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Photocatalytic Degradation of Methylene Blue by Fe,0,@MAIl-Layered Double
Hydroxides (M=Zn, Co, Ni) Composite: Performance, Kinetics, and Mechanism
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Abstract: Based on low-cost, non-toxic, and strong light absorption ferric oxide (Fe,0,) and layered double hydrox-
ides (LDHs) with large specific surface and high stability, Fe,0,@MAI-LDHs (M=Zn, Co, Ni) composites were pre-
pared and used for photocatalytic degradation of methylene blue. The composition and structure of the composites
were characterized by X-ray powder diffraction (XRD), UV-Vis absorption spectroscopy, scanning electron microsco-
py (SEM), transmission electron microscopy (TEM), and N, adsorption-desorption test. The optimum conditions were
as follows: the amount of catalyst was 50 mg, the light intensity was 500 W, the pH value was 9, and the reaction
temperature was 40 °C. The degradation rate of methylene blue increased significantly from 23.2% of LDHs to
87.0% of Fe;0,@MAIl-LDHs. The degradation of methylene blue by LDHs mainly comes from -OH, while the photo-
degradation activity of Fe;0,@MAI-LDHs is mainly contributed by both -OH and holes. In addition, there were also
great differences in the electrochemical properties of LDHs and Fe,0,@MAI-LLDHs.
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el 45 BOGAR K o S AT i Bl 22 AR T o
15 Y W3 1 45 Fh R AR 0 AFREE , 3 B T BB TS YL,
Ykl or 1 HAE 28 HROE AL #4500, R 5 %
fife o AR, 3 H R YL b oAk B YR R
Yuleb g K®, AHSZBR AL # 5 FE b A i I AR 22 TR
UYL E AT UE o A5 7 BB AT R (IS 7 Pk e kL £
JE | {H SR AT v ok b B AN A 5 A g Ak B AT
DL 8k 22 B Ak 2 T A i (COD) AL PR 1 (SS) , (H &
AR RS, HAj— e B AL ik ]
B Jebeb s Yy %) £ B A 455 ) BRI B L b 2 AR
2535 AL BE T 2045 {8 30 e 4 R 1 f AR AR
fer, I ELTAIG 5 Al A2 25500 S SE PR m) A, ot
Gb AR R S 7R A R SE A R TR, B
PE RO M ORI B A& . Rk, ik
AR Y AT TC R KA N S B g Rk R K Y
Qb FEBT

JEAEAR SN T A B R A AR M R I A
FE(-OH) MR AR 2 (-0,) 55, HAE To vk B M b 41
e R K A BTSSP, v R K 1 Ak
B, FA e AR AR AR ToTs g B A
{7 BRL 8 DR A, LA TR A 1) Ah B R I K ) (B
FE R AR | ] 4 87 50 PRI IRz ] A
K FESGER AT UGS [ ARG B LB AL, X 2% fifk
R VRJE SRR 5 YR B LA BB L,

5 i 45 (heterojunction) Y64 AL 71 B4 %G A H 7 1T
FE T AH 9 5247 (CB) i 2ty (VB) [ A% 3, B AT 20
T B RCR f RALIE JFRE JT 5 R AR A, 3T AR R Bk
T3z G AR B 25 S SRR T AR S R 4
eI A R B B C B, JRR AR
A ALY, B K ¥ A1 (layered double hydroxides,
LDHs), i T HA 50 50 5 R R A stk
P& N R CE R WY ik ey et [ KAl NS
GF R EE LD Hs S 1E H o7 J2 A5 2 R B S T
AP AT LAY, Al O M M (OH),]
[(A™),,, - mH,O], Horf M** 2 — A & & FH B 7, M — %
R =M & JE P T A = I S A R PH S 5 A
S ICAL A L7 B B 7 AN LDHs 2544
MY ETEE T, 8 E MR 2 B 5 A% (Cr) 4 (Co)  B1
(Ni) H (Cu) VK (Ti) F4 (Ce) 55 42 JBIT R , A7 F] T2 4k
MR AR 8 BE , (1 F 76 AT DO RESR N 45 5
PR B CB, 7= A B -2 7O, B R T WL B A

