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WE: AN —HEERE, B AMAT R T LR AR EGE RS, R ELR2HRE—HTH
SHHARA, BDEmREMAERFET & 2T, KT, K28R 4 4 & K B (Oxygen evolution re-
action, OER)3h 7 % 3R % |3 % fk O IR 4 Bk K o M = 0y i 1. Bk, T & & 2 i OER R 14 7 2 48 & &
R EN R, TE 4B EE RN A E 4 (Layered double hydroxides, LDH) # k-, B 2 £ & & & 4
B E TR EMEE AR BN K AR BEIAYE KB R KW, #5145 LDH
GH,TUNEEMBLEOERP A REAEEN, £ 4 4T ELBEEMN BAAFENFEMRM
E BkERMAFHNETFEREE A B EPF A EENRSE . XASRA(BWO) A E T 1
B W Jr %, % % NiFe LDH KX & £ 7 # 689 & # w & , A # A £ OER i # . D-NiFe LDH # #} 7
10 mA-cm 28 5 % E T th it i % 5 209 mV, 7 500 mA-cm 2855 T B H 276 mV, b, i Hy
RIREAGR T EEC R R TN, T H - PR m BN, S 4 W CoSe,/Fe;Se,(S-Co,sSe,/Fe,Se,)
B CoFe-LDH A K &-H K F B MK B A MM TR FEMH, EH BT EERTINHE.
S-CosSe,/Fe,Se, 78 1. 0 mol-L " B9 KOH % 7 ¥ & 3 i 44 7 89 OER # fiE , 7£ 100 mA-cm * 8y W3 26 & T 3t
BB A2S5mV, BB EMEREY, RALTEBHE 7=, LDHM B Ry THEAEZEEA, LA E
R AR B A R ARERT FO TR,
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) 3R T R A, ) B S % W BT O v LR AT R 1 Y
B+ (4an CImF SO ) o BR& M4 &+ 0] L
il LDH B9 B 20 A% A &5 48 JL T JE R, 4l e 7
OER Jy [n] 3¢ i 51 8 1 76 £, A0 468 & Lo e m L 3%
AT 25 07 i B 7 A B 509 0 1 6L A R R E B Ak 2 Rl
o SR, LDH A Ak 55 5 5ok fif A7 78 — & )
R B HE S O e 10 559 T AT 395 M AP 1 3 1 R 2
B EL - H R A R L B PR R e R AT
MR AT e AL, B F % LDH BT R AW,
AT AT A T A s %) FL 5 4, 1 v I I 9 1

A LDH & & XAt AWt 785, R i
XF LDH A [7] ] 2 5 0 A1 45 #4) D i 4k A& 1 O ik A7
T4, X LDHAY OERMERE#EAT T A 44, %} LDH
7 OER H i Ak aissk i) i F 2L 223

1 S E£ELDHEFTEMRESHE
1.1 TES£ELDHENTEY

LDH E AT A= Yy a6 o 3 & Jm A et wi e
B AW G A Tl A A 2 g R A B G Al
e A B R L AT LA LSS H RN RE Y 2 A AL, OF
H A8 0 /Y pH S Bl A R B R 4 19 AR 5 1 RS
P, BEAS I ML AN R B 75K o 12048 LDH Ry 4544
Fe 4z )8 AR 1oy M TR G A R

G‘. M"0, octahedra,M=Fe, Al, etc.
e=@® CO,” (can also be F*,C1",PO,” etc.)

