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W7 F 7Yy OiFEEE, 7= F TV VRILAMCE L, BREERHO—ETH D, /-,
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Methylene Blue {23 : Ci¢HisN3SCl, E/AEH & @ 319.85 g/mol, AMEL @ WS B (EL A
fllsd 2 100-110 °C (Bit), whni = Bith, HREIZAT oMY TH 3,

Cl

Fig.1-3 Structural formula of Methylene Blue.
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Distorted
octahedral
[CuOy]

% clusters

4.8820(4) A

b=

Distorted
g octahedral
WO,
clusters

&
&

P = 584328) A

Fig.1-5 Crystalline structure of CuWO,.

Raizada, P., Sharma, S., Kumar, A., Singh, P., Khan, A.A.P., Asiri, A.M. Performance improvement strategies of CuWO4

photocatalyst for hydrogen generation and pollutant degradation. Journal of Environmental Chemical Engineering,

Volume 8, Issue 5, 2020, 104230
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2-2 fEFER
EECcHV 7R E LT IR L 72,
RA VY 7 AH T AT G B 50 mL (B H Y B S
B UV-LEDS 2Ky + 54 F (365 nm) LED365-SPI A7 Fa—FHk)
2T ATA IRy P RE—F— HS-360HS 727 v (#)
Ay b RAX =T =G - S REEE HHE-19G-U =FREER)
it 20 mm X @7 mm (KR HE N B i
PaRIPN AUX120 (R) Bt R Al
A7 ALk VL AVAC S
FL 22 HZ S AVO-200NB TR v (k)
EEZERIAEERY T TNy 7 T (KR)
/NSy R 2410 R (BR)
R R RE SUP-10 SHIBATA
AR K BLE A E RFD260NC T RV Ty 2T MR
/N SR Hi Cera Kiln H Bk (kR)
E INCIE R o A UV-2450 (R) B R Al
AT BLE IR Fe SR V-750 H A5 (bR)
XHp [l & Ultima IV RIGAKU
SIFEHE R FP-8500 H A9 (bR)
AT T B S-4300 HITACHI
75 T A - YR JEM-1011M JEOL
BBy R iR Lo A0 I E 26 1E BELSORP-mini II H A~ L (1)
WR o THI] E FH T AL B 2 1 BELPREP-VacII -SE H A~ L (B)
RF vy a/lins) ARy b VersaSTAT3 AMETEK
Low current interface option AMETEK
HighPower ¥ % / v i MAX-303 ASAHI SPECTRA
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2-3 EERFIH
2-3-1 LR Sk
2-3-1-1 CuWO Sl o B %

R K IZ (CH3CO0)2Cu+rH,0 1 mmol, Na;WO,+ 2H,O 1 mmol Z 12 30 mL iZ L 7=,
Wi 1R L 72,

A—Fr 7L =7t L, 18 I 180 ‘CT/KEMLI % 1T - 72,

B 2 KK =2 7 =V CTHEEPER L. 60 °CT 1 HEZRIZEZ{To 72,

oI X 72, BT 2 VT 400 °CT 2 RFEIBERL L 72,

Cu(OAc),*H,0 (1 mmol), Na,WO,*2H,0 (1 mmol) mix solution 30 mL

Stirring (1 h)

y

Autoclave (180 °C treated , 18 h)

Centrifugation

Vacuum drvi‘ll::g (60 °C, 1 day)
Grinding (10 min)

Calcine(iOO °C,2h)

Grinding (10 min)
v

CuWo,

Fig.2-3-1-1 Preparation of CuWO,.
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2-3-1-2 CuxZnay WO, SeAE O R B
AEECIE x=0.2,0.4,0.6,0.8 DHEEZTE L 72,
® 7X¥/Kic (CH3C00),Cu-H,0 x mmol, (CH;COO0),Zn-2H,0 (1-x) mmol Na,WO,+
2H,0 1 mmol Z i1z 30 mL i L 7=,
IR % 1 IRFRATIRERR U 72,
F—Fr 7L —7I1c% L., 18 K] 180 "CT/KEMLEE % 1T - 7=,
W % 758K e = 2 7 — A CHEIEE L. 60 °CT 1 HEZWEEX{T - 72,
WX ATtk BRI EZ VT 400 °CC 2 ByfEBER L 72,

Cu(OAc),"H,0 (x mmol), Zn(OAc),*2H,0 (1-x mmol), Na,WO,*2H,0 (1 mmol) mix solution 30 mL

Stirring (1 h

|

Autoclave (180 °C treated , 18 h)

Centri*gation

Vacuum drying (60 °C, 1 day)

Grinding (10 min)

Calcine(400 °C, 2 h)

Grinding (10 min)

|

Cu,ZN 1,y WO,

Fig.2-3-1-2 Preparation of Cu,Zn-nWOa.

