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Abstract Layered double hydroxides (LDHs) has played an important role in the field of catalysis because of its high dis-
persion of active sites, adjustable layer elements, and exchangeable interlayer anions. LDHs show excellent catalytic activity
in oxygen evolution reaction (OER), due to the specific synergistic effect of double metals site. Thus, it is crucial to reveal the
role of synergistic effect for promoting catalytic performance of photocatalyst and electrocatalyst. Although great efforts from
experimental workers have been devoted to exploring the types and ratios of bimetals in LDHs, the role of synergistic effect
on OER is still unclear. In this work, we systematically investigated the synergistic mechanism and the role of synergistic
effect on OER performances based on density functional theory calculation plus U (DFT+U) method. Five kinds of LDHs
(MYN*-LDH (M*'=Co*", Ni*"; N**=AP", ¢r*", Mn®", Fe*™)) were built to study the synergistic effect from different
bimetal. The results showed that oxygen species is bridged by one M>* and one N** metal, forming a stable adsorption
structure. For electrocatalytic OER, the synergistic effect of the bimetallic sites decreased the free energy change of the po-
tential-determining step, and further reduces the overpotential of the electrocatalytic oxygen evolution reaction. Therein,
NizFe-LDH has the lowest overpotential, exhibiting superior electrocatalytic OER activity among the five LDHs. This is not
the case in photocatalytic OER, the synergy of bimetals affects the band gap, work function and driving force of LDHs,
which determine the ability of LDH photocatalytic OER. The five types of LDH studied are all visible light response, and
Ni;Cr-LDH is predicted to be a good OER photocatalyst in view of its higher driving force than the overpotential. This work
reveals the synergistic effect of bimetal in LDH on OER activity from a micro-atomic level, which will provide theoretical
insights for the design of novel LDH-based catalysts.
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LDH 7Ef# 4k OER 4t B A WK 1) J& i 71, #4871 LDH
4k OER HI R SIALHI AR 86 R EA BB R = L
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N TP F LDH i1k OER B iPERE, WHIT
AN LDH "4 & BI/E FHIEAT 1881, 1987 4, Corri-
gan IRAAYE HAE RGN Fe SR EIRE
NiOOH [fifbigth, HEEE NiOOH F i+ Fe &
wahn, HamEvEsE— . 21 s, S RIEER
HEG, FRENVIBER T Fe KB ASHEAL S 1)
BN, Zhou RAHAHHE Y NiFe-LDH 7E {1t OER i 72
W, Fe &M IN2 SEGH A7 A Fe A7 s 4685 % Ni
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WA, JEH Ni-Fe #PRFH S 3 0038 a5 AL TS R
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IR 00, 25 R 2H O 3 o R e T A
W57 p-NiFe-LDH Al y-CoFe-LDH # Ni. Co. Fe 7E
OER HL#WREA(OH AN O KRR M ARk,
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R, BAAKESIGAT R AN LDH & &1 s
flEfk OER " MR T MR, (2 LDH X4 & {7 55
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NIRZ AR AR,

BEat BB 1), A TAER % B2 R 732, X b
f#4k, OER &P 71¥) LDH (NisCr-LDH. NisFe-LDH.
Ni;Al-LDH. Co;Mn-LDH. CosFe-LDH)JT & 1 i+ 50 5.
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FIRZE . WRYESCikRaE, A< T Ni2', Co?', Fe', '
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CosMn-LDH JiHfi. #4014k 5 A% LDH JiE HivH(100)
ST YRR, ¥R p(2 X 2) B M, 78 ¢ 7718 _Eis
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eV, A LK X LA oA k AR BB 4 X4 X 1. F
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RIS /INT 1X 107 nm B, it FR s ok,
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AG=AE+AE,,;—TAS Q)

A E 2 DFT iHEEHTFRE, T 2 RAIR(298.15
K), Ezpp 1 S 7370 & s e AN, nl @i it 545 21,
/N3F R M NIST (National Institute of Standards and
Technology)¥4f i A 5.
TIRBARETTIAEIE. IR T INE T RER
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TP T 5 5 e R, Tl TS 0 P
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v O o, kR, BRI TR AR KRR R
oo B Ri(vs. SHE), E & SR R T AL &t e TR, BT HEBREA TR

v E.