FERE AR 4R, LDHs 78 R Y fb 5 E 92 1
FH T4 Bl HLTS G P 1 I i, G438 Y RS I R
WS B PRI BUSE M R YR, DL B IR IR
FeIAA A PPl A S A A BLTS YL (POPs)
o SR, LDHs A9 I 2R 0 7 1% i R B v il - 0
23 A R R T AR T, KRR oY
T M 4 R AL 1 B A ) S 0 LD s 200
FEA AR E, 1 Zhang %26 Bi,0,5 CoCr-
LDHs & &, 1T % FH B (19 YA AL B, [ 17 180
min J57 25 mg &G WX} 50 mg- L™ % P B Y B A 2R
FIK 95%™, Xia %G T #7245 1) Ce0,@ZnCr-
LDHs YA Ak 300 I F T 0H H I 1) A Ak e A
52 A G5 RS T 4 b 17 2 T o AN A A
BoBE BRA T A RIS U A I T A
P B A% 8, 07 JEL o g 5 7 82 5 1) 2Rl LD Hs 14 2.5

(~7.
Ho

VUL = K (Fe,0,) H T 2 AT B2 19 254 58 )32
(£90.2 eV) HABARBAS To#E OGIOoME: B i 55 10
R RS T 2 e 2 —, (R Al
(1) Fe, 0,30 F ELAT B 22 ) R M I BAR A Z5 f e e
PERFAR A AL TE 2, i 5 HAb e AL 2 &
JI S IO 485 K T S AR SR O R s A TR P
I, A1 F LDHs, & % T £ F Fe,0,@MAI-LDHs
(M=Zn.Co N)E &Y, T LA Z YL RE I H L i
O CHEAL R AR . R T AR o O R B
VB pHF R s 7 T B 45 R 3% ) 8 foge 2 B ) R )
FELEH TR sl T2 MR T 2= 00, LA, DARE
fiff oL FE P PR R0 TR LA B R Ak A R S A L
BHAVYHT T A HE LDHs 1Y G A HILBE Y 22 5

1 SCIGER4y

1.1 #RE 6 &
1.1.1 - 45K Fe, 0, )AL

# 10.8 g FeCl,- 6H,0(40 mmol , 98%) 1 36.5 g it
Fi% 4 (120 mmol, TCI, 95%) ¥ fift 76 £ 7 80 mL 4%
60 mL Z&1 7K A1 140 mL CBERIR AT . KT
RINNIE 70 CHARFF4 ho TV SERUG , 70T
i 2F 0 HH 30 mL Z8 18 7KCH S A TR B L5 19 A L
SRRV 3 U, N F i i OB 28 &, TE U IR [ 40
KXPHMIRERTC A Y . FEZEIR T 4% 0.8 g Bk iRk
Be &P A10.27 g IR (90%) % it 7E 9.87 g Y 1-+ /\ W
(90%) o ¥ S BEIRAHILA 2 °C - min™ BYPE G A0
PF) 310 CIEAREE 30 min J7 , 1AW H el 1935
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ARAFTSVR I H R A7 A RIS Fe,0, B . HHY
MEFRIG A 425 g IFECHEM 10 g 5F N EELITT
TE Fe,0,. ), LA 8 000 remin™ Y% i 8 & 5.0 0k
U 3R (VR R 30 mL A ARFR R 7K Al 2 BEIR B )
RENYK Fe 0,
1.1.2 MAI-LDHs(M=ZnCo .Ni)iJ&

