549 45 5 4 3]
2022 4F

JEEAE TR 2R (A ARBR2RR)
Journal of Beijing University of Chemical Technology ( Natural Science) 2022

Vol.49, No.4

SIS TR, TR, RIS, 4. WO, /B 5/ TiO, Za 90K BRI 8 S HOCEAMR R It S L) ], datfb TR

W HRFIEIR) ,2022,49(4) .73 - 82.

WANG ChaoYue, XU Xin, ZHAO Penglie, et al. Preparation of a WO;/carbon dots/TiO, composite nanomaterial and its

photocathodic protection [ J].

Journal of Beijing University of Chemical Technology ( Natural Science), 2022,49 (4) .

73 -82.

WO, /B8 &/ TiO, B MK RIS &R E
St B BA 4R 42 37 16 A 5%

EARM OB RmA R
(L AL A SR, LAt 100089 ;2. JbRTfE T2 fh2: TR22:BE, JLAT  100029)

 OE. RS R AL ST TiO, 49K EES] (TNAs) |, SR)5 70 5% P L R TURRIETE TNAs FE1H 1 205k
FER WO, 2,158 WO,/Bk 5/ TNAs & & 499K 6B (TCW ) |, 338 1 479 3 i F 8 330 8% (SEM) | X B4R A7 S
(XRD) il X SFE0GHL FRETE AL (XPS) X HkAT T 3RAE . R ERSAT UL I8 S 1% (UV - Vis DRS) L AL 22 )5 12
WRE T TCW GBI O B AL 2R AR IR T ZEBE IR K AR Y TCW X Q235 S HR i G AR 3P4
ZERL IR . 5 TNAs AHEL, TCW MU S SMEIX (384 nm ) 47 J@ 55 0] LG X (426 nm) A BRTERE (E,) M 3.23 eV
FEAKE 2. 91 eV, XSGR M IR RE ) 0 & 48 TH; wT D tm Ry i 3 25 BE 42 735 T 6. 85 %, 35 % 157 pA/em’, ¥ TCW S H
Wet5 Q235 BiAN ARG 5, BHAR 2 18T AR A5 [0 F 8 2% B A B 101 A/ em?® 5 S5 A WIAH 1o, Rkl 467 AR A1
T0.41 V(vs. Ag/AgCl) , HLAL2=HL MR 7S (ECN) R IEE K phoad B2 A2 2 I 4kl . DL ES5 3R] TCW X Q235

BRAN A 5 DL B IR

4R OLEUARARY; WO,/BR &/ Ti0,; Q235 4N ; Z RIS F4s

RES RS TG174. 4

JCE AR PRI B AT — PO 2% 10 < s J ok By 37
TR LI < 256 FHAR A R e RER Tl 25 T
BRERE I, My iR e L T S AR T AT
B R 2 S ORIl e AD A R
F AREEE BB F 1 K A AR 5 2 D B b 3 1
R AR TR R AP 5 ) 1 e L S I, S AR L
23 F A R BRI 5 BN SR 1T, 78 2 LA
SIS B 42 TR A i B 42 el TG B AR R R
A 4 T T B AR R D i R A AR
FERH R BORITSFE" | PRI BB R4 H AR A

Woks H . 2022-04-07

HEWH . BRARBFTER4S (52000164 ) ; g @5 5
B 55 2% ( buctrc202209 )

S—fE#E . 55,1989 44

*EFERRA

E-mail; cuijun@ buct. edu. c¢n

DOI:; 10. 13543/j. bhxbzr. 2022. 04. 009

R —Rhag o JoTs YL A I AR A Ok 2 R ik
B b4l L v R 22— (R s
AR AR AR F B A e B AR L . — 5 T, B
FERR X 5 A1 5 A AR PR Sz 58 1 %o AT IS A 21 A1
YRR T 52 MGt 206 8. 7% , S EOGIAKL
it A BHOE A R BE F7 AN /2075 59 — O 1, 7= A
HERTFEDME R EAEE S, IR T G AE R TR
FHSRET 1A B i PR 0O BH A 2 T HR A F
A DT N R A ik RN =B R R AP N o
BEAM TR RORIEA 3 B