PrERMALE EA TAEH, ATRA Nerskov 2
i 1 s R

H,0+* - "OH+H"+e~ (A)
"OH - "O+H"+e" (B)
*0+H,0 - "OOH+H +¢~ (€)
"OOH — *+0,+H"+e~ (D)

*RFHH NS B S A ST ; "OH, "0, "OOH 4
AR R =T AN T) 7D 40 J0 R B T R 4 i S SR A A 2 T 1)
WPt s, #E pH=0, p=101.325 kPa, T=298 K ]2 M 5%
fEF, H +e MIRER LU 12EMH)IRERAAEPY. 18
AL U=0 FbRdE 414 T (pH=0, T=298.15 K), %
B AT RIS R

AG =Gy 10.5Gy, (10)
AG=0.5Gy, —Gioy (11)
AG= Gy 105G, —Gaop— Gy (12)
AG,=G—GugouTGp, —0.5Gy, —Gigon (13)

G RHMWEHEEE, Gromwooon ETa —Fl H HHE(*OH.
*O. *OOH)MW i T~ fh T J= 1) 75 A1 0 E g, T I S2)
A 35 A 3 B A SR I i 12 43 7 B ) AR
PRI, T LIRS AR PRGN 7 VAL SRS B
Ui .

OER  H %5 ¢ A0 BR 1K) 5 A1 307 B £h e vl e A A 77
FriEfe. BB RESEA A~D NS ET AG Tk
—&, HEHEAWHBEERRN Go:

Gopr=max|[AG, ,AGy,AG.,AG), | (14)

I BTN
1= G | 6—(AG,+AG,+AGAAG, )/ 4e

=Gopg /€—1.23V (15)
Hrb 123 VN 4.92 eVie U522 —. 492 eVie R
AGa, AGg, AGe Fl AGp Z 1, 25T [ Bi(2H,0(1)—2H,(g)
+O0,() AT BT HAEAR LT, X T H#AE 1) OER fH b
#, AGa=AGs=AGc=AGp=1.23 eV.

A B I 3 A R (vy T aE A K (16) T
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LDH 458 i = R Z R (M N> -LDH) A1 /2 8] B 5 7
I AR A LA S TR . AR TR, B
M’ N*-LDH ZEHH M 45 Co*". Ni*', N*" .
AP"L 'y M’y Fe’'. BERSSI N LDHs JZ &4
HEFRRIRLZ, WA F, Cl, Br, 1, NO; ,
CO5>", OH', SO, 25133 A T A BUA R /MK C1
YENF# LDH 2R o ff & BB 1. itk 5
CosFe-LDH MIJLMTZ5 I 1 fis, HARTIR MIN-
LDH FJUM&ER LB S1. HRbas R, M> R N° 3l
I EE L FEA K LDH R ER, I H 0% S
FAARER AN AL, BARB S T8 MEZ R X
. BT R, RATEM LDH HIHT458. 4L OER (1)
BUHE LA R A8 A M 6 25 5 T %o X4 Ja A7 st () B R0 4 P 3k
o Hr AT .

Bl 1 CosFe-LDH HIJR IS5, (a) IEHLIE, (b) UL
Figure 1 Cell structure of CosFe-LDH. (a) Front view, (b) top view

3.1 MYN*-LDH BT E R N

& BHFALAL B 4L OER R MAHLEE. @it DFT it
HRANR TSR LDH ERANERB NI T
Bl LDH HRAGJS I TLART RS B DA K 36 1T IR B ) EH 2 (*OH,
*O Ff*O0H) /5 ML H B a1 2 (CosFe-LDH), S2
(Ni;Cr-LDH), S3 (Ni;Al-LDH), S4 (Ni;Fe-LDH)HI S5
(CosMn-LDH)fJf7R. OER X M(2H,0—0,+4H ") —
N H,0 43fi#N*OH Al H' (H,0—»*OH+H +e "), JfH
*OH DAL I 7E LDH B & @A A7 5. M-OH
(M=Co- Ni. Cr. Al. Fe. Mn)# 8K 0.177~0.203
nm 2 [f]. Hr, Al—OH ##5K £ J4H(0.177 nm), XEH
sREAMER Al O 4G Re/)5 T Coy Niv Cry Mn.
Fe FrS#M. 258 Fh*OH MIMIHAESHI N 022 eV
(Co-Fe). —0.51 eV (Ni-Cr). —1.27 eV (Ni-Al). —1.18 eV
(Ni-Fe). —1.69 eV (Co-Mn). 7£ A H*OH 7£ Ni-Cr.
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b1)