N, %47 F , % 0.15 mol Co(NO,),-6H,0 #i1 0.05
mol AI(NO,),-9H,0 ¥ T 100 mL 2= B 17K o it i 1%
W Ao #40.36 mol NaOH ¥ T 100 mL % & F/K HjE
BUAW B, 28T L 76300 remin™ (945 5 B T
VS A RN B RIS T 5 50 mL 25 8 POk =0
B b, 5 W pH ol 8.5~9.0, FT 1% 3K M TE
65 C T ilfk 24 h, MG & .0 LB FREFRE T
V£, B RE S TE 80 CTF 28 T 12 h, T S RE 5
CoAl-NO, - LDHs, itt & CoAl-LDHs, ¥ Co(NO,),-
6H,0 £ #t i Ni(NO,),- 6H,0 F1 Zn(NO,),-6H,0, 1] 43
455 NiAl-LDHs #1 ZnAl-LDHs.,
1.1.3  Fe,0,@MAI-LDHs(M=Zn . Co .Ni)iJ& ik

0.5 g Fe,0,F1 3 mmol Co(NO,),-6H,0 .1 mmol
AI(NO,),-6H,0 .4 mmol NH,F. 10 mmol JR Z ¥& T 20
mL 2B Tk B 15 min J5H0HE 30 min i 5 A4
ROEIA) . W LIRS 2 R & (e
N, HEH 28 2375, 76 100 CHIMERE TP R W 12 he |2
MZSF G RN S, ARRH E =R W LARE
T 100 mIL 2% B 17K A1 100 mL JC7K 2, 545 55 0 |
VEW 3K, 450 CEHZ T 12 h 5158 &4 ™)
Fe,0,@CoAl - LDHs, # Co(NO,),-6H,0 # # 1
Ni(NO,),-6H,0 il Zn(NO,),-6H,0, ] 154 Fe,0,@NiAl -
LDHs Fil Fe,0,@ZnAl-LDHs.,
1.2 #RIERIE

FHIX" Pert PRO &Y X S M AR AT HHY (XRD) 43
HTRE St 08 S A, TR 45 14 : Cu Ka 53499 (A=0.154 nm),
40 kV, I 20 mA, A F 10°~80°). fifi
FAH H, T B 1HUE (SEM, Gemini 500, 7 [ Zeiss 23 7
TAEHL A 20 k)X A5 5 TR S E T 3 b . R
FH Tecnai G2 F30 3% 5§ B T 355 (TEM) XA 2544
FRSF 43 A S EA T 9 Ohn s F R 300 k V). SR
Shimadzu-2600 %4 48 7 1] UL1E 5 (UV-Vis DRS)Gii
A3 BT 1A X6 S B W 1 B L LA BaSO, N 35 5%, 7F
200~800 nm & B N AT o K Micromeritics 2%
F] Y Tristar [ 3020 #94> [ 3l Lk % 1 5 FL R 73 B4
N5 i A b T R R AL AR A, Bl 2 T RRUR
Brunauer-Emmett-Teller(BET) /5 ¥ 4347, fL42 4341 J&

FLARFH R A Brunauer- Joyner-Hallenda(BJH) 75 7% 43
M. I Zahner PP211(Germany) Ak 2% T A% 355
B it 1) Mott-Sckottky [ £ Fl LAk 2 BHATL I, BT A5
IAEARE = AR R G P kAT, Fr, 2L 0.5 mol -
LB TR 0 5 Y PR A VL, HRLRTH R LA (SCE) iy 2
Ll R, 0 22 SR 0l A Tk B AR LA A 48 (ITO) B 5
RS A T AR . TAER MR AT
FRELS mg B3 AKE S 43 HUAE 2 mL 2 WS i, #E75
30 min JE BRI AT B TR IR, SR J5 R FL N E 1TO 3% 5
(1 emx2 em) b FF7E 80 CHYMEAR T4 1 ho
1.3 SefEr PR REIE