HAT, 0158 & T 12 8 WO A AL, B2 € P 9k 1Y
TiO, KI5 (TNAs ) 1E R 6B 3L, 38 i X
TNAs FFA7 8k, $ A - = X e
B, B £ 5/ Tio, 41K ™ | TIN/TiO,/ MXene
ZFAEFE  Ag/Sn0,/Ti0, 4 HK 45 &5 vl v b k)
XPANEE N 1) R 0 5 OB B AR O AP 88U, (B
S, BT RN Y 1l e A7 5AIG AR A XERA MO
BHAR 3 16 i A 3 B B e Ik, BE R



74 . AEEA TRAE2AR (A ARERR)

2022 4F

FL = 25 o3 B BE T 5 1) 1R 50 P AR A et 2 S X
WA A T SR B B Sk

S T ARIE SR HL 7 A A e R R AR
SCHEH TNAs 1E A LK, AR 48 BB 445 #4) 0 128 38 B 19
SETCATRE, I FRR A5 5000 A AR ke
Fay s () I B0 S o 235 5 B il 7 TR0 S o &% 3 i e A v
TR Re 1 I AR T s X R A, AT
PETF I BHAR 2 1A 4 A Ak 50 R , 3 G U AR 9 £ 4
PERE, T IR, A SCHE Sk P A0 PR S A2
il 5 T TNAs, 28 J5 3 3 ok 2 1 75 R e O AR L A
TNAs KI5 T8k 2 M WO, 2, 8T HE
7 RSO 45 45 M B WO,/Bk S5/TNAs 6 B
(TCW) ;%587 TCW FYGMCRN FL fb 2= 1 Rg , 17
AL AR R PR T TCW Xt Q235 B9 1Y B 2L
BB AR . AR SO SR n] Lk ' B AR Ay il 4 B 43t
BB, k4 e R B AR AR M R B o 4R 0L
2%,

1 ZR#Hn

1.1 SEIe#H#
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HAL = AN R 1 s s A A LN IR 3 -5 5L Y R
(MPA) ZRR AHIR & B2 WAL JCK O BE
BRIR RFREM SRR EN  BUE/K \NaOH Na,SO, \Na,S
Na,SO; Fl NaCl, #4124 43 #r 4li | [5 245 48 W A 2238500
FRZS ®ls 20 98 B (Pr, RSP 3.0 cemx 3.0 em x
0.1 cm, 4l 99.9% ) G/ FAMLAR (Ag/AgCl) HLHE,
TG L E MR A PR A BRTE ML AR (i, R)
10 mm x 10 mm x 1 mm, 4li% =99% ) , FEI A 1H &
PHE R IRABR A, TR BRI S50 % 46 0F T il
HB2KHL(Milli —Q Advantage A10, 32 [E Millipore
AT WA B K (R A 18.0 MQ - em)
Frcil

F 1 Q235 AR fb LAl

Table 1  Chemical composition of Q235 carbon steel

JLH R 5 % JLHE Bt 5348 %
Mn 0. 46 P 0. 042
Si 0.28 S 0. 049
o 0.15 Fe At

1.2 SPRRFI&E
1.2.1 TNAs %%

S BT 6 A PG S BH AR RTBA B, SR 1 5 2

BHAR AL A TNAS S SEBRT K T Ti fH7E
FBETFK REIFTEK Z B 40 B 5 15 min,
FB Ti fE R A A FRIM A . AP AR (10004 ~
3000#) X Ti A HEAT Y EE , O 5 1 Ti (H iR
BAESTA 1% (D) S RPN 3% (IRFST50)
BRI /KB 3 ~5 s, A TAR=A M0, IF B T 40
KR YE 15 min, KRALFRAFAY Ti FE AN P {4
SIFHAE BHAR A AR IR S 0. 5% (i 70 50)
FALEL 97 % (Bt %0 & BRI 7260 V
HLE T HLAAE 10 min, A LIS Ti 7E LB 1
KA TEYE 15 min, KBR Ti AR AAML)Z . A
JEAE IR T 7E 40 V LR T #i4A 4K 30 min,
53] TNAs ATOKAAR, B TNAs BSR4 E 7 450 °C
(L pr i Be 2l 2 h, FHEECR R 5 °C/min, SR
HEZE 55 TNAs,
1.2.2 #EH &