‘a MHO6 octahedra,M=Ni,Mg,Ca.etc. > “
(a)—LDH 2R &5 75 25 (b)—M " /MU LM 2. 03
IE] 4. OB LDH 29K F 42 J BH B 7 A9 451

(a)—a schematic illustration of the layered structure of LDH;
(b)—arrangements of the metal cations in LDH nanosheets

upon increasing the MII /MIII ratio from 2. 0 to 4. 0.
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Figure 1 Structure of LDH and typical distribution of
the metal sites in LDH

Zheng %53 i #4 g S 0 2 VR YT IS P A A5 A H
T4 e m L ERE . S#B 4% CoFe-LDH B A
TR G OK 2R -9 K R B 50 45 4 7 Ak 40 Fn i Ak 9 22 1]
W AR (K BT BA R OK & -9 oK A
[ 51| 45 ¥4 (1 S-Co,Se,/Fe,Se, 5 i 45 4 . i 14 15 2
AT HE T KL -9 K 7 BE 51 2540 1 B 7 4544
W ST R AL R B . S-CoySey/Fe;Se, 18

1.0 mol-L ™" KOH # #& b & 3 i L 5 19 OER 1k
AE , 7E 100 mA-cm * () HL 3 % B R ad A R 255
mV, FaE Mk R, Liu SV I ) 440k i o B
il NiFe-LDH f9JE 5k 98 717 NiMoO, il 44 K #5 1 B
Fi 30 3 7E PR Bk (TR ) 2 1B B FeS 11 U1 3E i %5 f
K B F-r [A] B RE CR R E  BR S R B
ST Y5 S Fe M35 2 NiMoO, it . 1Ly S,
Fe-NiMoO,@IF & ¥ v & F & . B 7 1% iy o %
P, HORAUOE $i vl 8 4%, i H OER $E GE L 5, 7
100 mA-cm ™ * HL i % B T 2k fL #5408 235. 3 mV  Tafel
BER KB40 mVedec ', BH R EM.
1.2 TES£ELDHEEAHME

LDH # %5 B A7 L B 5 i Pk X ) BE 1 19 #4 8t
A, Be 8 ok L A G T A M B, E T A o
OER k2 o () i AL 15 PE 20 B, SRR i R kg
ESFHBESYREIA LR LDH A RS i W 4%
(R T B e SR . LDHs W] S5 ab 0 (A
B YK EE (CNTs) ik & T 45 (CQDs) %) &
At R R K R A T, DT 4R AR
() HL 5 23 R 18 0 H b 240 P AR . [RIE, LDH #4
5 Z 5L B Cn 2 LAk . 2 1L Si0,) & A L B T #
I F 2 T RUR AL B R DT 4R T H Ak A R
P A% TR R R AN T R A7 5 B0 . Zhang S
TE L 35 ZnO 90K 4 1 BB 51 (1) Z1F-67 R 9K 44 1 A%
N4 T NMC-LDH/ZnO@CC 44k & 4 41kl Fr
il 2 19 NMC-LDH/ZnO@CC # BHE i T 2 45 (14 1E
ANIMIELEM  AE 2 mA-em PR E T, H 20 ik
#9258 mF-cm 2, 483 5 000 WG 3 )5 o A5 H5 %
54 87.5% . Xu U85 i #F (Co, Ni) Se,@NiFe-
LDH ¥ 5 B i NiFe-LDH A, 530 1 % 17 i1k 4
LDH & & # #} (Co, Ni) Se,@NiFe-LDH, 1% #1 #} &£
R BMERIE . X & H F(Co,Ni)Se, 5 NiFe-LDH
2Z 8] 1 B 1A B 6k S5 o 25 4 1 L A R LA
2, LAk 5 B NS A5 FE far F1B 43 A O B
S AL 1S PE . 76 10 mA-em U B E R,
(Co,Ni)Se,@NiFe-LDH i H1 #4237 mV .,
2 TEL£E LDH & £ X3 B f# 7k 7 | M AR 1R

