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Abstract ZnFe,0,, a visible-light-responsive photocatalyst, exhibits significant potential for organic wastewater
treatment due to its low environmental toxicity and magnetic recyclability. However, the rapid recombination of
photogenerated electron-hole pairs in pure ZnFe,0, severely limits its photocatalytic activity. To address this issue,
ZnFe,0,/MXene photocatalysts were developed via a combined hydrothermal and room-temperature electrostatic
adsorption approach. Additionally, the photocatalytic efficiency of ZnFe,0, under visible light was enhanced through
the morphology control of ZnFe,0, (microrod, hollow microsphere, Archimedean polyhedron, “popcorn” sphere,
nanoparticle) and the synergistic effect of MXene. The high conductivity of MXene improved charge transfer
efficiency and facilitated the separation of photogenerated carriers. When ZnFe,0, was synthesized as an
Archimedean polyhedron and MXene dosage was 10% of ZnFe,0,, the optimized ZnFe,0,/MXene photocatalyst
achieved a methylene blue (MB) degradation efficiency of 96.9% within 20 min, which was 2.1 and 3.0 times higher

than that of ZnFe,0, and MXene, respectively. Moreover, the degradation efficiency of MB remained over 90.0%
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after five cycles. The degradation mechanism of MB by ZnFe,0,/MXene was investigated using valence band spectrum

of X-ray photoelectron spectroscopy and active species capture experiments. The results indicated that "0, served as
the primary active species, while ‘OH and h* played secondary roles in MB degradation.

Keywords Visible-light photocatalyst; ZnkFe,O,; MXene; Methylene blue; Magnetic
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1Bebe , 15 2R [FTE S ZnFe,0,. ARG & 4R i3 S1 WA ST 505 B iR, ARSI 54 i~
7ZFO0-1, ZF0-2, ZFO-3, ZFO-4 f1ZFO-5, GifkHk ZFO.

122 MXene t9 %] % 1.3 g LiIFEMT 30 mLkERRRH, BEJFZEME A 1. 95 g MAX, F 50 'C i
HEENHLARIERE 12 h. K= KRN RSBk i L3 pHAEL R 6, B5.0BUTIEFE T 60 °CF Has Tk
MXene.

123 ZnFe,0/MXene #7 % & 4 MXene #5173 HU FHB4E7K 1, SRJG A 50 mg ZnFe,0, 1 THi 6 h,
FHFRE 12 h, BB TEE, PHESS] ZnFe,0,/MXene(Scheme 1). TG, [E%E MXene i~ ZnFe,0,
B 10%, Xt ZnFe,0,FITESRIEA AL, F2853 5ic K ZFM-1, ZFM-2, ZFM-3, ZFM-4 f1 ZFM-5; Bijs , 1
b MXene 1) FH fit (myy.,/myp0,=3%, 5%, 10%, 15%, 20%) , 7= %) 5 B3 N ZFM-3%, ZFM-5%,
ZFM-10%, ZFM-15%, ZFM-20%. ikt 5 ZFM.
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Scheme 1 Preparation schematic diagram of ZFM
1.3 St
H 20 mg FEAL BT 60 mL MBI AR, BEEHERE 30 min 15 30 B -MRILF45 )5 A 1,0, 25 CF
H1%A UVCUT 420 3856 9 300 WU VE G IO B 20 min, 55 5 min BUFEIF i 1 UV-Vis T MB %
AT 664 nm AINE WOGRE . HLAE MB AR UERZ (B ST, WA SCSCHRFE B RO EE 6 A6 ik BEE, IF3T
B MB 58 B 2 e /eyl e, Ml e, (mg/L) 53591 A MIB VP Ui e B R ¢ B 2209 .

