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Abstract

In the work, First principles periodic Density functional theory (DFT) calculations were used to
investigate the electrochemical oxygen evolution reaction (OER) on NiFe layered double hydrox-
ide, NiFe-LDHs (100) surface were exposed different metals, Fe and Ni as the sites of catalytic
reaction respectively. The Gibbs free energy of each elementary reaction was calculated and the
overpotential of different metals was deduced. When Fe atoms as the OER catalytic sites, the
overpotential is 0.703 eV, when Ni atoms as OER catalytic sites, the overpotential is 0.985 eV. By
comparing the value of overpotential, catalytic reaction is easier to achieve when the overpoten-
tial is 0.703 eV. According to the density of state, it can be concluded that the electron conductivity
of Fe is stronger, so the effect of Fe atoms as the OER catalytic activity site is better than Ni atoms.
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1. 518

A SRk AT JRRL AN Al £ [ B g T R SRS IR AN W Ry G, FESR AR 4 AR 0 i = ) s Z R B
HEBNF, 51R T ARk AT e r 0 — AR & IR, Lhan &)@ -2 S dith . wT AR AR SRR Bt 2] [2] [3].
TR, maeE% . Rigs. o HEG0 S Re 0y s ae, OB AR A — AN TR BLRE B AR
e 5 R BRI 25 B O 12 8252 (4] [5] [6]. 1EAMRRLf it 22 50 H B —3 4y, OER ML G| T 4
AU RIS, I IR — B St AR R T AL S B

FLRT— 283 @AY PE[7] [8]+ Ru [9]. Ir[7][8][9]. Pd [10]45H A Held ity M AL iE 1, [F) I I b 5% 4
Bt S L WIS S BT RA SR, B — PR BT R BH AR A R 11]. B 2 OER
TEALTRIA 1rO, [12] [131H11 RuO, [12]. AT, M1 X Le5t & )8 MW T H A . BEAsk, PHAS
TR Z R, A AR AR R IATE BRI A BT P AR e AR e . DRI  FEAR i AR AR e 1
FHERHT (1450 48 2R M AL RN T OER MEAL AR B il o T S 220 9ok i R 5 i 0% 4R
S RE A, RIS A o s g an 2 MRS A [15]5E T ¥ Fe,05 AR E A
BIRECERGUOKRE L, RIX BB BB = 25 A0 5 B PR R 0 W [ Hoxd /K R B A 21 1 1R &
MR . FIREE SRS, i Fe® B T540E o-Ni(OH), (AL H o 58 F i) OER &,
{HE Fe* B FAE4E 7 OER y ME AT A (o LR R IR R SER . Hul#F st N R4 7 LA, Kt
& Fe* B FHE5R 7 NIOOH [ G ek, B0 7 — MR & Fe® B T 41E o-Ni(OH), L NiFe ZRIA
A, BD NiFe-LDHs £5#4[16] [17] [18]. £ sRiGir B, ER8kKIg A 78 /KT R R B0 T w8 ) i
fePERE, JEH TN OER AT BRI B . BT, KEHET LDHs 7T F 22T 505 L)
GG RAE SRR, F EAIARIRZ B BN AR AR R 3 o A TR 9 AF 1 84 50 5% T NiFe-LDHs fi#
1t OER MERIR 1A, JEHN(001)m AT TN R, W T2 SRR I Re 22 L, JF HLA W K 30146 Ja s M
OMERNL S, ARV ST AT T E B RE AT SR A TR [19]. A B 7R @ I BT DFT + U ik
W% NiFe-LDHs (100) % i 5 75 5K (10 42 JB AL A B Fe A2AT Ni A2AE g 3s o v (R4 A S20bT H S, 433
TCNEE 5 A BT H AR S A, TR T T ISR
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2. itEERSFZ
2.1, FHEER