F 3K BE

AR, 25 WF 52 AT BA 20 F a0 4 )8 LDH #4
LR 3 TR AL TR AT M AR . B SR S £
B TR WS RS 2ot KB MIE i
il 5%
2.1 ERFETRE

BB TRE 2 R LDH Jm 38 3% 1 3 45 4 T
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S5 R RORE Z — % LAY B G 2 AR 5 A BH
T3 R A A B A 2 PO R A e — R
Kevd, w5 E TR s (RS ) —
I R, LR Rt 3= 5 ) 2 FL 450, 76 f i b A2
R R N OB ST o VAR = s VA 4 2 N
LDH 1% 2 18 fb 2% F1 f8 7 4544 , 9 BT LLAE 5 OER
U L Rl AL RN RN IR R C T R e i DR S e g O A
MO R IR e RE . PHES Ty R E R W
PA T A T S PR B R T R B o A S
FE 1R 1Y) % 58 LA T Ok A AL T P

Ma %138 1 8 I A7 B B0OTE Ak K AE 4 R TR
51 A NiFe LDH v, H il g 5 X} NiFe LDH gk 14 , il
# T NiFe LDH 44>k /i B,-NiFe-(a-10) . 7E fb it
B, T B.OS T, 45 54 NiFeOOH 2 ffif
575 3 Ni(Fe) OOH/NIB,O, 5 B A1 . Fr il 45 19
B,-NiFe-(a-10) 7E 100 mA-cm 4 B, i % B F i H,
L ARAE R 290 mV \Tafel #% 4 44. 8 mV-dec™',100 h
MRS E M K I . Wang %2 fF 55 & B, 38 24 B9 4
H,O, R % A= L A7 480 B B 19 10 B — 4 7S i1 JE NiFe-
LDH/FeOOH g4k F, i i ¥ 5 & & -S| AL 1 L 2
i Fe—O i 5 19 PR [FIAE F , DA 38 o i A vk B . 1
15 89 NiFe-LDH/FeOOH 5 it 45 #4 4 K - 4 o 4
IS PE 76 1.0 mol-L ' KOHIE W H , 7£ 20 . 100 FlI
1000 mA-cm L E E T, H OER T #5510
177.236 #1359 mV, Tafel £ %K 62. 05 mV -dec ',
Cho &R MM (BWO)HE T/iIZ ik, 5%
NiFe LDH 1 JE B AS 7] 386 59 i 4% B A2, DI 38 5
OER % . D-NiFe LDH #4 ¥} 7 10 11 500 mA-cm *
Y HL U % B2 R, OER & 1 #5435l R 209 #1276 mV
[ I 7 500 mA-cm * F FRF2E 50 h R B P = ) F2
P, Tafel # % H 33. 4 mV-dec ', Zhang%5'* % /K
PO ook A T B AR R R 48 R M O-NiFe-
LDH@NF , 3 & i A% W 4 45 i o 1 4549 iz b kL 3R
B L 5 1 OER I PE FA0E v, H 76 W il 25 2 10
A1 500 mA-cm * R i LSy 5 197 #1354 mV,
Tafel £ 4 50. 1 mV-dec ',300 h N &% PE R 4T,

2.2 HMERRE

S T 45 R g A R T B A A R S R e A AL
Y LDH MR H T 254 36 M 037 5 K fL fof
B . Wu 6 Ir 85 F 5 NiFe LDH/NiMo
S 0T AT R, AR T R 5 9 OK B R 1Y Tr,-NiFe
LDH/NiMo, Ir . it 7 0] 4 % # 15 NiFe LDH/
NiMo 5 Jit 45 #4) S A Ak 7] 9 o —F 4 1, DA T 98 57 ¢
e TS H T AR g TR O i R AR e A R M R R
P, 2 JE R K 4 f# o Irs,-NiFe LDH/NiMo £