SERYRFH THHIR



16

2-3-1-3 ZnWO, Yefiliit o SRS

® X{/KIC(CH3CO0)2Zn 2H,0 1 mmol, Na;WO,+2H,0O 1 mmol %l 2 30 mL i L 7=,
Wi 1R L 72,

A—Fr 7L =7t L, 18 I 180 ‘CT/KEMLI % 1T - 72,

B 2 KK =2 7 =V CTEEPER L. 60 °CT 1 HEZRIZEZ{To 72,

VIR X 72t B2 VT 400 °CC 2 RFEIBERL L 72,

Zn(OAc),*H,0 (1 mmol), Na,WQ,*2H,0 (1 mmol) mix solution 30 mL

|

Stirring (1 h)

y

Autoclave (180 °C treated , 18 h)

¥

Centrifugation

Vacuum drvigg (60 °C, 1 day)
Grinding (10 min)

Calcine(iOO °C,2h)

Grinding (10 min)
v

ZnWO,

Fig.2-3-1-3 Preparation of ZnWOs,.
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2-3-2 FeRlofiita=ER
Rl Wi EERIZ LU D FNHICHE TR - 72,

1. 20 ppm O FEENETRIC LA 40 mg Z MM 2. WEATC 30 o [EHFE L 72,

2. WEPTHEEFRER. HO: 22, L2077 v 7 74 P EldF v/ v T v 7T
OE RIS L, et X s 21T o 7
1593 T & Tz sl L 72
SPHLL 72V 2 i@ Do B L T e R BRE L 72,
DT IR DO 2 HIE L 72,

AF L v 7 h— DRt FEER O R RIE XA T O FNEICHENTT 7R o 72,

1. 20 ppm O A F L ¥ 7 —IRRICHAMEE 40 mg %Nz, BEFTC 30 R L 72,

2. EEPTHEIERE. HO 2z, ML ARL 7T v 2 74 b CHEIRICEIMRZ IS L,
Fl LG €8 % 17 o 72

3. 157 C LIz L 7=,

4. GPHLU 720 e Do iE L L S R BRE L 7,

5. O aBER. EROWSLE % JIE L 7z,

6. MIER. =057 B % F ORI 2 o X 2 72,

7. ZKEKE T X = )VCHRIEE L 72, el 2157,

FEHDOFMELI A5 7% 1run & L, 1hX4run THEH4h D AFL v I —DithEER % 1T

277,

SEAERYH TP
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2-3-3 HEREE
Fig.2-3-3 Ic EBREE R & R 5.

Methylene Blue 20 ppm Reaction ce|| )

Photocatalyst/H,0,
Stirring bar

[j"l
Reaction cell

Black light
(365 nm)

Stirring bar

Fig.2-3-3 Photocatalytic decolorization reactor.

SHEARFRFBE TR



FBIE BRLER

3-1 AFL Y ITA—DBEEE
3-1-1 CuWO, D iR D HIE

19

400 °C& 500 °CThERK L 72 CaWO, HfililiE# FH T A F L v 7 v —Dfita R %17 - 72,

PUM e F2Bagett L iR 2R 3

Table 3-1-1-1 Experimental conditions.

Sample

Photocatalyst

Temperature

Light source
Irradiation time

Analysis

Methylene blue 20 ppm 35 mL

CuWO, 40 mg
Room Temperature (25 °C)
Black Light (365 nm)
60 min

UV/vis spectroscopy

l‘\L

G . =
0.8 1
0.6 1
=
S
—_
o
0.4 A
Dark
4 I
0.2 A
O T T T
-30 0 15 30 45 60
Time (min)
=== CUW0, 500°C == CuW0, 400°C

Fig.3-1-1-1 Photocatalytic decolorization of Methylene Blue (MB) under UV.