1T Materials Studio A #H5E T NiFe-LDHs, JLH 2 14 2 15 F AMRERIR B 7. Foc il &
W 1 Fis. $BE AR /N Y 10.490A x 10.490A x 7.260A, a =90°, f=90°, y=120". 45Ky Ni.
Fe JR T NMHILLEI A 2:1, NiJEFR+2 h&E, — Moo as 8 /4N Ni i T: Fe P A+3M&E, —
ANTCHF AL 44 Fe 1T HAPad ERBEAER, BT Fe* e, (2B ERAT, 2 ST
SPAfT LT, TR R BT T R ECR 68 AN PSS Ak SR N 10.445A x 10.541A x 6.850A, a = 92.02°,
£ =189.50°, y=120.25

AT, S [ o T B B B AN TR A AR5 14, X NiFe-LDHs BA(100) 7 [ 6 JLAR Ak B Sh ) Ak &5
AT VI, 193149]20 NiFe-LDHs (100) gh A8, FFEVER MR, 1% -5 A VAL 2 AT 70 & A
[@[19]. NiFe-LDHs (100) &% 1 45 kA% 7L i T I AR A 10.54 x 6.85 A, BRI 8 M NiJ&ET, 4 Fe &
T, 30N 0 ETF, 24N HET, 24 CET, FETa¥Ch 684 . AT HIE SRS FR AR
B ES, FEASAY L N T RN 16A A2, M 27.86A . (100) 4 THIA U 4 A Al oL, —Fl
& Fe JE TR AR M (ATE 2), —Fp2 Ni TR R M (A 3), ¥ E A Z 400 (100) 5 i
T

e eiete elals el

\_._-.\.. ..,_...L..,, :,. 3¢ :,‘._..“.~ .‘§‘.h.

(@) (b)
Figure 1. Model of bulk NiFe-LDHs, side view (a) and top view (b) of the model. Figures depict Fe in purple, Ni in green, O
in red, H in white, C in gray
1. NiFe-LDHs BYTTHSH0R R E. (a) EME, (b) HIRE, KEHAFe, ZBANI, LBH O, HEBAH, K&
AC

@ (b)

Figure 2. Model of NiFe-LDHs (100) surface with Fe atom exposed, side view (a) and top view (b) of the model
2. Fe R TR ER NiFe-LDHs (100)@RELH#. (a) EHE; (b) HRE

@
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Figure 3. Model of NiFe-LDHs (100) surface with Ni atom exposed, side view (a) and top view (b) of the model
3. Ni R FH&ER NiFe-LDHs (100)REZH. () EME; (b) HRE