2 HRSHR

2.1 MRBEHRAE

B 1A ETESR ZFO [ XRD 35 E AT SEM B /. R 1 (A) Bl UL, BT =3 7E 20=18. 37, 29.9°,
35.2°, 36.8°, 43.0°, 53.6°, 56.9° 1 62. 2° AL A7 FEATT U6, 43 B %F N ZFO /) (111), (220), (311),
(222), (400), (422), (511)F1(440) 441 (PDF#98-0221) , JCZn0, Fe,0, 2587~ Wyitfiidz 06, 28 i
I ZFO S BUAR S A 2540 H AT RAF e, o, ZF0-3 1) XRD fi 506 4= HABE, 1B ILE,
m THEIEH ZF0. WEI1(B)FIR, ZFO-1 /& Z AR R4 R O , LR R (2. 0£0. 6) um
[ES2(A), WASCZHRHEE ] ZFO-2 il 85 B LA A HRAE A B, B8 Jm Bl 2B, S e 1h1 45 4 1) vh 23
fERCIR [ 1(C) ], SFRAE A (3. 0+1.2) wm; WIE 1(D) iR, ZFO-3 5B T E I i N w4,
B EL A 1 B R B 0 P R A | SE 3410142850 (492, 1+64. 2) nm[ K S2(C) |5 ZFO-4 & iF £ 45k
AU ZH 25 TR oK AR T BRAR S LI 1(E) 1, ~F¥Ri4E R (167. 5+21. 1) nm; ZFO-5 P-4k 12 h
(19. 8+3.2) nm BYZHAKURL[ 1E 1(F) J.
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Fig. 1 XRD patterns(A) and SEM images(B—F) of ZFO
(B) ZFO-1; (C) ZFO-2; (D) ZFO-3; (E) ZFO-4; (F) ZFO-5.

&2 MAX, MXene [ SEM B8 B F1 XRD FE & . MAX 2 IR BRIE S, i 7E LiF 5 HCl Zph S
MXene S BT XBE” ZAREEH) . KA, 5 MAX A EL, MXene AU ALJC R AUERIEIE (20=38. 8°) T4 %
EL(002) {5 T T X6 1 A e e it B Dk 35, 9. 7 BB Bh BARABE 7. 5°, IESE T ALZ B Bk Je 2.
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Fig.2 SEM images(A, B) and XRD patterns(C) of MAX and MXene
(A) MAX; (B) MXene.

WK 3(A) BN, £ MXene BOME 45 89 ZFM 52 3 ZFO 48 A MXene J2 0] (9T 25454 5 10 B ZFM i
BT ZFO F1 MXene (002) & 1 (Y RFAEAT ST [ &1 3(B) |, B ZFO Al MXene (I 5 45 . i — 20 FIHI XPS
X} ZFM TG R AR A S AT M [ 3(C) ], vT 0L, ZEM /7 4EC, O, Fe, Zn MITioCE . i,
Zn,, XPSiH 1044, 5711021, 4 eV AL PR 3(D) 1, 2050168 1 DU T AL A5 Zn* ) Zi,, A
Zn,, BUIE. Fe, i) A EPLIE IS RN Fe,, I Fe, H53[FEI3(E)], M5 709.7F1722. 2 eV Fixd LMY
Fe**, 710. 9 H1725. 0 eV FFXF 7 f /AL S Fe™, 714, 5F1728. 4 eV BT 7 8 DU A 5 ) Fe™* A K
718. 8 F1732. 8 eV Ab R FFEIE . iR G R HAREf sp T K DA Fe? Ml FeX f71E H. Fe* T8 d7 5 /N {4
P22 0, XPSHE[ K 3(F) ]H1 529. 8 F1531. 6 eV b AU 23 HIXE I T A% A (Zn—0, Fe—O0) M 28
JXEL ZEM Y G, XPS 1S (8] 3(G) TR Ti,, XPS i [ 1 3(H) ] FZRIE T MXene, Hpr, C—Ti, C=C,
C—C, C—O il C—F B K K A F 281.3, 284.1, 284.8, 286. 1 Fll 288.5 eV AL 5 453.7/460. 3,
455. 1/461.9, 457.5/463.2 il 459. 5/464. 6 eV 43 5l X} i F C—Ti—C, C—Ti—0, C—Ti—F il Ti—O0
T i 3(H) RTIL, Ti—O B Ik R (4 e T ARA /DN, S B BHAE S e 1 MXene A & AR BH 48 4E L TiO, &%

