222 WAL

FEGC RSS2 SR Ol 0 iRk, BRI A R A AL R T 5 AT A 053 5 %% WD AE G B, mf
PIXT WO;., BiOBr Al WB-1.0 47 0] WG A B A G L I M 1, iE— 2543 B e A e A (1) 43 25 8 0 ik
S 7 080 FRAE B R H A7 43 BRSO, 1B 7(a) 7R WB-1.0 & A A BHE X T 4litH WO5 fil BiOBr )t
FL, L I 17 5 85 ) S 3R, RS 3 AR AE A B G R, BEJS TE 10 T CATIE PR T WB-1.0 4T3 P45 A58 g 0 2
FWIXF WO, Fl BiOBr #4752 & AT LA R i LA 4 B R0, HEA RAFATRE M. S T I IR A T
fift AL, X WO, BiOBr Al WB-1.0 fi Ak 7l i 47 A Ak 2% BHATINL, 4nl&l 7(b) B, WB-1.0 [ [R5
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WL /T 4 A] WO5 Hl BiOBr, BB T 76 0] WL~ WB-1.0 B HL 752 3% By S/ 25 208 70 B 13 3R W
BiOBr K (LAY WO; BE R i si A A 50 Hh ef ey 1) 0 B

[ @ I [ © ——WO;
045} 5}89" 8000 L —o—BiOBr
&~ 0.40 [\. 3 —a—WB-1.0 '/'
's _—
2 0 6000 "
é 030t P
S 025t o
2 020t & L
5 N ] L N 4000 . )
E 015 N N NN /A/A___A.———A —
£ 0.10 A
3 2000 - S
005} L u
OF S
L L L L L L L 1 L | 0 L L L L L .
0 40 80 120 160 200 240 280 320 360 400 0 200 400 600 800 1000 1200
Us /0

7 WO;, BiOBr Fl WB-1.0 & 5 F1RHE AT UL Bk OGHL R 1 (a) A1 HLAL =BT (b)
Fig.7 Photocurrent responses under visible light irradiation (a) and the electrochemical impedance spectra
(b) of WO;, BiOBr and WB-1.0

2.3 OtfEfb kRS
23.1 WOs. BiOBr LU & WB-1.0 it HEAL R RE LE

P8 2 il £ 1 Ak 70 A S S RN AT LS B B A il 26 . 5 46 FH 9 WO T BiOBr A L, WB-x 3L
BN St PERE. #E— R 51 WOy/BiOBr AL, WB-1.0 I T I = G fb R BE. 76T W,
ST HE R 1 h 5, Bl S0 1) 22 B8 R T5 3 92.6%. 4liH WO, F1 BiOBr % 12 42 M 114 22 45 2 43 9l K
18.7% 1 17.3%, A #1 K WB-0.5 F1 WB-1.5 X B iR 58 s 1) 22 BR 2R 5371 R 61.2% F1 75.1%. A T HEBR il
FAPRNAS B W R FH 2 e, [ B EAT T AE SR AR T B L SE G, 45 AR 3R WA A 0 A B X IR Sl
%) W2 FEF A P A ST 6 1ok 82 194 52 i T LR, Wl s 1Y) 25 5 ARG i A 2.

1.0+ —
e
: A\A<: — .
0.8 N\ W 8
\
b\
b |
> 06| \ \
S .. v—
) e v
Black \\\v
04} —e— WO, ‘\\ B
—a— BiOBr .
02l —v—WB-05 N,
—e— WB-1.0 - %
WB-1.5
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60
t/min

B8 AN [l A 7R 0] R S M P AR it 883 LU A
Fig.8 Comparison of different catalyst degradation efficiency of chloroquine phosphate

232 pH{EXT WB-1.0 [ fifp i iR S i 52 i

pH 2 52 Wi i A 700 T35 P ) 5 — S DR 2R !l ] NaOH R 5 8 81 1 Wl R S M ¥ YRR %2, pHL {EL
JERER 2—10 (1] pH THINE ). 8 9 S WB-1.0 St AR B IR SV 331 7E pH=2., 4. 6. 8. 10 I A
fpR. ATLAFR Y, XY pH=4 I, B S R 9 s (9 5 BR 46, 7E 60 min J5 35 %) 92.6%. pH =6 I, B2
I BRI, 7E 60 min J5 KB 90.1%. ¥ WY pH BRI, Wi S 1Y e A 3L e, pH=2 I,
P S A R A R R I, A 47.3%. LRI iR R 1k 2% 10 B S WB-1.0 DYt i Tk e it ol e S s A5 410 ¥ 6
B8P 2% A4 T % WB-1.0 fofi AR M5 i A K.
2.3.3  WB-1.0 GBS E P B

T HE— B RTE WB-1.0 A BB, InlE 10 #E4T T7EARFRIERRRECT WB-1.0 Bt (L
T e RN, T LA Y, SR LI A A T 5, (D R S e 1Y 25 BR R AT SRR 5, 78 60 min J B
BSRTEETE 84.2%, UESE T il bR B LA AR 2 1.
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pH=2
10 —e—pH=4
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Fig.9 Effect of pH environment of chloroquine phosphate solution on WB-1.0 degradation ability

| I
10k Ist 1 2nd | 3rd

I I
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I |
I I
° 06} 1 < 1
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I s |
| I
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B 10 WB-1.0 XF iR S M 1 20 AL S8R
Fig.10 Cyclic photocatalytic effect of WB-1.0 on chloroquine phosphate

2.4 JefEfE LB

IRAIRTE WB-1.0 X B R 5 W i) e L, 0k — 2D EAT TR AN TR] A vh e 400 i A 3 2 oz 4 2
Hh g DU REY. AR 11 BT, T BNV U R 43 i A SR B (KT b4 $550)) L X 2K 1R (BQ -OH 448 571 )
L-ZHZ % (L-histidine 'O, Hili#5) ) F1 A AL YL AL (SOD O i 3511, A L-4 2 WA K1, #R
s (1 e AL B i 3 3 I RRAR T 4.7% R 11.3%. WT LU Y, SR e v e it A2 3 1 S i o, 3 i e
RN R, ULBH 'O, FIR I 25 TR S N i vh ke — 5 AR H L (HL46 X0 A 2 die £ Z R TGP L. 53 41,
TEMA SOD 1 BQ Jii, WB-1.0 Xl iR 5 W 14 [ ik 3 4 52 BRI (10 400 1), e figp 5 7 ) BRI 17 38.9% A1
47.2%, Ut B O Fl1-OH 7575 W B2 7 A< 72 B by B 2, DX Wt 19 S s 1Y) I e e AR AR . el T DL, i 0
07 3k i v AR T S s 1Y) I i OIS O FT-OHL 25 B T3k, WB-1.0 't A [ ik 9t 2 5 v o 1o i R 1
(K 2—7).

100 —
80 |-
60 -

40 |

Degradation efficiency/%

20 [

0 No scavenger SOD  L-histidine  BQ KI
B 11 WB-1.0 SBA Al R A i R S v e 2 b I P o B Al R S

Fig.11 Trapping experiments of active species in photocatalytic degradation of chloroquine phosphate with WB-1.0
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