FA W 2l X - TR OREBICAELRH Y, A F L v T —DiEshE o LK
DEEL W o, BEFTHEIER T RO E 2 KL L R0 77 7 % Fig.3-1-1-2 TR,
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12

O L] T T
0 15 30 45 60
Time (min)
=== CUWO, 50070 == CuW0O, 400°C

Fig.3-1-1-2 Photocatalytic decolorization of Methylene Blue (MB) under UV after stirring
in dark.

SRR OO % 100% & LC, BtaEZHE L2277 7 Th b, &H 6 DONIED
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Table 3-1-1-2 Experimental conditions.
Methylene blue 20 ppm 35 mL

Sample
Photocatalyst CuWO, 40 mg
Activator H,0, (93 pL)
Temperature Room Temperature (25 °C)
Light source Black Light (365 nm)
Irradiation time 60 min
Analysis UV /vis spectroscopy

C/C.o

0.2 A

45 60

0
15 30

-30
Time (min)

s=tmm CUWO, 50070 =@ CyWO, 400°C

Fig.3-1-1-3 Photocatalytic decolorization of Methylene Blue (MB) under UV with H,O».
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Fig.3-1-1-4 Photocatalytic decolorization of Methylene Blue (MB) under UV after stirring

in dark with H,O».
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Table 3-1-2-1 Experimental conditions.

Sample

Photocatalyst
Temperature
Light source

Irradiation time

Methylene blue 20 ppm 35 mL

CuxZn0WO,4 40 mg
Room Temperature (25 °C)
Black Light (365 nm)

60 min

23

Analysis UV/vis spectroscopy
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w; e == —— *l
__.—_
0.8 A il _T
0.6 1
]
UI 1
P} K K K X
0.4 A
Dark
-
0.2 A
O T T T
-30 0 15 30 45 60
Time (min)

*CUWO:;. +CUO.52n0.5WO4

Fig.3-1-2-1 Photocatalytic decolorization of Methylene Blue (MB) under UV.
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Table 3-1-2-2 Experimental conditions.

Sample Methylene blue 20 ppm 35 mL
Photocatalyst CuZnaoWO,4 40 mg
Activator H,0; (93 uL)
Temperature Room Temperature (25 °C)
Light source Black Light (365 nm)
Irradiation time 60 min
Analysis UV/vis spectroscopy
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0.4 -

0.2
O T T L] 1
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(mm H,0, ==¥==7/nW0, ==@==CuWO, CUg.2ZNg.g W0, === Cug.57Ng.s WO, Cug.gZng.; WO,

Fig.3-1-2-2 Photocatalytic decolorization of Methylene Blue (MB) under UV with H,O».
B KFIZREFTR I T O 0 min ORHICHIMN L 72, FW 28T X - CHEHR i

BROWERICELDH Y, A F LY 70 —DIERNFRD A HE L 720, TR T RO
W% BME L L5 R D 7T 7 % Fig.3-1-2-3 1T/R T,
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o CUWD4 +CUO. gzno. 5W04 CUQ. ang. 2W04

Fig.3-1-2-3 Photocatalytic decolorization of Methylene Blue (MB) under UV after stirring
in dark with H2O,.
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Table 3-1-2-3 Experimental conditions.

Sample Methylene blue 20 ppm 35 mL
Photocatalyst CuZnaoWO,4 40 mg
Activator H,0; (93 uL)
Temperature Room Temperature (25 °C)
Light source Black Light (365 nm)
Irradiation time 60 min
Analysis UV/vis spectroscopy

Time (min)
== H,0, CUWO,BE PR == Clo.5ZN0.s WO BEFf] el CUW O,
= CUg.g/ Np.2WOs H:EIZFF[ == ClUg.5ZNg.s W04 CUg.8ZNg.2 W04

Fig.3-1-2-4-a Photocatalytic decolorization of Methylene Blue (MB) under UV using
HzOz/CuWO4, Cuo_SZno_2WO4 and Cuo_52n0,5WO4.
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Fig.3-1-2-4-b Photocatalytic decolorization of Methylene Blue (MB) under UV using
HzOz/CUo,zZno_SWOz; and ZI’IWO4 with HzOz.
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Fig.3-1-2-5 Photocatalytic decolorization of Methylene Blue (MB) under UV after stirring

in dark with H,O,.
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Fig.3-1-2-6 Photocatalytic decolorization of Methylene Blue (MB) under UV using
H20,/Cuo.8Zno2WOs,.