E=1.85eV

B2 CosFe-LDH (100)h i L) CoFe Hfizhi i 5 (a) *OH, (b) *O F
(c) *OOH [ Hi AL MR PHEEH. (al~cl) TEME; (a2~c2) fiRLE. &
r gt 6 5 Bl (2 B B R A ], A AR S 1
B, O RECTAR E T CoFe #FAL AL I B 8

Figure 2 Optimized structures of (a) *OH, (b) *O and (c) *OOH radi-
cals adsorbed at CoFe bridge site of CosFe-LDH (100) faces. (al~cl)
Front view; (a2~c2) top view. The green circle in the figure indicates the
position of the adsorbed free radical, the black number represents the
optimized bond length, and the red number represents the binding energy
of the free radical adsorbed at the CoFe bridge site

Ni-Al. Ni-Fe. Co-Mn M4 st (MR B BESS M i fE, 7
Co-Fe M s bt Bt /s, 3R B & @ MR A7 55
X B AR S R TR G W B RS AL RE . BB BN
*OH 73 i# %0 A1 H' (*OH—*O+H"), M-O (M=Co.

Ni. Cr. Al. Fe. Mn)f#4# K7 0.170~0.191 nm 2 [i], *O
DAk, 2 B PR E U4 S IR S 67 55, WP RE 20301 1.85
eV (Co-Fe). 1.31 eV (Ni-Cr). —1.52 eV (Ni-Al). 0.32 eV
(Ni-Fe). —0.75 eV (Co-Mn). HIWft&ERT LLA H, *O 7E

Ni-Al, Co-Mn MrAiA s I Bt A A e B scad 72, 78
Co-Fe. Ni-Cr. Ni-Fe MrAiAz i (10 P 2 A Fe e i 4
. 5 =20 %0 Al H,0 8544 *O0H fI H (*O+
H,0—-*0O0OH+H"+¢ ). M-OOH (M=Co. Ni. Cr. Al,
Fe. Mn)#K7E 0.178~0.261 nm 2 [f], JAb2EI .
*OOH 1 X4 J& M A6 7 iU B BE 20 i R 3.34 eV
(Co-Fe). 2.47 eV (Ni-Cr). 1.50 eV (Ni-Al). 2.22 eV
(Ni-Fe). 2.04 eV (Co-Mn). Hi-T*OOH 5 Ni-Al f%% fff
RE NG FE, FTLA*OOH 7E Ni-Al MrA7 A7 & iR Bt 45
FasE. 1M*OO0H fE Co-Fe. Co-Mn. Ni-Cr. Ni-Fe M
R PR NI G R, R B*OO0H 751X PUAP W 4 J@ M
BRI AR E . )5 — 2 A*O0H. F3 i O, i
H' (*OOH—O0,+H"), ASHH.

Fifh LDH E {4k OER it F2 A~D ) B H A28 1k
WK 3 Fros. ST NisFe-LDH, RIS —H (RN A,
H,O W5 2 BN RN B A e 20 3R, 5 a1 TR
TE ) [ B N HL A g P IRANE], m AT I8 1) 5 42 8
Ni A7 s AR 0.91 'V, TIAHT 7 X4 & NiFe L
K7 s s A R A 0.55 VBT Xl AR ARt ) N Kk
H:1E NisFe-LDH (100) [ FY 8 4 J@ M AL A7 &, Ni-Fe M 4x
Ja& (R iR IR P ORORBRAR T S B st FA7 BT S 350 % T
Ni;AI-LDH. CosMn-LDH F1 CosFe-LDH, A=/ H &
*O0H (*O+H,0—*00H~+H" +e I AG: &K,
A E S BN RN C. X F NisCr-LDH, &5 D
(*OOH—O0,+H)E R R FIPYAN S IR AG, Tk, H
PuhE BN D. il X Ry LDH HL 3 g
IR E HREAS AT 40, NisFe-LDH 3 FEAL AR, 1A
1.78 V; Ni;Al-LDH )i Az 5% 51, A 3.41 V. NisFe-LDH
MRS AT 1 B8 25 5 S8 A R TR R S8, 58 5 1 R A FLffE
AT U R