1.0 mol-L ™' KOH # ¥, #£ 500 mA-cm ™ Hi Jii %5
R B OER 3 #7236 mV, i 7 1 000 mA-cm 2
R HE P % B R & B S 450 mV, Tafel &} % Hy
22 mV-dec ', [A] M}, Irs,-NiFe LDH/NiMo H, #% 28
1 10 000 YR AE ¥4 I 26 20 H 50 ) RS M . Mu 7
1€ NiFe-MOF-74 flibe tE Kl E H A K B BEA L 4L
() NiFe-LDH 44Kk K [ 4 , & 1 i KC-MLH/NF-12
HA MOF/LDH 5 it 45 s i, 42 o T H o7 ) Bl A%
iy K O Z2 B 96 A 0 2R #2. MOF/LDH S it 45
ST A AR BRSO EAT A OER 16 P .
£ 10 mA-cm R E T B R 159. 7 mV,
Tafel % & 39. 8 mV-dec ', fE/Nad B 7 F =24k K
LI 5 (9100 =230. 2 mV . 1000 =284. 3 mV) , I3
I B AR e P . A SR K B U9 NiFe LDH-
WN $i7 #i R BB 5 i 45 /9, Hoh WN & 1fi NiFe
LDH 0] DL s 36 14 4 1 00 2 1k 480300 B A o+
Z R B R HB S T 45 R R il WN AT NiFe
LDH #4345, B 1k 4 J f A7 70 38 5 44 16 550 95 ff
NiFe LDH-WN % # i f€ % # OER & ¥ |, 7
50 mA-cm *HYHL I T i F AR 228 mV, Tafel
%k 58 mVedec !, 4 500 h & &M B 4T,

2.3 FTEBL

Wit A2 nE B, BRI JH B LDH A L T AL,
SIAMZ R FAES R 5B 4t R Z G B T U RIE
FH L8800 TSR B E— RS T OER 1)
A 06 1 o 3 R K B - TR A ik & 0 B
Ak il /i SRR P 3B 2% A LA /NiFe 2R A A ik
W2 4 AL 7 P-CoO,/NiFe LDHs, % 1k 7 55 31
WAL B9 OER 1B PERE , 75 300 mA-cm ™ * H i % &
T, H A 265 mV 1 I L B #, Tafel &R 4
38.7 mV-dec '™, Bai ZF K (B) & 1B 44 38
Ba s b (a5 8h 0%—20.3%) , f
A Hb R TR - A A BCVE L R T OER
PERE , LK A A B (B R 1 B4R 1) K A R
B—O—M /I8 n 8 # [R]) 20, i B £/ T 7€ NiFe
LDH A58 A B, 7545 REW , 4 B i & 55
4 13.5% B}, NiFe LDH #J OER ¥k fig & 14 , 7
500 mA-cm *HL i B BE R & LU 208 mV., Wu
2N Co 28 8 Ni(Co), ,Fe,OOH H, F& AKX T Ni
A AL B AT 2T T OER &%, s & i T B4
FEYI K B -9 K IR A 19 = JT NiFeCo-0. 6 [ 51| JE
& EMFEA 100 mA-cm > H1 500 mA-ecm 2 F, it
BL43 3R 261 F1 318 mV , Tafel #4% K 38 mV-dec !,
Fase Mk . Kimaka 55058 1 — Fh /] 52 Lol 4
)R H 23k, AT Ce fl Las 22 1Y
CeLaCoNiFe-LDH 44>k ki, H OER {if P i & 34 58
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1E 10,100 #1 500 mA-cm ™ *F , i HL A7 43 5] K 175,
314 #1424 mV, Tafel # %} 77.2 mV-dec 'c F
J A J& 7F CoNiFe-LDH H1 43 24 ) Ce® fil La’" BE
FHOE A T 2 A S S AEEAER, L
R 0T 22 16 MR A SO B N 7 T L § % . Bao
LR i A R B R IR CIE S Si-ZnAL-LDH 4
KA B SidB A EE R B 1 ZnAL-LDH 48K -, 78
5 By K B % BN 10 mA-em 245 T, Si-ZnAl-
LDH 41k ir OER i H # 5 260 mV, Tafel &} % h
86 mV-dec !,

