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e HMAEENGREFRKAIE U RRE ARHAGFEE K, FREH. FE. THELNEITR RN B A B F#E
By BB B T URR AR E By EHT R (oxygen evolution reaction, OER)# 1t 7| 75 v #F K | 24T B A )2 1y
BLA BT . 44k Bk W4 B 4 4 1L 4 (NiFe-layered double hydroxides, NiFe-LDHs)# 1A 4 & — Fh i 72 . 2 4y 4T 4,
RRL LA, AT, 3T NiFe-LDHs B, B#IA A H %4 B AR T N4 B8 EA &g Eh, x
HEHEER AL B E T ETSA A, BIKAOERR M th 3 2. FE ik, & T 74 3 7 NiFe-LDHsH] E #
FIH &, A8 %A LA T AN AL 89 48 % F 5] ANiFe-LDHs Z #(Mn doped NiFe-layered double hydroxides, Mn-NiFe-
LDHs)®, Fl 4 & F R M4 AE, o RA BN E R FIEHE, RIFER AR FEH, BIR, b TS 7o ik
FRAE, ¥R FRABA WSS G R A E, SRR RISl FHAAE, AT B FIMR AR,
RABRERNTEAF R TEEE A NHR, JT8 8 BOERE L IE . #MX M4 K%M, Mn-NiFe-
LDHs ¥, 4% 72 7% % J£ 10 mA/em” Bt % JL H 14 8 40X 4332 mV, 1K T 47 46 NiFe-LDHs 9384 mV. 4 & F 4 #5 2
A RH BN G B E M, WRE A, o E— SRS LA LDHs B E I H R T L FE T
X FE.

Kl B, BRRAE, BRAORE, AR
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g, BN — PR U RETR L TRk
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AR, R, FESEBRA AR K ) 2 R R, AR RO
LR EAERERACRIRAF M, U E 2 T LA

KR BIRAS, BRI TR A SRR e i
AR, B BRI FAR 530 e A= My &R i (hy dro-
gen evolution reaction, HER)HIHT4E S (oxygen evolu-
tion reaction, OER). 5 —HLF X W IWHERG FEAH LL, P
HL T IOBR S P B pg s i 7Y, PR, P 1
OERMFE BN R N AL, T S SR IKAE
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BRZIR 4 S A ALY (NiFe-layered double hydro-
xides, NiFe-LDHs)HH TGRS AL 454 mT 7 L&
e LU R THT RRURI g 3 P67 i B B R 1R A, B 2
PR T AL OERFLMEAL T, ZRIMFRART) 2
KiE. R, H5RGERIEEA S, ERNNEE
B SETE PR, X FECT X 2R A B AL AR A .

AT g FaRELE, 1L ARk, BHE B #ENIFe-
LDHs{HURZE YRGS [, XINiFe-LDHs#E 472,
PRI HAEOER I A P A AL HE PE AR 1Y sl i
XTEMGHAT 5 BT R B AN R —Fh R o Ak
TR AR AR . &R & F1B4%(Cr.
Cu. VAF) AT LS IER 4 i 1 M7 o5 i i T 25 A I 1k,
WRAR B it LAY, $R TR, 8K, f4enid
4R (Cr. V. Cuf) ARSI A EE, BRI
Tkt BAF A MR E@Mn(Mn%\:‘MnH:
M) HA AR VA2 AR AR A 1 2

ARG KL, FERARR A K B A SR
R 5% R YNiFe-LDHs HIMn-NiFe-LDHsZ4 K 451, 427+
LDHs7EOER #2141z 58 71 R SRS Lzl )
. WL T RBAA RO EAR S, Ptk T
DI FE5H, FE R B I ER], AT L™
A YRR, 1610 mA/em R, srLfs
AR 1752 mV, HA KRR S 0 i Ly, $2 7
MR TS T AR E .

1 945

(1) #Fk. MnSO, 6H,0(4#r4l). CuSO, 5H,0
(5rHr4l). Fe(NO,);-9H,O(5rHr4l) FINi(NO,),-6H,0
(AT i) AR T3 W (A m0) 256 F S AT BRA 75 IR #
4li)FICH;CH,OH(ZrMr i)l FI b st Ak T2 ZE7K 4R
(HCPO20)RMG T IHACAF R REIRHEL, 477 HIAR (10
mmx10 mmx1 mm)FTHg/HgO =A% (FE fi# & 471.0 mol/L
KOHIFR)E F &I A B RRHE A R A ).