EATD S A1 0~3 min 1IC T CTHRELRKZ KA L, ZNLUEORNEIZ—ETH

5, 2D e, BLKEEDEL T TN EBERIEZ K0T 3 DUNTITD
N FNUREITEMBE G X o TR TW B Z L sl I Nz,

SEAERYH TP



30

LRl ofER A2 F 2 T, HMIES LD A3 {THIT w5 15 min~60 min D X FL ¥ 7 )b
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Fig.3-1-2-7 Photocatalytic decolorization of Methylene Blue (MB) under UV after stirring in
dark from 15 min to 60 min with H,O».
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Table 3-1-3 Experimental conditions.

Sample Methylene blue 20 ppm 35 mL
Photocatalyst CuZnaoWO,4 40 mg
Activator H,0; (93 uL)
Temperature Room Temperature (25 °C)
Light source Xenon Lamp (A =420 nm, 1200 pW/cm?)
Irradiation time 60 min
Analysis UV/vis spectroscopy
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Fig.3-1-3-1 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H,O,/CuWOs.
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Fig.3-1-3-2 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H,O,/CuWOyj after stirring in dark.
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Fig.3-1-3-3 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
hght using HzOz/CU.o_gZHo,zWO4.
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Fig.3-1-3-4 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H203/CugsZn2WOy after stirring in dark.
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Fig.3-1-3-5 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
hght using HzOz/CUo_sZn0,5W04.
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Fig.3-1-3-6 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H203/Cug5ZnosWOy after stirring in dark.
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Fig.3-1-3-7 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
hght using HzOz/Cllo_zZHo,gWO4.

KD — O I EFTBEIAE T DA HEHE & L 224 R D 7' 7 7 &R T,

SEAERERE THHIR



38

14
12 A
1 =
. 08 4
&)
-
“ 06 -
04 A
0.2 A
O T T T
0 15 30 45 60
Time (min)
= (B et AR SN

Fig.3-1-3-8 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H203/Cug2ZnosWOy after stirring in dark.

SEHEIRE T TR 42% D XA F L v 7T — % Bita L7228, AL T CII ST
WCIEDRRZ 2 72DHTH o772, CupZnosWOu IZHFHEND TR K FHELTWEZ L DH
H, CuWO, & ZnWO, D~FT BiEAED 5 H D ZnWO, DFEEL K& K ZF 5720, Al
WBNEO KGR b ol EibNR S,

KD = ZnWO, DEEFFER %R T,

SERYRFH THHIR



39

1
08 A
o }
S — X X
“ 04 | 1 X X
Dark
0.2 A
O T T T
-30 0 15 30 45 60
Time (min)

L il Sk 5 il -3y

Fig.3-1-3-9 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H,O»/ZnWO,.
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Fig.3-1-3-10 Photocatalytic decolorization of Methylene Blue (MB) under UV and visible
light using H,O,/ZnWOy, after stirring in dark.
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Table 3-1-4 Experimental conditions.

Sample Methylene blue 20 ppm 35 mL
Photocatalyst CuosZnp2WO4 40 mg
Activator H,0; (93 uL)
Temperature Room Temperature (25 °C)
Light source Black Light (365 nm)
Irradiation time 60 min
Analysis UV/vis spectroscopy
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Fig.3-1-4 Cycling runs of CuosZng2WOs.
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3-1-5 THfRAIER
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Table 3-1-5 Experimental conditions.

Sample Methylene blue 20 ppm 35 mL
Photocatalyst CuosZnp2WO4 40 mg
Activator H,0, (93 uL)
Temperature Room Temperature (25 °C)
Light source Black Light (365 nm)
Irradiation time 60 min
Analysis UV/vis spectroscopy
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Fig.3-1-5-1 Species trapping experiments for Methylene blue decolorization with H,O5.
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Fig.3-1-5-2 Species trapping experiments for Methylene blue decolorization after stirring in
dark with HzOz.
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Table 3-1-6 Experimental conditions.