D
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Fig.3 SEM images of ZFM(A), XRD patterns(B) of ZFM, MXene and ZFO-3, XPS wide scan spectra(C)
and high-resolution XPS spectra of Zn,,(D), Fe,,(E), O,(F), C,(G) and Ti,,(H) of ZFM
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FEAER, Hom Sl vl 80 % 280 B = AR i e AR B 7, (145 ZFM i ZFO 4153 1 Wi & A T A8
b, AR B A B AT R B . 38 > i g e 1 335 11 [ 4(C) PR Ak 2= BRBTIE [ 4(D) 15047 ZFM o
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Fig.4 UV-Vis DRS(A), Tauc curves(B), photocurrent response curves(C) and EIS plot(D) of ZFO and ZFM
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I, HEPF ZFO-3 1 J il £ ZFM 3 J5URF X MXene s A T00AL . tEAN, BARIIHT S min BEE T 34>
IRE A, (H TR BEAT A0S W MB B[R] R R A 155 100 EL 2 OB AR R ik, IR, Je 22 e e as:
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54 B T(A)FIE 3(F) 2 A HL R T REALHE PS5 1T« ZFO-3 B45 5 R . S R0 () 2 i - HEA A
T8 PR A5 A 22 85 DL N 380 T R A8 5005 ZF0-3 Y Fe® 88 5 4 /RN 5, 11 /\ T Fe™ 18 4
FEMEAL SO B TEPEN . 5 (B) AR MXene FHHE ) ZFM-3 X MB (AL R AR LR . 24 MXene IR
1 3% M 10% iF, MB YRR 91, 1% #2855 5 95. 0%, Yl BCeRE BT 3 4RS48 il MXene FH
TSR G PEREREAG . 7= IR ZE Ay 32 2R K 2 MXene B (IR A6, 1 A 2578
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Fig. 5 Degradation curves of MB by MXene, ZFO and ZnFe,O,/MXene with different morphologies(A) and
Z¥M-3 with different MXene contents(B), degradation efficiency of MB by ZFM under different pH
values(C), H,0, dosages(D), ZFM dosages(E) and MB concentrations(F)

232 ZFM EEAEBERE A Rl ZEM o0 R G RE , XTREAR AR T . W 5 (C)
Fi7R, Bt pH A TH = MB [ REAR SR E RIS, 24 pHAE R 8 I R Rk B i R AE (96. 3%) , F2%E
JER & MXene FEBRPE 251 7 (L, A0 HCHE B8 4R T FLR IR -F 35 40, R B2 7 Ykt MB i
W B | AR UEEL S ZFO il W R A 5 DLAb, B S A AR AR A 3R COy) AR R, s T OB b
FE. SR, pH i 5253 i H,0, B9 20 , M 250 sy, Ho2 54k 5 1t n T S S 2 59,
SEZRO YEARALTE P FEAR 2. 1O, R AN, YEZFUs s Bk, 7= A RO, OH, ML, 24
H,O, i | mL3E N ZE 4 mLA, MB RIS [E5(D) |5 HH,0,33 85 i 5 0H B it Al A
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H HEHO,, OH 8 FES HESE WS MB (R, T3 MB FEFR AR IC LA H,0, 7R 272,

WESE)FI(F) R, BEE ZFM 5 MB R EERS /N, MB B R 5244 52 I Se s K5 Bk A8 et
B ZEM FH A MB R R B IS8 e A TE A 5 DL S MB RIS PR S Bk, BRI, i fessR
P s (S ZFM FH A MB VR KB, ZFM B 2 A R BB Jetk A 2%, 32 e fbaeoR. 4
ZFM FH 1 MB ¥R B2 43 514 20 mg F120 me/L A, 20 min P ZFM X MB B A 2 5 25 4 96. 9%, ELA L5
(R AR R L R AL T8 2 E R IE Y ZnFe,0, 3 GHEETRI (R 1).

Table 1 Comparison of photocatalytic efficiency of ZnFe,O,-based photocatalysts reported in previously studies

Catalyst Light source Degradation efficiency (%) Time/min Ref.
ZnFe,0,/g-C;N, Visible 96.3 180 [10]
Ni** doped ZnFe,0, Visible 96.2 120 [35]
Zn0/ZnFe,0,/TiO, Visible 96.3 150 [36]
Ce0,/ZnkFe,0, Visible 90.5 90 [37]
Ag-ZnFe,0,@graphene Visible 83.0 180 [38]
GO quantum dots decorated Zn0O-Znke,0, Visible 94.0 240 [39]
ZnFe,0,/BiVO,+H,0, Visible 98.8 60 [40]
ZnFe,0,/Sn0,+H,0, Solar 95.2 60 [41]
ZnFe,0,/rGO+H,0, Solar 87.0 70 [13]
ZnFe,0,/biochar+H,0, Visible 90.0 60 [42]
Znke,0,/MXene+H,0, Visible 96.9 20 Present work

233 ZFM A B 6(A)FI(B) 43 ZFM R MB B0E 8 FPE Fg v [l o s 18 . AT
W, ZEMESHE 25 , HOGHEARIGTEIFRFRAR, MB FEMEARORAFLE 97. 0% i s TEFR S IR, ARG
HEAL IS PEA FTREAIG , {HXT MB B AR AT57E 90. 0% LA |, R ZFM HA L5 i fe @ tese vk . st
ZFM Bt BAT B R S A E R 5 ey i mT DRk [ml i A1) 1