P RE )55 B ] 3 (200~600 W) FEATUET A ol TR
LA WG CR B L PR FE A S OG I AR 400~800
nm , YU 2 [ N R 2R 25 em)o TE— IR (10~
50 C)F1 pH{E.(3~11)F , [1] 100 mL 7% 4 20~60 mg-
L0 R 56 9 T 1) MU A 8 S o A PR A —
(10~50 mg)fiE A o A1 5 07 I, K 52 o iR A 3kt
A T HEREZ B 60 min (BEHEH % H7 300 r-min™),
LASA A kAT S FE 56 1 1 52 o — 5t P Ay . B s o
JE AT, 78 RS0 BN #E 1 0 £ 2R AT i 1k 5
Ko RIFFURIG , BB — 2 i [ HURE 2 mL, 28 0.22
o B I8 B S 1 P 58 A0 AT D 43 St B 1
TR AE 446 nm Kb I B, 2848 55 ] A5HAH L sf 220 1)
WP c(mg- L) ARIEA K 12 R=(cy—c)/e,x100% T35
P R W A R 32 (R) , Frb ey (mg - L) A2 7 FH R 1 11
ARV

2 #R5iTE

2.1 ##EYXRD #1UV-Vis RAE

& 1A J& Fe,0, Fll MAL-LDHs(M=Zn . Co. Ni) 1Y
XRD .t E W5, Fe,0, B A B R 149(220) . (311),
(400) ., (511) F1 (440) & 11 777 54 W , 5 #5 ffE K A (PDF
No.16-0629)5¢ 4> — (", 3 fft MAI-LDHs 0 & 7 4t
A1 LDHs #1 B[ ) (003). (006). (009/012). (015).
(018) (110) F1 (113) 45 & T 47 iE 0 . S, Fe,0,@
MAI-LDHs ) XRD & (K 1B) %M, & & )5 3 Fhkt el rh
AL T /KM A 1) BLRR R I, RIS BT
Fe,0, (U4FAE I , 1 Fe,0,@MAL-LDHs & &4 K
WA . BT A B RR  Fe,0, 3 43 % Ak R
Fe,0,, A It Fe,0,@ZnAl-LDHs 1 i 81 7 — 2648 %
Fe,0, f 2414

K JH UV-Vis DRS 3% KB 58 T Ak 50 0 56 2 i
PERE T BRE5H , 25 5L 51 T 8] 1C. 3 F MAI-LDHs
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£ 200~800 nm 15 [l N 2454 Wi, JEH & CoAl-LDHs
FINiAL-LDHs, H:43 51 78 2 530 F124 660 nm 4b 74 44
SR 1) T DL W R AR T R Y R, Fe,0,@MAL-
LDHs #1130 T 5 MAI-LDHs AHARL (4 T UL 6% i 0 |
JIf HL95 B W i, Ui Fe,0, FIl MAL-LDHs (52 4 A 5L
T T AR AT W PERE . R Ay vs (ahw) 2R
(141 DT) £ 5 R A A il 174 7B T 5 A o 0 B A B
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XRD patterns (A, B), UV-Vis DRS spectra (C), and plots of hv vs (ahv)* (D, E) of the samples
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2.2 ¥ ##9 SEM #1 TEM R 1E

[§] 2A~2F J& MAl-LDHs Fl Fe,0,@MAl-LDHs ¥
SEM &, MR LLE H, MAI-LDHs 19 F A )7 &
TE—, S W] i IR B854 (] 2A~2C) . % T3
il Fe,0,@MAL-LDHs 4 ¥}, i T Fe,0, 441K ki i &2
A, MAI-LDHs J2 R HE 2 (9 85 #9159 21 58 4 i O 45 HL
H 43 B8R K AN FI 9 0K (K] 2B~2D), M

500 nm

500 nm %

Fe,0,@ZnAl-LDHs (1) JG % Bl 5 1] i1 2 39 (51 25 51 (&
2G M4 S1, Supporting information) H 1] L4 5 B o &
F, Fe 0. Zn Fl ALY 5] 43 A 76 T 2 DX, [ B, 4
JCE W& i 5 U A 25 SR BEAR — B, X i — 2P UE S
T A ELN Fe,0,@ZnAl-LDHs .