(@), b), c),
5| Co,Fe-LDH oon [221 st NiCr-LDH *Q01 s} NiAILDH *0:(0)
4 _, 1.16 4 *OOH 203|_ 4 *OO0H | 1.70
> > >
o3 o3 o3
92 Ol — imss g2 0 |1 3?2 3.41
i 1.26 11++2H,0 *oH | 145 ! 142H,0 *0
o[+2H:00 62 0 0 -
p n=0.65 4 -0.11 n=0.80 4 -0.87 0.68 n=2.18

Reaction Coordinate

Reaction Coordinate

Reaction Coordinate

k . +0,(0) ©) *+0,(9)

51 NisFe-LDH 5 CozMn-LDH

4 *OOH |1.58 4
5 3 w0 [1a7 5 3 *00H | 246
O 2 OH ' o2
<] 0.09 <]

“+2H,0 [ 1.78 “12H,0 3.18
0 0 .
. o)
1 n=0.55 4} 129 TOH o2 n=1.95

Reaction Coordinate

K3

Fifh LDH(100) 54 T b X0 J@ A7 7 s HE AL OER 1 1 e BEAZ I B8

Reaction Coordinate

Figure 3 Ladder diagram of AG of the four-step elementary reaction at double metal bridging sites of five LDHs (100) surface
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¥ F R

it LDH SHALEEHEBRRR N TiH—PH
N H175 3] FA LDH {16 OER H3H MR, IRATH AGe
—AGg 5 AG HSRIBXTEL T Fufh LDH i s qE, 4558
Wi 4 fras. WEIFRRTLUE M, AT 4 A =% LDH
(Ni;Fe-LDH. Ni;Cr-LDH. CosFe-LDH)id B A7 5541, fir
T4H FARPF LDH(Ni;AI-LDH. CosMn-LDH)id #.47
. RUPEUNA (AGe— AGp) 58K AGA 1A F
T LDH(100) & 11 b o A7 ) BEAG. ki, AT
NisFe-LDH. CosFe-LDH. CosMn-LDH =#} LDH 1 fif
A &8 F 1 Mulliken HAF T T 401, 458wk 1 pr
7N, fE=Fh LDH {#1t OER K H LRI , %
2 PR SR JE T H A 3G, R85 LDH
FEMEEDEZSS T RNIEFE. A, CosFe-LDH.
Ni;Fe-LDH H Fe FIHLATHE N K TR & )% Co. Ni
f¥1 7. CosFe-LDH 1 Fe fI1F il 5 NisFe-LDH (AL,
¥I91E OER A2 H MUK 420 i+, fiE T OER i3 7%
AT
3.2 MEN*-LDH @M ER N

ARG, BRREOE T MRS K. i BR
Re/NT 3.10 eV BT ILOGIRIL, FBREELE 3.10~6.20
eV Z IR M e, R, BN B 2 S 80
A U R A RE J R 55, DRI L e A 57017 B A 1) B /ML
MAZKT 1.23 eV. HETFLLEFRHE, B 5 FiAh LDH

n
225

1.95
1.65
1.35
1.06
0.75
0.45

NiAl-LI 0.15
Co;Mn-LDH 015,

B4 I LDH fH die S i)=& K
Figure 4 The relationship between free energy and overpotentials of
five LDHs

2 I LDH Kt fEte kA SR
Table 2 Photocatalytic performance data of five LDHs

# 1 CosMn-LDH. CosFe-LDH. NisFe-LDH " fff*O. *OH. *OOH
YRR 23 M. 455 o R B T R AL R (100) 2 10 5 W0 M 4 i 22 1) £
FLfi e

Table 1 Charge analysis of *O, *OH and *OOH adsorbed on
Cos;Mn-LDH, CosFe-LDH and NisFe-LDH, respectively. The number in
parentheses is magnitude of the charge transfer between (100) surface and
adsorption species