R H,S0, 5 Bh AR I vk A s K
2 ¢ #IAEKE S 180 mL B2 F1 20 mL 8 2li/KIR G
5] TBCEAE 250 mL DL VO 3R 20 h A 8 1 He R g
2 FE 550 CH EaE i P B b 4 h, FHR B E
5 °C/min, AR RS, (8 FH Ak R 44 18 59
Vi3 pH EHZEPM, £ 12000 r/min FEL 15 min , 4
T R A A AR O 2 0E A R R AR TR
WO A5 e A e, A 3R SR AR
1.2.3  #.5/TNAs(TC) .WO,/TNAs(TW) F= TCW

LK

B TNAs R IAERK ST R 10 /L 19 10%
(RBIH0) MPA KR H 24 h JFEUE 75 80 CF
[E4k 24 h, 15 285 5/ TNAs SEFHB . 20 91 LA TNAs
FTC Ry TAE H AR, >R A AL A7 ok oo el TR 32 1 4%
WO,/TNAs F1 TCW, 3R & HL #2525 mmol/ LS 1R
A1 30 mmol/ L RUE K YIRS, B8 0.01 mol/L
HNO, Fl NaOH #8377 pH £1.4 +0. 1, VTR &
H-0.437 V(vs. Ag/AgCl) , UURRIE] A 300 s, BT
FHP=H)7E 80 °C K [E4k 24 h,#33] TW H1 TCW ¢ FH
WAL
1.3 Wik 53R

SRR W 3BT (SEM) (S-4800 A1, H A
Hitachi 23] ) WS i 2 T A9 SO IE 555 R HH X 5
LLATHH(XRD) (XRD-7000 % | H AR H A F] ) 43
BroGRAIm iy b B 25 44 5 SR T X SR 20 7 RE IS AY
(XPS) (Axis Ultra DId %Y, H A H2 7)) 5046 B
e 8 T2 4 B 5 R 48 A1 AT L8 2 B i (UV -
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STAT204 %Y, ST 3823 w] ) I 't v 3t o 1o it 28
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Fig.1 SEM images of different photoanodes
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Fig.2 XRD patterns of different photoanodes
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Fig.3 High-resolution XPS spectra of TCW
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TiO, MFRE E,{H (3.20 eV) 7 HIE, TW Hl TCW
I 43 2 T 461 nm F1 426 nm , WU £ 41
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GEPEM T TC f 7R H R 5 0 G W Wi, (RS e Tk
SRR TS R IAE UV - Vis DRS 3% K %A
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Fig.4 UV-Vis DRS spectra of different photoanodes
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Fig.5 Photo-responsive current densities of different
photoanode surfaces
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JIF il % B 6 BHAR Y TCW HEL R 36 i 114 B A 7 7% E
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L —=— TNAs—IE 7S
gl —e— TNAs—J:HR
4r g —— TC—3%: 8
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Fig.6  Nyquist plots of different photoanodes under

photoexcitation
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Fig.7 Photo-responsive current density on the cathode
surface after connecting different photoanodes
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Fig. 8 Electrode potential on the cathode surface after
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connecting different photoanodes
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Fig.9  Potentiodynamic polarization curves of the cathode

surface after connecting different photoanodes
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FEHR I ITIH T TCW HroaAz i 1 F2s /X
B4 (E13(a)) . BT Q235 BRAIM A ik b g
NE TR T A A I BH A 2 1 HE B A R i RO, R
A B MG PR L B B B R T, AR S Bk
BRI G AR A R A A i CL A
LIS Fe il SakN i fb 2 i a2 70 (V) Ml
GIBAENL (Vo) 5 A, PR EM Y i
5 TCW #3455 , Fa R80T BB FIRE 2 1hi A9 e A il 7
BAR Fe Vg el LA 2300 4R 2% 1 19O L T %
FERG I AR LA REAS, B G TCW 87 H AR 52 1
AR EA (B 13 (b)) .