Bl 3 & CoAl - LDHs, Fe,0, 44 >k %Ki ¥ f1
Fe,0,@CoAl-LDHs ) TEM &, CoAl-LDHs 5 88 i A

(A) ZnAI-LDHs, (B) CoAl-LDHs, (C) NiAl-LDHs, (D) Fe,0,@ZnAl-LDHs, (E) Fe,0,@CoAl-LDHs, (F) Fe,0,@NiAl-LDHs, and (G) Fe,0,@ZnAl-LDHs

P2 B SEM PR AT T 3 Mgt ]
Fig.2 SEM images and element mappings of the samples

3 CoAl-LDHs (A) .Fe,0,44K%. T (B) .Fe,0,@CoAl-LDHs (C~E)f) TEM [&; Fe,0,@CoAl-LDHs ) EDX 3% & (F)
Fig.3 TEM images for CoAl-LDHs (A), Fe,O, nanoparticles (B), and Fe,0,@CoAl-LDHs (C-E);

EDX spectrum of Fe,0,@CoAl-LDHs (F)
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FU B R AR S5 48, ROSEFE 50~150 nm([E] 3A). & AR
() Fe,0, 25 F R AL , ]SF 24 14 nm(&] 3B). AN TR 43
B % (1) Fe,0,@CoAl-LDHs ) TEM & 7] L\ A %] (&
3C~3E), 7£ LDHs 49K R 1437 45 K ) R (ke
G54 BB (B X R (EDX)3% 1 047 7] 61 (151 3F),
& IR RHE Fe,0,5 CoAl-LDHs 9E &4 .
2.3 FHFHAY N, IR B — R B

PRI ST it 1IN PR o6 — I B 25 2 M AL AR 40 AT
f12k . ZnAl-LDHs . NiAl-LDHs il CoAl-LDHs W
I — I8 R 25 M e 1) EL AT — A B 1 H3 B [l B, mT LA
& T 1T R0 B 25 R 2K (p/p,<0.4) , K AL FI Hh A
I FLBIAFAER S FE T 25 1 plp, b VA T R IO 1 Wi
B, WA B RFL(EI STA \S1C SIE), iR 3Fh
OB L 2 T R 43 5 51,56 Fil 62 mPeg
Fe,0,@ZnAl-LDHs Fe,0,@NiAl-LDHs fllFe,0,@CoAl-
LDHs [ il £& 0 J&g T IV 25 1% B 45 5 2k (1] S1B. S1D
SIF), [AlFEHA H3 A ] 25, AR5 TUPAC (143 28 1]

FETm A FLARFR S AL AR o A 45 T AE AR I B 22
5, Horp Fe,0,@CoAl-LDHs R 8L H T e KRG LL 10
105 m*- g™ Fe /DI FLAARFR(0.435 em’- o) Fil i 7
1 FLAE 43 A1 (e KALAR L T 4.6.10.0 1 54.0 nm 4b),
Fe,0,@NiAl-LDHs (Y [t 2% M ALK Z (96 m*-¢™), 1M
Fe,0,@ZnAl-LDHs 5/M89 m*-g™).
24 NPEBTEREBREANMEREFEISE
241 AS[MEAR AY 5

FESCAMEA Z T, FRATTEAT T MG S5 F T i i B
SEHy ., ZE R WS , MAL-LDHs il Fe,0,@MAI-
LDHs XJ SV HH 5 i 14 4 fiff 36 i = AR 10.74% , B
AR 1 W B R AR . S S S
T A 25 R B & HEAT T 60 min I I B S (4 5K
I (R FIBR T B EE) o ] 4A 2 T AT B A OB AL R
fiff 7 H 6 SO i 4, N AT AU, 34 MAL-
LDHs A1 RFRFE A3 22 R 50 mg- L7 )37 F KL 15 AY %
i R A 2% 78 S 180 min Ji 308 5] - £ 5 i) e E
{154 38.4~41.5 mg- L7 (F&ME RN 17.1%~23.2%),
4fi Fe, 0, %5 W7 H I i 1) [ A% 2% A T MAL-LDHs , {2
WAL K 37.8%(F- M i 1 W AT A 311 mg- L") 1M
Fe,0,@MAI-LDHs 7[Rl FE 25148, X 37 B 56 5 19
RACRA KR AR R, SV 180 min ik B # i}, 37 H
W 0 Mk B AR R 6.4~17.5 mg LK RN
65.1%~87.0%) , AP RE B Fe,0,@CoAl-LDHs>
Fe,0,@NiAl-LDHs>Fe,0,@ZnAl-LDHs WY . E15