(i) 1488, XETEM AN G (X-ray diffraction,
XRD, XPertPROMPD, PANalytical/A 7, i >2)FIX STk
YeHL FREI%(X-ray photoelectron spectroscopy, XPS,
ESCALAB 250Xi, FEIA ], JE)HITEHRAE; F3H
i, ¥ i f35% (scanning  electron microscope, SEM, SU-
0810, HIZZAF], HA)FES - 505 (transmission
electron microscope, TEM, FEI G2 F20, FEI’A ], 3E[H)
ATTHOIIE S ZRAE; Ak 2E TAERS(CHI440C, iR
AEYFFHST /M (Zennium IM6, Zahner, % )EFTHL
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A PERERAE; A T AR (DZF-6020, —fERM LR
AR, o E)FTR-(EL 104, Ji#E 2R s
RGA BRI, hENN TG A 4.

(iii) NiFe-LDHsHYfil4. #kHL6 mmol Ni(NOs),:
6H,0. 2 mmol Fe(NO;);-9H,0H120 mmolfJR & #H75 7¢
PR T 40 mL & B oK TS EE - BOR, IMA BT
KL EL80 mLIE A I W8 A KA N 28, T4
140°C/Z 6 h, FHARRH), HIERIH LB TR, T
IK LRG3 TT B0, FE100°C 116 h.

(1v) % B T#52NiFe-LDHsf |45 (Mn-NiFe-LDHs).
FREL6 mmol Ni(NO,),-6H,0. 2 mmol Fe(NO,);-
9H,0. 1 mmol MnSO,-6H,0H120 mmolfiRZ:H#E 75 7543
W T40 mL A B /K PSS B, A LB FK
Be i 80 mLIR A WS W % B A K IV N 48, FHEAR
140°CJ 6 h, HARRA, FIERHEE 1K, T
K OBV IWIF B L, FE100°CT %6 h, 15 %
Mn-NiFe-LDHs.

(V) NiFe-LDHsHIMn-NiFe-LDHsHACEE & (14
% BA LE S AL TERCAY80 mLIE A
TP AZE IR K R V3R G SR K AR AR, L [FZK
140°CJ 6 h, FSREEN. BURBRAUHZRIFK . LBk
B3R, 193NiFe-LDHs FIMn-NiFe-LDHs A BRACEE .

(vi) Hifb2EPERRN. FEARER) =R RS (A
AR X R, Hg/HgOMRAE J1Z: LRI, NiFe-LDHs
YERTAERHEMR), {#HZennium IM6u, HL AL 220 HT {3
Ak . A HZ IR 2 (linear sweep voltam-
metry, LSV)IIZIIK 7 7£1.0 mol/L KOHH'OERA %
fig, FHEENS mV/s. MR T 20K L 3 AT i A
R (RHE): Erup=FEugmgot0.098+0.0591xpH, Hiz=
Erpp—1.23 VITHOERM T HL((5). 7£0.01 Hz~100 kHz
BERIEEN . 1.0 mol/L KOHE R H, FHRIE M5 mVIK
2 L F Ak 2 BH BT 1 (electrochemical impedance
spectrum, EIS) .

2 HREH®R

2.1 ERIFRAE

IR AR, R /K AL DT5E 2 s il 4% T NiFe-
LDHsFIMn-NiFe-LDHs. X} HZ57EF TRAE, i XRD
T PRI E B R AL Y 25 R (1T 1 (a)). XRDIMAES REW,
H 50-Ni(OH),(JCPDS No. 38-0715)f1M) 4, 7E11.3°,
22.7°, 33.5°, 34.4°, 38.8°. 46.0°. 60.0°. 61.3°%}%
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Bl 1 NiFe-LDHsHIMn-NiFe-LDHsZ5H£AE. (a) XRD; (b) XPS; (c) #7471 Ni 2p(d)« Fe 2p(e)FMn 2p(f) 54 HEXPS i
Figure 1 The structure characterization of NiFe-LDHs and Mn-NiFe-LDHs. (a) XRD; (b) XPS; (c) valence band spectra; high-resolution XPS scans

of Ni 2p (d), Fe 2p (e) and Mn 2p (f)