- 80 - JERE TRA2AR (A RBFA )

2022 4F

o Ak f i
= A A hE

3470 3490 3510 3530 3550
WLV SR L/ Gs

El 12 TW Al TCW Ay H 7R L PR % 1A

Fig. 12 Electron paramagnetic resonance spectra of

TW and TCW

E/eV(vs.NHE)

A
ok
1k

oF '/

S.0.74 eV

T ““eeeececee
2F WO,

______ hhhhh i

3 WS Ui bbb
A+ s 3.44 eV

(a) S PR F e A2

(b) SEEAR A B 58 e T A2

K13 TCW HOEEEAR AR HLH R 2
Fig. 13 Schematic diagram of the photocathode

protection mechanism of TCW

3 i

(1)5 TNAs # Eb, TCW X 56 /) W 0 i F1 & 3
FET; WS RSB IX P e 25 mT WL IX, 7 Bt v i
E N 3.23 eV BEARE 2. 91 eV ; i 17 v It 2 B 2
T 6.85 1%, 355 157 wA/em® ; TCW 4 HL 25908/
PR 3R 1T 1Y) P e e B B T B AR

(2) TCW JEPBHM 5 Q235 BB IR & ) , B

e T AR A A Ri7 FL 8 A B 101 pA/em’ 5 5
FRABIARLE, FE A i b A2 B AR 1 0. 41 V(vs. Ag/
AgClL) , LA 27 L UL MR P (Y I S 18 K T o o 72 52 39
B, DL g5 R R TCW X} Q235 i 2 A7
S EBURM A 1R

B2k

[1] LOW JX, JIANG CJ, CHENG B, et al. A review of di-
rect Z-scheme photocatalysts [ J]. Small Methods, 2017,
1. 1700080.

[2] BfE, DU, 288, % Fe,0,/Ti0, YK E 5 Mk

XF 304 ANEFEHIEEA: IR AP PEREL T ). RS il 5
BidaAaR, 2019, 39(1) : 36 -42.
LIAOT, MA Z, LI L L, et al. Light-generated cathodic
protection properties of Fe,0,/TiO, nanocomposites for
304 stainless steel [ J]. Journal of Chinese Society for
Corrosion and Protection, 2019, 39(1): 36 —42. (in
Chinese )

[3] LIQP,XINL, MUX L, et al. Application of a new
UIO - 66/Bi,S; photoanode in photoelectrochemical ca-
thodic protection for 304 stainless steel [ J]. Journal of
Alloys and Compounds, 2022, 900: 163389.

(4] Fhigp, AR, R, 4. ZIF-8/Ti0, 4K E A H

kA SOt A DI A R [ ], o R ok 5 i
i, 2022, 42(2) ; 267 -273.
SUN, YEMY, LI J M, et al. Fabrication of ZIF -8/
TiO, composite film and its photogeneration cathodic pro-
tection performance [ J]. Journal of Chinese Society for
Corrosion and Protection, 2022, 42(2) : 267 —273. (in
Chinese)

[5] ASAHI R, MORIKAWA T, IRIE H, et al. Nitrogen-
doped titanium dioxide as visible-light-sensitive photocat-
alyst; designs, developments, and prospects [J]. Chemi-
cal Reviews, 2014, 114, 9824 -9852.

[6] FUNG CM, ER C C, TAN L L, et al. Red phosphorus
an up-and-coming photocatalyst on the horizon for sustain-
able energy development and environmental remediation
[J]. Chemical Reviews, 2022, 122 3879 —3965.

[7] LILT, FENG K, HUANG D W, et al. Surface plasmon
resonance effect of a Pt-nano-particles-modified TiO,
nanoball overlayer enables a significant enhancement in
efficiency to 3.5% for a Cu,ZnSnS,-based thin film pho-
tocathode used for solar water splitting [ J]. Chemical
Engineering Journal, 2020, 396, 125264.

[8] PUJY, WANG X T, LIU J Q, et al. PDA decorated

spaced TiO, nanotube array photoanode material for pho-



) FARBAE . WO,/ i/ Ti0, G KR il & SR C AR A VR 5 - 81+

[9]

[10]

(1]

(12]

[13]

[14]

[15]

[16]

[(17]

[18]

[19]

tocathodic protection of 304 stainless steels [ J|. Journal
of Electroanalytical Chemistry, 2022, 914:116319.
DONG Y H, WU K X,YINY Y, et al. TiN/TiO,/MX-
ene ternary composite with photocathodic protection for
304 stainless steel [ J].
2022, 442 136390.
WANG H P, GUAN Z C, SHIH Y, et al. Ag/Sn0O,/

TiO, nanotube composite film used in photocathodic pro-

Chemical Engineering Journal ,

tection for stainless steel [ J]. Journal of Photochemistry
& Photobiology, A: Chemistry, 2021, 417 113353.
XUD W, LIUY, LIU Y, et al. A review on recent pro-
gress in the development of photoelectrodes for photoca-
thodic protection; design, properties, and prospects [ J].
Materials and Design, 2021, 197, 109235.

