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Abstract

In recent years, electrocatalytic water decomposition has been regarded as a promising method to
generate clean energy and has attracted wide attention. In this paper, Mo,Mn-NiFe,0./NF catalyst
was prepared by a one-step hydrothermal method. Nickel foam as a fluid collector on the one hand
reduced the agglomeration of Mo,Mn-NiFe;04, which was conducive to improving the charge transfer
rate and stability. More importantly, the hybridization between Ni 3d and O 2p orbitals induced by
Mn doping is conducive to the formation of *O0H, and at the same time, more oxygen vacancies are
generated to reduce the adsorption energy of water molecules in oxygen evolution, promoting the
oxygen evolution reaction in 1 M KOH solution, and the addition of Mo atoms can make the raw ma-
terial have a rich heterogeneous interface. Compared with the original Mn-NiFe;0, material, it showed
better electrolytic activity. The Mo,Mn-NiFe,04/NF catalysts prepared in 1 M KOH electrolyte require
only 133, 187 and 209 mV low overpotential to obtain water decomposition at 10, 50 and 100 mA
cm-2 current densities. This work provides a simple molybdenum and manganese co-doping strate-
gy to simultaneously design oxygen vacancies and electronic structures to cooperatively trigger
oxygen evolution reactions.
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AR (H)EA—F S RE =2 AN TR A, BE R RA G5 0K, ol
Re A A HESS 1) — PR AR I RE A1), o rEA /K &R H AT ACRIEM =7 :[2]. Hitth T
B R BT S AR, R AR IR AN I 4 (B R & L BRE)EM . B E IR
RS R G w3 A A T P RO CE B VA R RS T 2 AT OER [3] [4] [5] [6] [7]. Fer, %74k
AR (NIFeO) R Hft = F 5w . MBS AL, AR R RHTT 52 272 7T .

TR, AT A AT M AR KRR BE A2 2035 1k R 0 2 B (5o o S PTG P A 1) 2 R ik
RLPERESE E A ROTE8]. FEE R TR, KM AR TR T YRR F IR, ixie
GPRRLF N T R R, HBA A, DL NiFe,O4 i, a0 EAR, BeE—
ML SR K NiFe,O, 7E OER i FE R R4, dhitufaete—M, FIRZR—M, 5 Hrsemmiesimea —
SE 72 PR [9] [10]o — AN, Wit i 4R oK S5 mT DA vl 14 mhoO O B E AN AL vE 12 [11] [12] [R)E
WS RE 52 Mn. Co. Ca %) TR 7450, AR FHDER, (23E-OH MR, 3555
Ry, LR ESR S AL PERE[13] [14] [15] [16]. HR¥EZ ATHIHRY, A ZSMI7E OER HBATE A ] ZALH
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it OER /KA FHIWLIIfiE. Ik, #5524 NiFe,O, 0 HL T hil Al E S 25 A U [ o & M S8R B2, 76 10
mA-cm™ i SZHL 133 mV KL AL AT 44.6 mV-dec™ (/NS F/RBLR, FIR RF R mEfaE . R,
BT Mn-NiFe, O, B 22 HA RIS A m R ImAR, o7 LEHB 4], i Ni s 1IE - (07 BT
RERIAL, JEEHB 23] Mn-NiFe,04 B, AT DARZ K H I s (1 Ak 771 12 E

2. SCIGERSY
2.1, EERKF

BRI, L XA IRAR), SRRSO,  LEE R A
HIRAF), FToRKZMEGHAL, LR TR RA ), WA, IR AR A IR 2
), REGHA, LT R ARAE IR ).

2.2. Mo,Mn-NiFe,O,/NF B & &

AR EFR ] — Bk #9543 5] Mo,Mn-NiFe,04/NF, HAKUITFis, K ENF)YIK 1 cm x 3 cm,
£ 3 mol/L HCI i il A5 Ab 38 30 3 b 2RI AAL =, ARG FHTNIR . SBEF1 S A BEDR % 10 408, I
JE R LB ) NF RN 60°CHEAR 4 12 /N, 193 AL PRI NF. B854 0.198 g FeCly-4H,0 58 424 fif
£ 20 mL ZE B 1 /KA 4 mL Jo/K SEEERT, AR)E ) BRI N 0.056 g sk #% A 0.27 g JRE&E . HA
15 min J&, KA RS AL NF [f) 50 mL R VUS 20 m R O s, 78 120°C N A7 8 ho b
WHRANEEIRG, BREWERE, HKMEREREERIKMA, 7£60CHTMMT T 12h, 15
Fl] NiFe,04/NF. Mn-NiFe,04/NF 14 i 5 NiFe,04/NF & AL, s 0.251 g Mn(NOs),-4H,0 B H],
B Ja BT 5 B9 Mn-NiFe,0./NF 32 A\ & 0.1 M MoCls () Z. B AW — Bt a], =T .