2.4 WIS

R 32 2 T 25 LDH A REAG & £ AR, F) AR
K5 5 LDH M A% A Kk 8, T il 2L A e
TE SR ST 258 o 5 WA AR 7 ¥ A Tl B % |
BB T A AR K 1R I BT MOF s B Al 17 A= 1k o
Quoc ZEUTHR T —Fp LT T4k ZIF (ZIF-L) 4
KB4 23 0 B Fe-NiCo LDH B3 7 1, 8k i
Zedtm T Rm AR M A T AL, B
OEREfE . Feg-NiCo LDH 75 Hi i %5 10 mA-cm ™ ?
TR 253 mV B EAR BLA, 7E 20 h N RRE P
K 4f . Baek %3 of H A 2 #F b AL KR AN 2 1 5
5 0 L 1 AR AL 7] (NE-CS) 2k 42 5 OER 9 1 BE
Ni-CS L N 1 32 B 2544 5 NiFe LDH JE w3l 4 45 #4)
i NiFe LDH@NI-CS, 7 200 mA-cm ‘HEHE T,
i LA N 302 mV , Tafel £ % 4 40 mV . dec ', B &
PR AR AR K B B DL ZIF-67 1R
BB, FHAR 40 K 28 (AgNWs) & i B A 25 0Bl 240k
LER ) AgNWs@CoFe-LDH & & #1 F, iZ Ak 77 ol

58 A 1] LA B AN DI IRD RO 7 B A 5 OER
PEBE B o Wu 5058 1o B 0 ol 220 R e i 7R L A
2 = R S [ W T RN (S S| BT 0 o < e el
CoNiFe-LDH 40K % , 1% 44 K 5 v il 5 1 o0 25 86
O3AE 2 UM BB n] DR AL S S RO AE R
TE S50 R L - 245 4 Oy T % 4 T EAE D, OER ISP R AT
TE 10 mA-cm “HL % BT, H %5 CoNiFe-LDH 44k
G it Ll 257 mV, Tafel #1%60 31. 4 mVedec ',

3 HiE£ELDHMBIERBRE/K OER KA A
LDH A4 6} 38 i 5 ¥4 15 1 F1HR 7 R 958 , 78 HL Mg /K
OER " H AL RE MER E R 24 Bk B B
KR 1. AR A1 T, Zn-Co-LDH 4 4L 5
(1L OER % P J& A% G b RH 4 A5, IR i 32 8
FEAR A 3k F BRI 3 5 4% (TOF ) . 3D 2 4L
ZE R OER 3D GN/CoAL-N H £k 7 2 38 3o 7
W BAE A o 0 5 60 202 CoALEN K Fr A 3D A7 2R 445
W2 Y AR AS B TEBR M FREE R OER i 4L
P 5 . FeNi-GO LDHs i Ji 8 FeNi-rGO LDHs
Ja . B rGO JZ HL T AL 5 Re 1 i £ &, TG 4R
fie {1k OER S R A9 2 4 B A7 iF — 45 I
SU-NiFe-LDH(TA) BE# #£ 1 500 mA-cm ™ * Hi it %
FE R 3 SLIE AT 1 1 300 h, 18 47 i 7 v 3 ok A Ak
KIS # AR E . CoO/CoFe LDH & &4 K,
SRR QUIN I b RN U= W % - R = v/ S X o3
AEHE = 19 32 2 D DR O T b ) 5 52 i A T K T R
1) W AF S THT , AE LI 5 B R 10 mA-em P i I L
254 mV,OER PEREML 2140 i ¥ 4 )8 LDH 4 kL 75
ANRME M IS T 1) OER MERES T3 1.