Sample Methylene blue, Methyl orange, Rhodamine B,
Brilliant Green 20 ppm 35 mL

Photocatalyst Cuo.8Zng>2WO, 40 mg

Activator H,O; (93 uL)

Temperature Room Temperature (25 °C)

Light source Black Light (365 nm)

Irradiation time 60 min

Analysis UV /vis spectroscopy
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Fig.3-1-6 Photocatalytic decolorization of dyes under UV with H,O,.
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Fig.3-2-1 XRD patterns of photocatalysts.
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Fig.3-2-2 XRD patterns of Cug.sZng2WOs.
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Fig.3-3 SEM images of CuWOj (a), CuosZng,WOy (b), CugsZngsWOy (c),
Cuo.zzl’lo,8WO4 (d) and ZDWO4 (e)
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3-4 TEM #l5E
L 72 Rt TEM it % LT ISR 3,
SEM [E[{§ & [FIRR I i o RIS 22 WEL 7238 L T\ 2 O B3R T & 72,

(a) (b)

F1g3-4 TEM images Of CUWO4 (a), CuO_gzno.2WO4 (b), CU.o,5ZIl0,5WO4 (C),
Cuo.zznoA8WO4 (d) and ZHWO4 (e)
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3-5 DRS #IE
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Fig.3-5-1 DRS patterns of photocatalysts.
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3-6 PL #lE
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Fig.3-6 Photoluminescence spectra of photocatalysts.
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3-7 XPS #HlE
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Fig.3-7-1 XPS spectra of survey spectra (a), Cu (b), O (c) and W (d) for CuWO,.

SEAEREBE

TSR



56

(b) "r" Cu 2p3»
= _ L\
= 5 o \
H : Cu ‘\"“1‘1
£ o Cu 2py,, |
% F= P : “Pis2 . : f
2 @ |Cu?*satellite Cu’-satellite |
g 5 [
E E /J.\ /J'
1000 800 600 400 200 0 J i ) J ’ i .
o 961 956 951 946 941 936 931 926
Binding energy (eV) Binding energy (eV)
Zn 2p3p Ols
(c) (d)
El
—_ &
3
- I, . >~
8 ZH?P o £
> [\ =
= 'R ]
@ I\ =
= I £
@ ]
E / \ /
Lo sars A (¥ \ Iy, V. S o A Y il - = _—
A A I Aok AN L 1~ B V AT Y S VA | [
1054 1044 1034 1024 1014 540 538 536 534 532 530 528 526
Binding energy (eV)

Binding energy (eV)

Intensity (a.u.)

a4
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Fig.3-7-3 XPS spectra of survey spectra (a), Cu (b), Zn (c), O (d) and W (e) for

CUO.SZHO.SWO4-
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Fig.3-7-4 XPS spectra of survey spectra (a), Cu (b), Zn (c), O (d) and W (e) for
CUO.ZZH0.8W04-
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Fig.3-7-5 XPS spectra of survey spectra (a), Zn (b), O (c) and W (d) for ZnWQs,.
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Fig.3-7-6 XPS spectra of survey spectra (a), Cu (b), Zn (c), W (d), O (e) and C (f) for

CuosZno2WOs.
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EBRATH D Survey A=27 A XY EEREOKFEDO Y — 7 ML, Zoftiov— 2728
WYL T3 2R TZ, C& O D Narrow A7 kb b EERFjD
CupsZno WO ITIZ R O N\ — 7 DIFED TR CE 7o X D720, SEMBED R IC A
FLYITAN—HROEEYIIDPEFL T b EEZ LN, BT, JeAEGERE M RIE o
FEEICBWT, 234 7 VHUBOWSCEORABR/NE S o2 BRTHE LEZ LN
%, PR COMBBEKBEDONERHE VR Lo 7-Dld, ZOHEEYIC X 2 A]HE
WD 5,

fERZAED O 1s @ 530.0 eV O v — 7 |x Cu?° WO ICHEA L T B IEHE T, 531.4 eV
DY — 7 [ FMBER NS L 72K USRSk DR T, 533.4 eV @ ¥ — 27 (3K fil
BWREOAEYO OHRKIC X2 bDTHELELLND,

/2. ENETNOHMIEDICHELL % Survey A= 7 b HKR®, Table 3-7 IR,
Cu08Znp2WO4, Cug2ZnosWO, iz, HAH X 0 HOEIEHME <, MO FIG 03 &\ il 23
XN TV Z PRI N,

Table 3-7 Elemental ratio of photocatalysts.