2.3. GHEHHRRIE

FI X 5260 R AT5H(PXRD, BRUKER AXS D8 Advance, Cu Ka)7E 20 3§t il 4 (5°~90°) AT 4314, 133
N 5 deg./min. 7E3% K S T BB (FESEM, ZEISS Gemini SEM 300)F13% &t H 7 & 45 (TEM,
JEOL JEM-2100) I M %¢J% 50 . 78 Thermo Scientific K-alpha+1) X 52k 6 o 7 Ag A (XPS) Ll E T X 544k
P (Mg Ka)7E ho = 1486.6 eV LI X SR AERE (XPS).

2.4, BLFERAE

P B 2= AR A R = il RS, fEEIR T, EH B TAEL(CHI 660E)7E 1 M KOH H
FR BLEATIR . #F AQ/AQCT (TEAN KC)PE RS LL IR, Bl At i, 451 1%1 ecm NF ZEsAoy T
VEWME . FAZRIMER R iRl AL I 2R, %% e 5.0 mV s e XFF OER SKiit, AT iHBR Ni
B A A 1 LS B R AL PR RE R R, IR 5 mV s R A LSV i 2ok AT e
MR o BT A WIREEE A L AMMER IE, 44 A8 2 m il S AR (RHE) » 7EAH A (1) = FELA A1 1 M KOH
HAL AR HEAT FEAL 22 BHATLIE (E1S), #RTEHN 0.01~10° Hz, #RIEN 10 mV. FIH CV iH-HAS F %
(20~60 mV s Y) T (AL - £ HAL(ECSA). JHid 100 mV s T IIEEFR AT ZE . 2 B fr iR, fEH
AT () R 2 B — I (] g 2 R R 2 R R E AL — B T 2R S e b 2 IR, B T HoAae .

3. &R 51He
3.1. M RYIERIE
K — K%, R (NF) LR A K 7 48 Mo, Mn #5244 NiFe,0, 99K Fr. Bk, NFAH
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Figure 1. XRD pattern of NiFe;O4. Mn-NiFe,O4. Mo,Mn-NiFe,O4
1. NiFe,04. Mn-NiFe,04. Mo,Mn-NiFe,0, BJ XRD

Relative intensity (a.u.)

il % AL TR BLR R x SR AT S (XRD) Bl & 1 fros, Br A ATt iEs 5y NiFe,04 Mn-
NiFe,04, Mo,Mn-NiFe,0,. &K, Mo,Mn-NiFe,O, I 5% A HiIL Mo #HC s AH AT 4T 0%, FrLAmTag
J& T34l Mo 544,

F XPS it — 4347 1 il % 1] Mo,Mn-NiFe,O, (R AL Z A AL 725 . AL 2(a) ) XPS &3 & wT
LB H, Mo. Mn. Ni. Fe f1 O HL47F Frifil % 1Y) Mo,Mn-NiFe, O, . & 2(b)~(f):Z7~ T Mo 3d. Mn 2p.
Ni2p. Fe2p. O2p HEMESHERIEHE. Mo 3d Jeilk hfFE =MIAIE, 7T 231.34 eV F1 232 eV [(JlE
A LUE T Mo 3dy, IS RURHIENE . £7 T 234.83 eV [1IE 9 Mo 3ds), I SLRURFIENE, 1X KB Mo (IV)BA =%
B BRI Mn 2p 6l 7E7E 637.5. 640.3. 642.5. 647.3. 644.1 11 651.2 eV AL/ NN, Hirb 640.3/647.3
eV AR T Mn®, T 637.5. 644.1. 6425, 651.2 eV AbRJUEXI N T P EIE, Mo 5445, Mn 2py,
AT Mn 2py, I G RERBU R R K. & 2(d)E7 T Ni 2p BIE 2206, Hd Mo,Mn-NiFe,0,
_E 1 Ni#*2pai A Ni**2py AT N ) 854.9/872.9 eV Ab U5 Mn-NiFe,0, - HIEMIELIERS, HH%, 7F Fe2p
X (Kl 2(e)), Fe 2Ps, Fil Fe 2Py, £ Mo,Mn-NiFe,0, L[] 708.9/721.5 eV 4bffjléAHsTF Mn-NiFe,O, L[]
709.5/722.1 eV fifs. [ 2(f)E7~ T Mn-NiFe, 0, 7F 530.7 (&)@ - &8, VO-M), 5315 (A=, VOV)H
532.3 (F MW 1) H,0, Va IR F) eV b =4 Ols %, ‘B4 17E Mo,Mn-NiFe,0, 2L # SR &5 & Be (4
79 530.0, 531.2 M1532.2eV). SiGReNIAA IR T4H, MBI T8, B AR TR B BRI S,