BUY Y, AO J P. A review on photoelectrochemical ca-
thodic protection semiconductor thin films for metals [ J].
Green Energy & Environment, 2017, 2. 331 —-362.
ZHANG Y J, YOU C, REN M, et al. Ion exchange
membrane optimized light-driven photoelectrochemical u-
nit for efficiency simultaneous organic degradation and
metal recovery from the mine wastewater [ J]. Journal of
Hazardous Materials, 2022, 429 . 128352.

CULJ, PEI'Y S. Enhanced photocathodic protection per-
formance of Fe,0,/TiO, heterojunction for carbon steel
under simulated solar light [ J]. Journal of Alloys and
Compounds, 2019, 779. 183 —192.

SONG Z Q, QUAN F Y, XU Y H, et al. Multifunctional
N,S co-doped carbon quantum dots with pH- and thermo-
dependent switchable fluorescent properties and highly se-
lective detection of glutathione [ J]. Carbon, 2016, 104 .
169 - 178.

CULJ, PEI'Y S, HOU J Q, et al. Construction of a car-
bon dots-based Z-scheme photocatalytic electrode with en-
hanced visible-light-driven activity for Cr( VI) reduction
and carbamazepine degradation in different reaction sys-
tems [ J]. Chemical Engineering Journal, 2021, 420;
127571.

LIZH, LUO L, LI M, et al. Photoelectrocatalytic C—H
halogenation over an oxygen vacancy-rich TiO, photoanode
[J]. Nature Communications, 2021, 12 6698.

CUI J, ZHANG Y, ZHENG Y M, et al. Catalytic degra-
dation of carbamazepine by a novel granular visible-light-
driven photocatalyst activating the peroxydisulfate system
[J]. 2021, 421.
127867.

CHENQT, LIUY H, GU X Q, et al. Carbon dots me-

Chemical Engineering Journal ,

diated charge sinking effect for boosting hydrogen evolu-

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

[28]

(29]

tion in Cu—In-Zn-S QDs/MoS, photocatalysts [ J]. Ap-
plied Catalysis B: Environmental, 2022, 301. 120755.
WEILF Y, LIUY, ZHAO H, et al. Oxygen self-doped g-
C;N, with tunable electronic band structure for unprece-
dentedly enhanced photocatalytic [J].
Nanoscale, 2018, 10 4515 —4522.

ALQADAMI A A, NAUSHAD M, ALOTHMAN Z A, et

performance

al. Excellent adsorptive performance of a new nanocom-
posite for removal of toxic Pb(II) from aqueous environ-
ment; adsorption mechanism and modeling analysis [ J].
Journal of Hazardous Materials, 2020, 389, 121896.
LINFF, GUYY, LI HJ, etal. Direct Z-scheme SiN-
Ws@ Co, O, photocathode with a cocatalyst of sludge-de-
rived carbon quantum dots for efficient photoelectrochemi-
cal hydrogen production [ J]. Science of the Total Envi-
ronment, 2021, 796, 148931.

ZHOU T S, CHEN S, LI L S, et al. Carbon quantum
dots modified anatase/rutile TiO, photoanode with dramati-
cally enhanced photoelectrochemical performance [ J].
Applied Catalysis B: 2020, 269:
118776.

XU F Y, MENG K, CAO S, et al. Step-by-step mecha-

Environmental ,

nism insights into the TiO,/Ce,S; S-scheme photocatalyst
for enhanced aniline production with water as a proton
source [ J]. ACS Catalysis, 2022, 12; 164 - 172.
TRAN C V, LA D D, THI HOAI P N, et al. New TiO,-
doped Cu — Mg spinel-ferrite-based photocatalyst for de-
grading highly toxic rhodamine B dye in wastewater [ J].
Journal of Hazardous Materials, 2021, 420, 126636.
ZHOU J, AN X Q, TANG Q W, et al. Dual channel
construction of WO, photocatalysts by solution plasma for
the persulfate-enhanced photodegradation of bisphenol A
[J]. Applied Catalysis B: Environmental, 2020, 277 .
119221.