HEL(003). (006) (101). (012). (015). (018).
(110) (113)fT 4, 5 3CHk[15,24]4% 18 Y NiFe-LDHs
fiiitis—3%. 5NiFe-LDHsHII, W T4EE TH5IA,
Mn-NiFe-LDHs TS 040 BEREAR, IETE AR TE, X
57~ 2 S 5 | A RO T NiFe-LDHs)JZ MY
ghanEE. [RIEE, R TS A S R ARG & A RS,
HERRIAE: J2Em/ NMAERS 5. @i 1CP-AESH
EMEALFINiFe-LDHs HIMn-NiFe-LDHs#) 1 25 2 H
2.0 mg/em’, FHXF FNiFe-LDHs, Ni:Fe=2.98:1.12, X}
FMn-NiFe-LDHs, Mn:Ni:Fe=0.46:2.95:1.13, 4 J&T%
(B IR HE S B b 42 8 B FBE R HUAHIE. N T aE—2F
TPAL B A %L TG Z WNiFe-LDHs )2 M HE 45 74 1 5% ),
AT XPS /B 4411 5 AN RT3 L T25 40 A2k, AR
XPSEELER (K 1(b)), MnitE Y5 | AZ|LDHs/Z
b, anE1()fFs, XFNiFe-LDHsPA & Mn-NiFe-LDHs
A AT, AT LA FIMn-NiFe-LDHs 445 He
NiFe-LDHs 3 9% K BE, #Hc R 5| AH sttt
T NiFe-LDHs/Z MR e 454y, dEmidgsm 7 H i1
R AL ERE. NiFIFeI XPSHE 4G A& 1(c),
(DR, X FNip fEFEPIZHIE, 4338 FNi* HIND>
855.5H1873.4 e VAL B IS WEXF NI 2p, . 123 s,
857.4F1875.5 e VAL P MIEX BINT ™ 2p,,F12py . 5
NiFe-LDHs#H I, Mn-NiFe-LDHs /Nl it {37 5 i) =5 45

SRR D), BEREND L5 WG 132%38 i =
61%, Ni* 20535 BB S I0R. HI4 SCik[25,26 1418, Bl
ENCHC LRI, 7T LA A HEOER (AL 5) /12744
8. X7 FFe 2p(FEl1(e)), HiTFMn5Fef e AT, 4%
A5 | AT Fe S L8 L ar 20 AT SE RN R, A7 A8 P> B 78
fFe FRAEIE. b TORSHIE BRI B AE7E, DI T
Mn 2plHXPSIEE, WaExf b, dE—25 Uk 2 T
5| ANiFe-LDHs[)Z MR (K 1(D)). S53RFEM, M1
BT 5 | ANiFe-LDHsZ HH, BiEhiF S miife 7/
TAEREN, T T2 48 7 5 A RE .

2.2 JESLEAE

T REREEAE R T, e ERE,
NiFe-LDHsFIMn-NiFe-LDHsi@ 1 7K e,  JEAv A KA
RAC L. il SEMIFTRAE, @1&2(a), (b)i7R, NiFe-
LDHsHIMn-NiFe-LDHs¥J A4k A B8 I s 50 A4
KAEMRACH I, I EHAGR B T 05 | AR S5 44 15 B
RS, HE—5F H TEMAIE X H 17 5 (selected
area electron diffraction, SAED)7HT T HEALFI M 2L
¥y, IWTEMAT LA, BRI 9K e
(F2(cl), (d1)). FIFHISAEDX HoAE4REs b k4140 Hr,
E2(c1)ifi 87, NiFe-LDHs4hdutk BT, A RIFH
INITLER. BEE S RIS I, IR MRS 5 U AR,
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B 2 NiFe-LDHsHIMn-NiFe-LDHsJE${ #AF. NiFe-LDHs(a)fIMn-NiFe-LDHs(b)JSEMI&; (c1) NiFe-LDHsJTEM, #iEINSAEDIE, (c2)~(c4)
3RO, Fe. NifyIuE 46 E; (d1) Mn-NiFe-LDHSEJTEM, (d2)~(d4) 351 0Mn. Fe. NifWICZ /3 il&l; (d3) 4 NSAEDE

Figure 2 The morphology characterization of NiFe-LDHs and Mn-NiFe-LDHs. The SEM of NiFe-LDHs (a) and Mn-NiFe-LDHs (b); (c1) the TEM
(the inset is SAED pattern) and the energy dispersive spectroscopy (EDS) mapping of O (c2), Fe (¢3) and Ni (c4) for NiFe-LDHs; (d1) the TEM and the
EDS mapping of Mn (d2), Fe (d3) and Ni (d4) for Mn-NiFe-LDHs; the inset in (d3) is SAED pattern

WE (3G E IR, IO ERN, X5 FiAXRDES R
—3. X AICER S AR (EI3(c2)~(c4)) KW, JTHR
BBk AI5)43 4. S5NiFe-LDHsHH G, MnicZH
5150 7EMn-NiFe-LDHs([&13(d2)~(d4)) 2 -, sF—4
WERRER BT g LA