Mo*"3d,), Mo 3d Mn 2p
| ®) 1@©
& K - . Mn-NiFe,0,
7] ] ;
k= E =
B Mo,Mn-NiFe,0,
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Figure 2. (a) XPS scanning image of Mo, Mn-NiFe,O,. (b)~(f) XPS high-resolution spectra of Mo 3d, Mn 2p, Ni 2p, Fe
2p and O 2p in Mo, Mn-NiFe,0,

2. (3) Mo,Mn-NiFe,0, B XPS 34 E 1% ; (b)~(f) Mo,Mn-NiFe,0, # Mo 3d. Mn 2p. Ni 2p. Fe 2p 1 O 2p Y XPS
B SE

3.2. Mo,Mn-NiFe,O, L 5T B2 SR F=AE

Figure 3. SEM images of (a)~(c) Mo,Mn-NiFe,O,; (d)~(i) Elemental energy spectrum
analysis images of Mo,Mn-NiFe,0,
3. (a)~(c) Mo,Mn-NiFe,0, i SEM El1% ; (d)~(i) Mo,Mn-NiFe,O, BT Z RG>t E%

K — kg, ERRENF) BRI AE K T —4E Mo, Mn 4524 NiFe,0, 90K Fr . 1nl& 3(d)~(i),
T Hi%E Mov Mn. Ni. Fe f1 O JGRTERI&FE M 046, MH TEM #4708 041, LA Mo. Mn.
Ni. Fe A1 O JLEAE Mo,Mn-NiFe,0, 75 0o g K 28 T 13 51 40 A
3.3. Mo,Mn-NiFe,O, B9 OER {& 4k Mg

B2, BATE 1.0 M KOH HLfEW R A SR I = R R, AEFER AN S mV s T 44F Rt T

Mo,Mn-NiFe,O, AL OER AL M. A T I K FH AR & 10 72 26 1 HL 2 H AU AL PR RE RO R, )
FHAR A I A4 LSV # 2 RPN Hym . 8 4(a) 877 T Mo,Mn-NiFe,0, OER #4551t LSV fhizk, 7F
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KU R M AL (GSA) (1*1 cm?) X3 46 B M i i 25 B9 — 14k . 7E 100 mA cm 2 IR E T,
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I NF.
300 - e * NF 3
—NF j=10mA cm . )
@) [ (b) =5 <oor o © gosf Moo
= Mn-NiFe O = Bli=100mA en® 43 = s Mn-NFeO,
; 200 \pan \’_lr‘ ° — 400 = » MoMoNiFeO, 3
g Ven-re, = = > ‘W
= = 0.2 R
Z 2300 E o
gll]l] é ? \el'
2200 Z0.1 v deg,
- o U.14 @Hom
0 1 o M
—— 100 - - .
11 12 13 14 15 16 17 e e 0 o 00 0.0 0.5 L0 LS
E /(V vs RHE) PRUS S A log/mA /cm?)
L= ——NF 300 ——Initial
G FS VT (€) 15 e | | e
—~ ¥ MoMnNiFe O, .7 ™ Mo Mu-NiFe O L 23l
=0 8] 0, (& ~ £200{ 2
§ 0.8 c Q\/\ E 104 L ﬁ:ﬁ at 1004 cui*
0.6 © - 322
g g g ol7is
= - =100
= 0.4 :N 51 = I T
h E/(V vs RHE)
021 )
04 T 2 343 04
0.0 L/ Lohm) y y T T r T
20 30 40 50 60 0 5 10 15 20 25 30 35 40 1.1 1.2 1.3 14 1.5 1.6 17
Scan rate (mV/s) Z'/ (ohm) E /(V vs RHE)

Figure 4. (a) LSV curve of Mo,Mn-NiFe,0, catalyst; (b) Overpotential of sample at 10, 50, and 100 mA cm 2 current
densities; (c) Corresponding Tafel diagram; (d) The C4 was obtained by plotting the changes in current density; (e) Ny-
quist diagram of various catalysts at 280 mV overpotential; (f) LSV curves and long-term durability tests of Mo,Mn-
NiFe,O, before and after 1000 CV cycle of various catalysts under mV overpotential

B 4. (a) Mo,Mn-NiFe,0, #E4L K LSV #i%%; (b) #EM7E 10, 50 &1 100 mA ecm ™ ELRZE T AT B ALE; (o) 48
StRIAY Tafel B; (d) B AHIEBRAZEERESBE Ca; () 280 mV T BAL FEFEWXFINZZEMFE; () 1000
CV fBIREIE Mo,Mn-NiFe,0, B LSV #HZk & < #A A 141X 38

300
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1001
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Figure 5. OER electrochemical properties of Mo,Mn-NiFe,O,4 at 0.5 h, 1 h,
1.5 h and 2 h respectively