WagEE K (100)

e + mg  (100-0  (100)-OH  (100)-00H
CoMmLDH GG h0026) 052020 053019
CoRSLDH 0l o009 084023 08502
NFLDH b g Vososn 091030 ook02

MIREH ST S6 B, AHORIIGHEA I RERE e
TEFR 2 . RS REY, it LDH MsBiaesy /T
3.10 eV, NATIOEm R, o, NisFe-LDH (R i A 5%
/N, AR 1.21 eV. Ik, B NisFe-LDH 27k, & PUFh
LDH ¥ B A BR A4 /G A Re /g, b, XT3 =%
% Ni i) LDH (Ni;Cr-LDH. Ni;Al-LDH A Ni;Fe-LDH),
T AL dHUEH T, Cr i d BUE B0 Tk e 1)
FRFIRES, B Cr JLF5A d-d TR 171 Fe 1 d
P AT RONIEER, T EABRAEEUD, DI R S
BRIE(F S1). X F 4 Co 9 LDH (CosMn-LDH F1
CosFe-LDH), Mn [ d #U18E H 5 HEAR RS E 10 23R
A, T Fe [ d BB FHBONIEER, B Fe () d PUEH
FRAE 5 KAEWKIE, 1M CosFe-LDH TR 5 kALl
Préa B, BL Btk — 2 R B 1 XE 8 IRV E F B
PeE T J6MEAL OBR b & AR (1 HE ) FEFE

HFAKE. 1M LDH MAREWNE S fis, B
REEAIE ST iR, BAKAIR L S2. fEA A T H,
O ¥ 2p #HUIE & 1o LDH Ay T 32 BELH i 4y, UAH
A G K AEAE LDH 3R JE O b 76 5 i I A [,
Fuff LDH [ 2 BT 7 73 38 Fe(NisFe-LDH) .
Cr(Ni;Cr-LDH) . Ni(Ni;Al-LDH) . Co(CosMn-LDH) .
Fe(CosFe-LDH)f 3d #Li&. *}T Ni;Al-LDH, Al f] 2p #1L
TELEN T TR TR B/, X ATRE & T AL A dPuE R
TR, HAIR LDH 2% K 1 T i A 5 4 s 7
5124 Ni(Ni;Fe-LDH). Cr(Ni;Cr-LDH) Mn(CosMn-LDH).
Fe(CosFe-LDH)f 3d #LiE DL J2 O 1) 2p HiE. b4k, MR
2T DUE H, TR LDH A TR0 R 3 %7 Tl AN
FHIA], R B FFD LDH #B 2 A1 H5 bR SRR kL

k-vector of

WERAEMNN  Efev k-vector of VBM CBM wiev Eveu/eV Ecam/eV EufeV

Ni;Cr-LDH 1.943 0.893 0.286 4.834 —5.805 —3.862 0.485
Ni;Al-LLDH 2.525 0.000 0.892 4.162 —5.424 —2.899 0.104
Co;Mn-LDH 1.705 0.785 0.000 3.922 —4.774 —3.069 —0.545
Co;Fe-LDH 1.554 1.000 0.214 3.924 —4.701 —3.147 —0.619
Ni;Fe-LDH 1.214 0.892 0.000 3.674 4.281 —3.067 —1.039
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¥ F R MRt
(a) (b) (c)
10| ——TDOS ——TDOS 10} ——TDOS
O — Fe-3d 10} Cr-3d | @ —Al-2p
T2 Codd| & < —Nidd [ § S [ —Ni-3d
n 3 ——0-2p 525 —02p | &p % 5 ——0-2p
S S A A 2 S5
o S
z2" 8o £ >2°
86’5' v\/\ g%.s- 8—6.5-
[a g 8= o>~
101 Co,Fe-LDH -0 Ni;Cr-LDH Aor NizAl-LDH
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Figure 5 The projected density of states of five LDHs
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Figure 6 Band edge placements of the five LDHs. The red dashed lines
in the figure represent the oxidation potential of oxygen and the reduction
potential of hydrogen
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