22. iHEAZE

18 B TR AR AR 1) 5 B35 32 o B (DFT) AN THI U S 34 7 VA HEA T 5 S B [ 44 R 25 AL e A R e T H B AR
P B TR EE AT BT, k)T SRR EEITBA(GGA) R 1) PBE 2 eRi#AT T4 . KT BE (cutoff
energy) 115 B HUE A 400 eV. XFT NiFe-LDHs £5#4 ()4 BLIHIX % &, R 7 Monkhorst-Pack M% k £
SRR AERFITH, S d R ROBRCIE A, AR DFT + U (WJ57%, I8 5 45 S o vy
&, DFT + U {57400 AT LLg /D DFT-PBE HIAL A5 2 3+ HLEE & NiFe-LDHs [ H 745 Mk . AR4E
RS v R BRI SR . BRI B SR T, Fe (1 U {EIEEM A2 5.30, Ni ff1 U {H
HEHLH) R 6.45. THEREE LR T AR T2 I b, S5 s B 0.05 eVIA. REURAENIAR
N 1x 1070, St R4 .
£ NiFe-LDHs (100) %1, %64 Narskov HEZH Fir &l A6 I AE B E A i P i 4 s HLEE[20], iZALEE
T B Ry 2 BT st Fiidid DFT THER e Sk & B B 1 I & R R AA E R = s fb 5 22, DRI e
— PSR JE T 4 A WL R ARSI R, i@ HOO R L R 7> T It . Ja Semt S0k itk AT
HABMUFR 5, 2240 OER LB, A T TR 1% A — & B AR R A5 1 S REE 1, A — 53 e e v
P43 210 5 10 T 3 H AR R (AG) R LB LS, R THIRBAG ERITHEIE LIS Nerskov
AR RIS REET T, BRI T 4 BB FHLFE: 2H0(l) + * 0, + 4HY + e fEALZER
N FE R AR E AR A L(AG) T LUl AE. ZPE. TAS iH51Mf$, AG = AE + AZPE — TAS —eU +
koTINay. . EXITAEF 2 HAI 18 1) B B AR AEFREE S5 A R (pH = 0, T =298.15 K)iF47, AE s&idid
BT R ST AS BI IR B RE . 2R AT RE(ZPE) R I8 I 2 R R e AR AT IRAS . T 2R (298.15
K)» 5 B R (S AL T 2028, T 50 SR R AR AE AR [20]. eU S22 240 i I 2E — AN 7 B I RE RS « ko TINay.
=2.303k, TpH, ANV, XFTRRIENF T, BHigrd —Fcf pH EIEA 0. FUILEARSCH, kyTInay, i
HAE N 0. MRAEARAESEAR(SHE) & LT A1, — AN A— AN HLF 1 B H BB A48 [A] TAR i Al R AU
HHBE 12 (fE pH =0, p=1atm, T=298 K%MF T, ,H, — H' +e) [21]. fEiZJifErd, GHE00 5
TOR MR, R M HLELS AT A AR TR A X BR:
H,0(l)+*«> HO*+H" +e [€h)
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AG, = AE, + AZPE, - TAS, —eU + x,Tlna, (1a)
HO* <> O* +H" +¢e” @

AG, = AE, + AZPE, - TAS, —eU + x,Tlna, (2a)
0*+H,0(I) ¢> HOO* + H* + ¢~ 3)

AG, = AE, + AZPE, ~TAS, —eU + &, Thna,, (3a)
HOO*«>*+0,+H" +e” 4

AG, = AE, +AZPE, - TAS, —eU + x,Tlna, (4a)

3. ZR5Ti8
3.1. NiFe-LDHs (100)&&TH Fe/Ni {EiL = #E{X OER LR

Fe fERMIALA, 4L OER B S AR IR IS MITER] 4 shgath, HH4% 1 - 4 MIBUF TS NifE
SN A, AL OER B SANK A L5 5 Hhgh i, I-4% 5~8 IR T4 5 . LA Fe 7 Afi1L
HREATIHIA, 23T OER [N, MRAAYIED BRI NAL i, H*&R, 5N 4 i 1% —4F
H,O FEi R BAE s, o35 RS s R AR, SRR R LT — MR FM—A T, S ER A S L
WeBft T —A OH, 82]T HO*, WK 4 W2 HO*, % 5 HO*H B RAERN, KET—MFRFHA—
Hf, 337 0%, s 4 o) 30*. H=20 A —4rF HO SEil HO™, il filffs S B, FRikk2: 7 —
AR FI—NET, MEREAR O* X T —A OH, 1§2] 17 HOO*, R4 4 dif¥] 4AHOO*45#. UL
HOO*Z5 /25 Zy i £ WA O Jii+, fEiZd k2 T — MM —AHF, P4 O JRF4HR 0,, HOO*
SRS RFE AR R SLEE R, DLEE Rk OER i F2 AT, LA Ni Az sifiEfk OER HidHE, 7EIE 5 F 45
5%, 6HO*, 70*, 8HOO*#/~, RMAHILE Fe fi s FEMH R, M7 1 oLV H&—P R o RN
HASFK) AE. AZPE. —TAS. AG M%UE. MR GRS R 7R 1S R g5, il
J& 45K Fe-O. Ni-O. 0-O HJ%E K 55 Fe-O-H. Fe-0-O. Ni-O-H. Ni-O-O. O-O-H f# fi ZnrE % 2 .