120
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Fig. 6 Cycling performance of ZFM for MB degradation(A) and magnetic separation test for ZFM(B)

2.4 ZFMF&fEMB RIHIRFF 5%

38 12 XPS FITE PR PRI R 52 56 43 I BEFE ZFO B 2548 LA K ZFM G Ab I A% b B ™ 2B B T R
YIRh RIS HO AR ALEE . i 7(A) FIER , ZFO f T B KAE VBM 4 1. 01 eV, AR X3t
BLZFO N By, R 111 eVEY. BT ZFO I E, A 1. 70 eV, Al HIF A LA B, -0, 59 eV.

Ey=® + VBM - 4.44 (2)

KR (His) . SENEE(IPA) . HEE(MeOH) FIXT AR (PBQ) 43 HI1E 4 '0,, "OH, h*HI"0; i3k
. G 7(B) s, 4 RMEAFINT AL A MB ZE 30 AS TR (3 i RE 7 . 30 4 F e Sk 3 19 2 PBQ,
MeOH 5 IPA R , MDA TE AR OH, W fI0;, Jirh, 058 F MR 'O, R/ . ZFM
B A MB I LI AN Scheme STCRAS SCREE B FR , ZEATWERR T, ZFO 77 AR F Rz [ (3) ],
Wi FIRT 29 T, T ZF0 S HL A 7T MXene 2K AES[ 0. 36~0. 54 eV (vs. NHE) ], S/ HL
TAERTS AR I 2 A & BRI RS 2 MXene 10 [ R.(4) ]9, x—i A S ER-ERK
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Fig.7 XPS valence band spectrum of ZFO(A), activity species capture experiments(B)

H REIEZE A RE AT X S IR B, E FLIRALTE B P9 L S — 2P AR UE T R g 9 A ] 43 35 [RlE, MXene
PR S FEL P S AR L TR T IR R, NS 2 E M A RN T ZFO N - SO R A
AT S SR EEALPERE . — T, B 5 O, SO A s Ak PERG 05 [ (5) 15 SB—Thr, etk
1Y Fe 5 H,0, KW % A48 B Fe 1 [ B A2 05 [ X (6) ], [l H,O0, AR AT i Fe> 5% 4k hy Fe' 3142 it OH
[2R(7) ). |2, MBTE'O;, "OH FI b VE I T REfR . i TAMR R A FmbEerss, Hibfedt 7 6) it
7, 8 EEAE AR ISR 05, 11 OH M2 (7) Wil HaE R

ZFO + hv —> ZFO(e /h*) (3)

ZFO0(e") + MXene —> MXene(e) + ZFO (4)
MXene(e) + 0, —> "0; (5)

Fe* + H,0, — Fe* + '0;+ H* (6)

Fe* + H,0, —> Fe* + 'OH + OH" (7)
"0,7°0H/h* + MB —> Degradation products (8)

%

w

A AR | BRI DA TE SRR A T ANRITE S ZnFe,0,, 138 52 2 1 i e R ks
H Y55 S M) Mxene #1782 G185 T — F51 ZnFe,0,/Mxene ; B 5 % 2 HRBOWIES . 4580 S SGHL 241k
J5T, DA G AR R L 85 (MB) 12803 8 vt il &5 7 2 MR R 21 TR 4K . Y ZnFe,0, 230
L S R K BT B K 22 T A . Mixene T 10% 15, #1145 1 ZnFe,0,/Mxene (ZFM ) ELAT G 5 i G A
fePERE. FEE DR MR H A ZnFe,0, 45 i 3 T & HIH P i Ferr 228 S 8 VEHAN &, AR ZH
FEAEA S A, 5 Mxene JE TSGR RO EMRIRLN , 48 T H AT ACE, ] 77255 S &R
. UM R MBYRJE | HLO, T EEFI pHAE 735128 20 mg, 20 mg/L, 4 mL AN 8, MB B AfR7E 5
min AT 35 90. 0% L)t 20 min N A% 2 96. 9%. 164N, ZFM EA 1G5 64 2F R e A ok vl [mlli
P, a3 5 5 MB IR A7 90. 0% VA L. SefiEfbad vy, WGP b, "OHF1°0;, Hr, -0l
FEAER . AR A UL K = Sk A PREEHE TR AR L

X 1z & W http:/www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20260061.
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