2.3 fEAETERERAE

R T LB HAGROC R, XINiFe-LDHsFIMn-
NiFe-LDHs#HT T — R 5 A R AL 2R REINR. Frsa i
¥I7E1.0 mol/L KOHHLfF R R FH — stk REc AT,
NiFe-LDHs. Mn-NiFe-LDHsPJ S B4RLSV 12 11513 (a)
R, AL A OEREPE. 5NiFe-LDHsAH E, Mn-
NiFe-LDHsnJ LA R4 TFOERTE 1, FEATAEAL I 1Y
I HLE. RN [E L BT A FL A ARl 3 (b) TR, M-
NiFe-LDHs7E 1.0 mA/cm i 5 L7 /X 4267 mV, 7
10 mA/em’i}, {24332 mV, I TNiFe-LDHs(288 mV
@1.0 mA/em’F1374 mV@10mA/cm®), X FE 4 BT
5| A &5 NiFe-LDHs ) OERG M, TN 1w, 1
T H AT I ) — L EOER FL ML ). 3 3 Tafel &l
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FMIEISXTOERZh F12£ 3647 T3Pk, A& 3(c) TR, Mn-
NiFe-LDHsH Tafel % }75.8 mV/dec, i FNiFe-
LDHs(98.6 mV/dec), FHHHEEF 15| AGRUGHEET T
P HIOER SN J1%.  EISPHPTIEM) B E/)S, Hfi
AT B F A B RS FLBH (R iR /)N. XTEISBHBT I #E1 14544
F B EAL(1€13(d), Mn-NiFe-LDHs ELA &R A HE 5
FLRH. Tafel#PRFIEISH) &K BIMn-NiFe-LDHs ¥ A | F
OER:I 2. Fo Mo AL TE M 1 — A E 248 b, 8
axb B R] - A7 3000 2 S 3 TP A £ 550 B A M (113 (e)).
Mn-NiFe-LDHsHLR 7ETH LV 1.6 VT [ HL 328 FE 4 2
R/, TET70 W P S (4 0 APk,

2.4 fHEALBLBRS B

X} Mn-NiFe-LDHsH 5% OER 2 W AL BRFEAT T 1%
8. FEREEATCVIRAL(&4), FEAEPIA IR Ry S fLid 5
W, 3 T HA AR MR I MnoC R AR OV R &
A RGEL AT WAEER, fEEMZEMn™ 2 Mn” =Mn* 1R
i S, 1 — 23R AR MR 15 AT LA 2 A A .
BCEXINITCE AN A=, JE i ST OERME ALt
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I

Figure 3 The OER performance characterization. (a) Polarization curves of NiFe-LDHs, Mn-NiFe-LDHs and CP. (b) The overpotential at 1, 10 and
100 mA/cm’. (c) Tafel plots of NiFe-LDHs and Mn-NiFe-LDHs. (d) Nyquist plots of NiFe-LDHs and Mn-NiFe-LDHs; the inset is an analog circuit
diagram of Nyquist plots. (¢) The long-term durability tests at 1.6 V in a 1.0 mol/L KOH electrolyte; the inset is an OER test device photograph

# 1 Mn-NiFe-LDHs 5 H At OER L5 1 B HL 32

Table 1 Comparison of OER performance in alkaline for Mn-NiFe-
LDHs with OER electrocatalysts

FEALH) Jj(mA/em®) n(mVv) EZ PN
Mn-NiFe-LDHs 10 332 AL
NiCo-LDHs 10 367 [27]
NiCo-LDHs#K 10 420 (28]
Co50, 10 490 [29]
CoMn-LDHs 10 324 [30]
Co,0, 10 410 [31]
ZnCo,0, 10 390 [31]
ZnCo-LDHs 10 370 [32]
Co-NC/CNT/NF 10 354 [33]
Co—Zn/PNC/NF 10 348 [34]
3D-CNTA/NF 10 360 [35]

RERYERTE. BU X Mn-NiFe-LDHsTE L5 09418 4T
XPSEAE(&I5(a)~(c)). 45 LM, 7EXPSEE NI 2P4
AW ) B 25 A BE 7 A5 50, Mn 2p#Ul [a (R4, & BT
A5, I EA MR IEMnoC R 1B 400 S0 0
R R T ARSI EE, SETHEZ
EEPERING, f AR T T R BIOERTERE.