®1 TE£ELDHMBEREIZIHRE T OER H#E

Table 1 OER properties of transition metal LDH materials under different modification strategies

kL 24 B 164 o s AHAL/mV B/ (mAem?)  Tafel #3/(mV.dec™ ') 2% 3k
B2-NiFe-(a-10) Beps TR 290 100 44.8 [21]
NiFe-LDH/FeOOH BB TR 236 100 62.05 [22]
D-NiFe LDH Bl fE T 276 500 50. 1 [23]
O-NiFe-LDH@NF b TR 354 500 33.4 [24]
Irs,-NiFe LDH/NiMo S 4% 236 500 22 [25]
KC-MLH/NF-12 e S T 4% 159. 7 10 39. 8 [27]
NiFeCo-0. 6 AILEB 261 100 38 [32]
Cel.aCoNiFe-LDH WILER B 314 100 77.2 [33]
Si-ZnAl-LDH RICR B 260 10 86 [35]
NiFe LDH@Ni-CS TE 2 42 il 302 200 40 [37]
AgNWs@CoFe-LDH TE A0 16 207 10 76.19 [38]
CoNiFe-LDH TE 3 4% 1l 257 10 31.4 [39]

W HUR T R 1.0 mol-L i KOH W .
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P2 = LDH [ A {5 P 4 5 AR LA A6 i 1 2%
HE T A T R T R L T e D A i T
B B A e bR AR E AT iR AR O . $2TF LDH
BB OER HERE 7T LIE B S A on R B2
EN e L RSN B R B SRR E AN TR e SN LR
Lt I T 2l SR 39 03 LR R A R A R
THERE L LDH AR RO PERE . Mz, il & 2
PP R Bt 2f — 22 U4k LDH AR R &
PR EI S 35 B T, O 9 B R A R S K A ) S B
JO7 B 5 T HERE 0 R A AR 2 92 BRI o
WA 5 2 PR AR, T 4x pH (B B R JH R AL B R
AWETE B B A R BT S 5 T I R AT 2 )
%1,
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Abstract: Hydrogen energy, as a clean energy source, holds significant potential in addressing environmental pollution and
energy shortages. Electrocatalytic water splitting, a sustainable hydrogen production technology, has gained considerable
attention for its high efficiency and environmental benefits. However, the Oxygen Evolution Reaction (OER) at the anode
often limits the overall water splitting rate due to its sluggish kinetics. Therefore, developing efficient OER catalysts is
essential to improve the efficiency of water splitting. Layered Double Hydroxides (ILDH) materials are highly promising for
electrocatalytic water splitting because of their abundant active metal sites and tunable structural properties. Research on LDH
materials has shown that y modifying and optimizing their structures can significantly enhance both their catalytic activity and
stability in OER. Transition metal-based electrocatalysts, particularly those based on nickel, cobalt, and iron, offer distinct
advantages in water electrolysis due to their abundant active sites, high surface area, and rapid electron transport. The OER
activity of NiFe LDH was enhanced through the boron tungstate (BWO) anionic intercalation method, which induced
irreversible lattice distortion. The D-NiFe LDH material exhibited an OER overpotential of 209 mV at a current density of 10
mA-cm~?, and the overpotential reached 276 mV at a current density of 500 mA-cm™*. Additionally, the electronic structure
of the active site was tuned by constructing a heterostructure S-doped Co;Se,/Fe;Se, (S-CosSe,/Fe;Se,), formed by the unique
nanowire-nanosheet array of CoFe-LDH. Sulfur doping not only adjusted the electronic structure but also increased the number
of active sites. In 1.0 mol + L™" KOH solution, S-Co;Se,/Fe;Se, demonstrated excellent OER performance with an
overpotential of 255 mV at a current density of 100 mA-cm™* and exhibited good stability. The electrocatalytic performance of
LDH materials was significantly improved through various modification strategies, providing new opportunities for efficient and
low-cost electrocatalytic water splitting technology.

Keywords: layered double hydroxides; two-dimensional materials; heterogeneous structure; defect engineering; heteroatom

doping; morphology control;hydrogen production from water; OER
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