5. Mo,Mn-NiFe,0, ©33IZE 0.5h. 1h, 1.5h, 2h T#Y OER E{kFHEE

TEANTE] Mo 2% 5] R, Mo,Mn-NiFe,04 1 h R I H 51 OER H{L22MERE(E] 5), #ifH 1 h /& Mo
2<% Mo,Mn-NiFe,O, M LR ). 75 Bt — P RIERZE, Mo,Mn-NiFe,0, HIid AN 133 mV Higg
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FAA4 10 mA em T (B EE BE, Tt A AL S 402, 253 A1 194 mV ) NF. NiFe,O,4 fll Mn-NiFe,0,.
XELEAEFAE 104 50 A1 100 mA em 2 HJ A FE R (3 AL U P 4(0) T, U PR TRAR B ANIE 24 1 Mo 5 44
WSk E RS T OER WM. XM T Mo Ju&EMTIN, FERZ AL A Z (8] 7242 1 s 2L RS & RN,
AR TR L5 M0 [20]. WE 4(c), fEARABHRATEET, BHIERAIRMAN, W 446 mVdec™.

N B R e AR PR AR E, FRATTN Mo,Mn-NiFe,O, H W HE4T T B Ak 22 B (E1S) Rl HE AL 223 1
THiAPUIE 7 o 57 B A AR IR AR 2292 (CV) IR 1 AL 0 A0 EL 2 L 2% L i P 4(d), MR T NF (2.3 mF em ™).
NiFe,04 (4.51 mF cm?), Mn-NiFe,0, (6.43 mF cm 2)#1 Mo,Mn-NiFe,0, (16.52 mF cm ), Mo,Mn-NiFe,0,
JRE IR B RO L2 FL25(16.52 mF cm™2), X R BT 'S LA A K B AL 2 R T A

N BB AL AR IS 1, fERL AL 280 mV R EEAT T AC T BHBL(EIS) R . HLAT RS
HLBH (Ret) 55 Fo ARV HL A A 77 7 T ) AL B 027 0% . — MR UG, Ret fEBR/DN, HETREAREERER . dnf&]
4(e), Nyquist BIZE#, Mo,Mn-NiFe,0, (0.5 Q) Hfmr % 7% HiFH (Ret)iz /N T- NF (18 Q). NiFe,0,4 (1.75 Q)
F1 Mn-NiFe,0, (1.25 Q), KU ZESMELAAE S H TR,

OB 23] Mn-NiFe,0, B, W LI K H 8 SR AL 7 B . JRIRA . Mn-NiFe,O, B4 B RIFMH S
HPE R R A, XA DAL 42350, A Ni do0a IE s (07 i AR B4k, i R F W 7E
HEAL TR A TG Ve . IRAh, (R FA 2 SN IR SRS 3800 A 22 20y S ThI AL 1 it F 1 AH ELAE T .

UbAh, HAL AT APE R VA AL RIPERE I — AN B ZEAR AR . Q] A(F) s, it 1000 IRAE ARG,
% Mo,Mn-NiFe,0, 1] LSV HIZk 5¥]46 1 LSV M4k JU-FAHR, 6 B9 L A PR % 4F, IXHESE T
Mo,Mn-NiFe, O, ff A FHIZERE P B fif o7 o6t OER BAT o i A

4. 75

RICRH— SR GE, TERERE(NF) R A K T =48 Mo, Mn #£4% NiFe,O, 49K 1. Mo,Mn-
NiFe,O, # I Hi4 5 1) OER LA, 7£ 10 mA-cm™, 50 mA-cm™, 100 mA-cm™ i B4 133 mV, 187 mV,
209 mV BT FEAT . A E IS 3E R BRI, N 44.6 mV-dec™, S5 RTIRIAAT R NiFe,O, (89.4mV-dec™)
A1 Mn-NiFe,0, (55.9 mV-dec )#i Lk, EAEIFHINTE RN 112 . Mo,Mn-NiFe,0, 1t 5 ] OER 7] I3
HFLLFIRRA: (1) BEAKAGCKRA SRS EHESS, 3057 LMt AL SIr 858 7 5 i ik
(2) ffiBZimit Ni 3d Al O 2p FIZ AR HE NI 4k Ni®*, MTIERE NiOOH FITE R (3) 4fif5 44 T LA
IEAER AN A, FRARAK IR RE, MR S, HiB4R NiFe,O, 1T HIAN & 2 1 P [a] ful R A 4
R, SEIAR S BIVERE: (4) Mn-NiFe O, 5 4L B RIF i) S MG RINM, o LLEHB 5], 1 Ni
Ly IE FLT (07) O B TR BLAF BIA0AL,  SEEHIB 42 3] Mn-NiFe, 0, HL, AT AR b3 5 {1 A4 77 14 e

E&H
YL A BT AR5 SE B BLE T RI I H (KYCX24_3549).
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