1* 2HO* 30* 4HOO*

Figure 4. Structures of all the species in the OER on the Fe site of NiFe-LDHs (100) surface. 1-4X* represent the adsorbed
species, respectively
4. NiFe-LDHs (100)& T Fe {E{LALAAY OER &R NLEH), 1-4X*5> BT IRHi4aFh
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5* 6HO* 70* 8HOO*

Figure 5. Structures of all the species in the OER on the Ni site of NiFe-LDHs (100) surface. 5-8X* represent the adsorbed
species, respectively
5. NiFe-LDHs (100)&&T Ni {Ef#1LAIS /9 OER & R Ri&h#, 5-8X*4 BIK RINFI4AFH

Table 1. AE, AZPE, —TAS and AG for each elementary steps on NiFe-LDHs (100) surface. The energy unit is eV
52 1. NiFe-LDHs (100)@E A A EN a8 —SE T KA AE. AZPE. ~TAS. AG, BEEHMIA eV

Elementary steps AE AZPE -TAS AG
HO()+1—-2+H +e 1.078 —-0.097 0.470 1.451
NiFe-LDHs (100) 2 53+H +e 2.300 ~0.167 ~0.200 1.933

o

Fe fE{iL HO (I)+3 —4+H +e 0457 ~0.046 0.470 0.881
451+0,+H +¢ 0.936 ~0.190 ~0.830 0.655
HO () +5— 6+H +e 1.010 ~0.074 0.470 1.406
NiFe-LDHs (100) 67 +H +e 2.598 -0.183 ~0.200 2215
Ni {EfL HO(I)+7 —8+H +e 0.426 ~0.047 0.470 0.849
85+H +e 1.052 ~0.196 ~0.830 0.450

Table 2. Bond distance and bond angle for each reaction species on NiFe-LDHs (100) surface

= 2. NiFe-LDHs (100) s E A RS & MIFEEK . B

Bond distance (A) Bond angle (°)
Fe-OH 1.838 Fe-O-H 111.564
NiFe-LDHs (100) Fe-O 1,853 Fe-0-O 115.397
A=
Fe f-ALsl Fe-OOH 1.995 0-0-H 100.509
O-OH 1.419
Ni-OH 1.782 Ni-O-H 104.001
NiFe-LDHs (100) Ni-O 1.685 Ni-O-O 109.296
g b
Ni {418 Ni-OOH 2.030 0-0O-H 102.621
O-OH 1.375
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3.2. NiFe-LDHs (100)&TH Fe/Ni {E{ s a9 =7 B B gEE

MIEHL Fe Ji TR, mT, 1% N FE B AT T E B REFEMRHE AG = AE + AZPE — TAS —eU + kyTInay.
AR, flnE 6@ R, EHHBEETRTLLE S, DER Fe (B SRREERE 0, i*5—47F
H,O 133 7 HO*, HO*H &k E—ANiFA— i, 53] 7 O*45ity, %P3 AG 5 1.933 eV.
MEHL NI JFE AR S, 1R B FR Rl RN O3 00, 2P IR AG O 2.215 eV. fEFSE OER
WS, —NEBENSERA B, BEIRIE AL (), TR E AL RE P M E TR R, TTUUNE
HAe R E S . B2 AR Z 56T OER MW H i, W3 & 7 H I i iES . At ud, A0
LIRS OER b2 (3t Ay peddi 20 ) s AR U W A5 M AU B ER . GO = max[AGy, AGy, AGs, AG,]o A
) AGL TRERAEFRUESAE F(PH =0, T=298.15K), H U=0V i, AR[E&HEARM S EEA OER [k
RifE) 4 ASEERE A BRI L. 7P = (GORle) — 1.23 eV. BT AR ITE A4S, Fe fir A4k OER it
HLA7 & 0.703eV, Ni f7 s {4k OER (Kt Az /& 0.985 eV. ALLTE, 7 LAE H Fe /£y OER f#ALIE AL
R R B A G B — 22 . Norskov EEALHT 7T 1 (Ni,Fe)OOH LA Fe 5# Ni {E A7 4247 OER WikE, KL
Fe HL AR T Ni HURE AL, 5ASCESRA —3. [22]H1T27% Nerskov SR IR 7 7%, AT E
BT T AS[E G B AT AT A HLAE P 2 (Potential Determination Step, PDS), BV R 4025 4iF B4 4k 14 RE i 4
W, IERF R RE L2 AR .