TR, 3% 5 AR AR 8 B2 R bE 3 T R R /MY
S RAR WA, BB S AR TE B R K R
TR oK AR R B AR R, FRATTE
CoAl-LDHs Fl Fe,0,@CoAl-LDHs 1 Ay #5550 fi £k, 31 14
EIEE L0 AL oI PAE 20
2.4.2 7 ERE A L vk B A R

&l 4B J& CoAl-LDHs £l Fe,0,@CoAl-LDHs Jt:f#
A 8 i TS BE VR J3E R 20~60 mg - 17 1 FPY L 1 fi4 B2 i 56
X . 45 KB, CoAl-LDHs X 7 F 5L 5 1 [ fif
R ARBEAR, LR A R0 TR B 3 R, R SR R
TR, BB 605% T KR 10.4%. i
Fe,0,@CoAl-LDHs X 3. F 3 5 1) W A R A0 AN [R) v &
T AR TR E /N T 50 mg- L7 IR [ 0 I JRE A
/N ABATER T 86%. 1M M FE R 60 mg - L7 B, [ fiff %
TR R R, N 68.2%, HIL, J5 2k 525 3k H 50
mg - L FH i e v R B 3L
2.4.3 AL & G RRER | pH (ECFT RN IR 11

Al

FATTHFE M CoAl-LDHs Fl Fe,0,@CoAl-LDHs J:
TR R i 7 FR L W PR R O IR 2R an i AR R i
R B | pH A R RN B S5 AT T 30, 45 191 F
Kl 4C~4F, el LUFE Y, e A Ak 50 4t 4 20~60
mg . Y A58 SN 200~600 W . pH=3~11, 5 i Ji N
10~50 CHY 514 F , CoAl-LDHs Yt P IV HY 56w 1
Rt 4 7E 10%~26% 35 il N, 1117 Fe,0,@CoAl-LDHs 1
Ko A 2R AE 50%~89% i Bl P, BB e K. w1
AR R 25 1 S 5 e 2 SR R S A A I A I H R
1M BE o It Ab , B SR CoAl-LDHs Fil Fe,0,@CoAl -
LD Hs X M7 H 35 1 1 [ i 38 251 I 4 451 52 i) R 25 40
SR pNTE L= (SR RD N R R S Tt At v i)
1 50 mg G R 8 R ok 500 W pH>9 |z b i K
F 40 CH, B AR 10 4 = 5CR B Bk i, 4
A3 I 1 50 mg 3 K E] 60 mg, S0 it B2 M 40 C
AEALF 50 °C, AR 87.0% 43 5 42 =5 5] 88.4% FlI
88.1% W& £ 4/ UL, BB LR G 80% , FATTIA
hy fe B N A5 A R A AR R 1 50 m ' R
500 W . pH=9, 5 Ji7 i & 40 °C , It i [ i o i 4
(87.0%).
244 SCREREIS RS 125 0 b

R T RGEAS A PR T 2 Pl A Ak R A 2 5 i 7
(RN B A A B IEAT T AR 19 8l 2% 5 BT
BT SCERIRIE , SRR Bl 2 TR YT R AR BB
yi %*ﬁﬂ(extended lumped kinetic model, ELKM)%
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BHE—G s 1 LA, TR 0 O R In(c/c,)==kt (2)
LINE Horp ko — N 1 3l ) 2 W 8 2 (min™) 5
— A} N - )
e, — B 1 S IE 0[5  50 e, b A B FE(T)
60 120
L (A) —=&—7nAl-LDHs | (B) CoAl-LDHs
—o— CoAl-LDHs Fe,0,@CoAl-LDHs
50 —A— NiAl-LDHs 100 |-
—v—Fe,0, 87.0
40 - 80
= 38.4-41.5 mg-L!
o R
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