CHENG P, YE L L, WU S C, et al. Amorphous TiO,
bridges stabilized WS, membranes with excellent filtration
stability and photocatalysis-driving self-cleaning ability
[J]. ACS Applied Materials & Interfaces, 2021, 13
58076 —58084.

FENG M, LIU Y, ZHANG S N, et al. Carbon quantum
dots (CQDs) modified TiO, nanorods photoelectrode for
enhanced photocathodic protection of (235 carbon steel
[J]. Corrosion Science, 2020, 176 108919.

WANG C L, GAO W, LIU N Z, et al. Covalent organic
framework decorated TiO, nanotube arrays for photoelec-
trochemical cathodic protection of steel [ J]. Corrosion

Science, 2020, 176 108920.



.82 . JEE AL TR A= 4 ( FHARRL2=AR) 2022 4E

[30] WILSON H, SUNDE S, ERBE A. Hole annihilation vs. Environmental , 2018, 237, 309 —317.
induced convection; breakdown of different contributions [33] FATTAH-ALHOSSEINI A, SOLTANI F, SHIRSALIMI
to the photocorrosion mechanism of oxide-covered iron F, et al. The semiconducting properties of passive films
[J]. Corrosion Science, 2021, 185: 109426. formed on AISI 316 L and AISI 321 stainless steels: a test
[31] CULJ, YUDY, LONG Z W, et al. Application of elec- of the point defect model (PDM) [J]. Corrosion Sci-
trochemical noise (EN) technology to evaluate the passi- ence, 2011, 53, 3186 —3192.
vation performances of adsorption and film-forming type [34] GERINGER J, MACDONALD D D. Modeling fretting-
corrosion inhibitors [ J]. Journal of Electroanalytical corrosion wear of 3161 SS against poly ( methyl methacry-
Chemistry, 2019, 855 113584. late) with the point defect model: fundamental theory,
[32] GONG H H, ZHANG Y F, CAO Y, et al. Pt@ Cu,0/ assessment, and outlook [ J]. Electrochimica Acta,
WO, composite photocatalyst for enhanced photocatalytic 2012, 79. 17 -30.

water oxidation performance [ J]. Applied Catalysis B:

Preparation of a WO, /carbon dots/TiO, composite nanomaterial

and its photocathodic protection

WANG ChaoYue' XU Xin®> ZHAO PengJie> CUI Jun®*

(1. Beijing Municipal Ecology and Environment Bureau, Beijing 100089 ;
2. College of Chemical Engineering, Beijing University of Chemical Technology, Beijing 100029, China)

Abstract: TiO, nanoarrays (TNAs) have been prepared by a two-step anodization method. Carbon dots and WO,
layers were subsequently loaded on the surface of the TNAs by an immersion method and an electrodeposition meth-
od, respectively. The resulting WO,/ carbon dots/TNAs composite nanophotoanodes (TCW) were characterized by
scanning electron microscopy (SEM) , X-ray diffraction (XRD) and X-ray photoelectron spectroscopy ( XPS). The
light absorption and electrochemical properties of the TCW photoanodes were measured by UV-Vis diffuse reflec-
tance spectroscopy (UV-Vis DRS) and electrochemical methods, and the photocathodic protection of Q235 carbon
steel by TCW was evaluated in simulated seawater solution. The results showed that compared with pristine TNAs,
the absorption edge of TCW was extended from the ultraviolet region (384 nm) to the visible region (426 nm) , the
band gap width (E,) decreased from 3.23 eV to 2.91 eV, and the light absorption ability was significantly im-
proved. The visible light response current density increased by 6. 85 times to 157 pA/cm’. After coupling the TCW
photoanode with a Q235 carbon steel cathode, the steady-state photoresponse current density on the cathode surface
reached 101 wA/cm’. Compared with that before coupling, the self-corrosion potential decreased by 0.41 V (vs.
Ag/ AgCl) , the amplitude of electrochemical current noise ( ECN) increased, and the corrosion process was signifi-
cantly inhibited. The above resulis show that TCW has an excellent photocathodic protection effect on Q235 carbon
steel.

Key words: photocathodic protection; WO,/ carbon dots/TiO, ; Q235 carbon steel; Z-scheme heterojunction
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