3.3. NiFe-LDHs (100)& T Fe/Ni {EL m S B E ST SHETOH

M7 HaT LU H NiFe-LDHs (100)d 1l A [F 544 1) PDOS 5 DOS . MEH AT BUE H, fEZK
REZi b tHIE band gap, 1 HATBRARIR K. Fe JR15 Ni JR1 1 d SUIE RS B EIEN 1 h & L0, Fe
iR E A T-10~-8 eV Z[A], i Fe & =M 4|, v 3d° & F IR A Ni JR 1A 20 T—7~ —4
eV ZIl, Uil Ni & &), N3 R ATeIRE. S b raa g, X1 B FAERE S 7R KHE
. O JEF1 p PUELEM R, e Sy ARG 0, Uil O JEFX Tl &b I E e 3
e 4 Fe JRTYEN OER IR BIAL AR, SoKRBERAFE, BTARTIAEMEBEBIRE, SELRNA
), FUEFT LS Fe JEFAEAL AN T Ni JEFAEAL i B G R R IR A o % BRI E AT U 4
JE BT I HL T AT A ] 8 BTz, Bader Charge 38w IR AR AT i i 4 -1 o Rl ) el fer 28 Ak, AL 8
ATLAE H Fe JE1 A0 NI J5-178 S A% r ] BT P A 58T A2 I 2R A AR A ), TS 30 1 e AT TR & A

6 6
0, (8) HOO* 0, (g
HOO*/| _ 0.0V =0.0V
4 o* 4t O*
>
*
é’ 2 HO 2t HO*
<
1
0l—* UEL23V] o + | UE1.23V
2 Fe site 2 Ni site
Reaction Coordinate Reaction Coordinate

(@) (b)

Figure 6. Free-energy diagram for each elementary steps at the (a) Fe site and (b) Ni site of NiFe-LDHs (100) surface
[# 6. NiFe-LDHs (100)&& T (a) Fe, (b) Ni {ERI SR £ TR N BHEEE



HFH 45
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Figure 7. Density of state on d-band of Fe atom/Ni atom and p-band of O atom at the Fe site (a) and Ni site (b) of
NiFe-LDHs (100) surface
7. NiFe-LDHs (100) & Fe (a), Ni (D)L iz ER

1.8 - —8— Fe site
—#—Ni site
1.6 -
l\.
o 14
[
5
5 *
= 1.2 4
)
-]
<
m
1.0 1
./‘
0.8 -
0.6

* OH* o* OOH*
Reaction Coordinate

Figure 8. Bader Charge of Fe site (a) and Ni site (b) of NiFe-LDHSs (100) surface
8. NiFe-LDHs (100)& T Fe (a), Ni (o)fEL=BIEBT TS 4R
4. &g

AT NiFe-LDHs (100) g4 1H N DFT + U 15 57 AN ) 4 8 J7 7 B 26 7 a1 R TR AE A7 55 4
RS R SEEAT S — VR B T SRONHLER 23 VP R e OB, Gl T S HE AL, 2 LR
B A TEE E L IS 2] T B R s A By, H Fe VEAL AL OER F FiLAT 2K
F Ni R 7. SJatRIESHEESE, WAL 48 Fe A 7EE Ni JE FES KRS T 8 2 1 1 AL81E
A
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