Photocatalyst Cu (%) Zn (%) W (%) 0 (%)
CuWO, 16.4 19.8 63.8
CugsZng,WO, 13.3 7 19.9 59.8
CugsZngsWO, 9.4 11.8 215 57.3
Cug,ZngsWO, 2 18.8 19.1 60.1
ZnWOQO, 19.5 19.4 61.1
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Fig.3-7-7 Valence-band XPS spectra of CuWOy (a), CugsZng2WO, (b), CugsZngsWO, (c),

CU.o,zZI‘lo_SWOz; (d) and ZI’IWO4 (e)
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Fig.3-8-1 N; absorption—desorption isotherms of CuWOy (a), CugsZno2WO, (b),
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Table 3-8 BET results of photocatalysts.

Photocatalyst asser (m?/g) EEHHFLIER (nm) LA (cm®/g)
CuWO, 39.1 47.0 0.141
Cuo,ano_2WO4 14.0 42.2 0.147
Cu0.5Zno‘5WO4 ].].9 454 0135
Cu.2ZnpsWO, 19.6 294 0.144
ZnWOQO, 28.7 17.5 0.125
0.005
0.004 A
= 0.003 -
=2
=
~a
2 0.002 -
0.001 -
0
1
Pore Diameter (nm)
+CUWO4 CUQ.EZHQQWO:L +CUO.52“0.5W04 CUo.zan.gwo.q. —)K—ZHWO4

Fig. 3-8-2 BJH results of photocatalysts.
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Fig.3-9-1 Nyquist plot of photocatalysts.
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Fig.3-9-2 Mott-Schottky curves of CuWOy (a), CusZng2WO, (b), Cugs5ZnesWO, (c),
CU.o,zzI’lo_SWO4 (d) and ZHWO4 (e)
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Fig.3-9-3 Photocurrent response of photocatalysts.
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Fig.3-10-1 Mechanism of improved photocatalytic activity.
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Fig.3-10-2 Methylene blue decolorization mechanism.
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Photocatalytic effect

Photocatalyst+hv — e gz + h*,g (1)

h*yg + H,0,/MB — product

e s + H,0, — *OH + OH-

e cgt 0, =0y

.0,”+ H* = +H,0

H,0,+ -0, — -OH+ OH + 0,
H,0,+ hv — 2-OH

MB + -OH/-0,” — product

Catalytic effect

H,0, — 2-OH
-OH + H,0, = H,0 + 2-OH

-OH + MB — production
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(4)
(5)
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(3)
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KDIANVFF vy TZANVLF -2 UTORITRT, NV FFry TN oiad
FefEEESE EBEI AR S 2, D FEED BV CupsZng WO, 1% 1.70 eV, CuWOy, 1
1.80eV & o/z, 72, WD F—TEBES WIZE, NV FFXr vy T7OEFIKREZ RS
HM23H %, CuWO4 & ZnWO, lE~7T v A %2 B L T 3 a[aeERH v . Hifho F—7
B23% 785 & ZnWO, DFZE % Z T 5, SCABESTEDm Bk, St RINE & &y
R DORER FELRERNTHE LFEZ DN D,

CB CB
A
cB CB LB
2.20 eV
1.80 eV 1.70 eV 2.01eV 3.60 eV
N
\ VB
VB VVB Cug,Zne s WO,
Cu, Zn, WO
(:|_]"..u'4,,"(:]ﬂl 0.8 0.2 4 Cuo_szn[}_swoa
A;
VB
ZnWO,

Fig.3-10-3 Band gap of Cu,Zn.9WO..
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AWFETlE, BEREH—AKF), 2 v 72T Vg U v LK), BERRH R — KA o
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