200 = |nitial cycle
(:E) == 2000 cycles
< i

E 150

=2

‘a 100 4

o

[}

©

§ 50 4

5

o ¢

12 14 1.6 1.8 2.0
Potential (V vs. RHE)

4 1.0 mol/L KOHZF T HIAHHE 1A 20004 CV HIZk
Figure 4 The CVs curve of the initial cycle and the 2000th cycles in
1.0 mol/L KOH

3 5B

ZEERTIR, RSOV T—MEH. Rk gt
UUVER:, bR A e AR K TERR AR T, 2Tl
ST AL I R R [, AL 5 | AFINiFe-
LDHsHd#% P, AROILL T NiFe-LDHs)Z AR Y REF
Sk, HEMHESR T HZ B R A RTERE. AT IAE
TNV IR0 8 [ B 45 A BB DT 0 R 30, /R NG 415310
FEI R, AR fEEOERMEIL SN 2. FRAYTIA
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Figure 5 The XPS of the NiFe-LDHs, Mn-NiFe-LDHs#1Mn-NiFe-LDHs after activation. (a) Ni 2p; (b) the enlarged part of (a) for Ni 2p; (c) Mn 2p
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Manganese-doped nickel-iron bimetallic hydroxide catalyst for
efficient electrocatalytic oxygen evolution reaction
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* Corresponding author, E-mail: gbsun@bnu.edu.cn

Hydrogen energy has many advantages such as wide source, high calorific value, clean and renewable energy, which is
considered ideal secondary energy. Under the background of “carbon peak” and “carbon neutral”, the development of
hydrogen energy has become the strategic deployment of all countries in the world. Renewable energy is converted into
electric energy, and hydrogen production from water electrolysis is further realized through electric energy, which is
currently considered as one of the safe and green way of hydrogen production. However, in the actual process of hydrogen
production by electrolysis of water, there are problems such as high reaction overpotential and low energy conversion
efficiency, which seriously restrict the cost of hydrogen production. During water electrolysis, hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) occur at negative and positive electrodes respectively. Compared with the
HER process of the two-electron reaction, the four-electron OER process requires a higher overpotential. Therefore, the
four-electron OER process becomes the decisive step of the reaction. In order to achieve high efficiency and low energy
consumption of hydrogen production process, it is urgent to use cheap, efficient and stable OER catalyst. At present, the
search for efficient and low-cost OER catalyst is still the “holy grail” of water splitting. Among many non-noble metal
catalysts, NiFe-layered double hydroxides (NiFe-LDHs) are considered as an ideal OER electrocatalyst in alkaline
conditions due to their low raw material cost and adjustable structure. However, for NiFe-LDHs laminates, it is generally
believed that the edge metal sites have higher catalytic activity than the internal metal sites, which leads to the insufficient
utilization of the metal sites inside the laminates and reduces the catalytic activity of the OER reaction.

In order to solve the above problems, based on the microstructural regulation of NiFe-LDHs, some methods have been
used to improve its catalytic activity and stability in the OER process. Heterogeneous element doping is considered to be an
effective method to regulate the electronic structure and electrochemical activity of catalysts. Metal ion doping (Cr, Cu, V,
etc.) can optimize the electronic structure of nickel metal active site, reduce reaction overpotential, and improve catalytic
efficiency. However, the high biotoxicity of traditional transition metals (Cr, V, Cu, etc.) limits their industrial application.
Mn (Mn2+\——‘Mn3+;‘Mn4+) with rich variation characteristics has a potential role in regulating lamellar charge
characteristics.

Herein, in order to fully improve the utilization of NiFe-LDHs laminates, this study introduces manganese ions with
variable valence characteristics into NiFe-LDHs laminates (Mn-NiFe-LDHs), and utilizes the variable valence
characteristics of manganese ions to fully enhance the carrier mobility and promote electron transfer in the laminate. At
the same time, due to the electronegativity characteristics of manganese ions, part of the electrons will be transferred from
the vicinity of the nickel site to the vicinity of the manganese site, causing the nickel site to exhibit electron-deficient
characteristics, which enhance the overall capture of the electron-rich oxygen-containing functional groups of the laminate,
thereby effectively enhancing the OER catalytic activity. According to the results of the catalytic reaction, the Mn-NiFe-
LDHs electrode exhibits an overpotential of only 332 mV at a current density of 10 mA/cm’, which is lower than the initial
NiFe-LDHs of 384 mV. The reasonable doping of manganese ions can effectively adjust the Ni*" site activity and enhance
its electrocatalytic activity. And to further clarify the effect of doping on the activity of LDHs laminates to provide
experimental facts support.

electrochemistry, doping regulation, NiFe-layered double hydroxides, oxygen evolution reaction
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