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Abstract

In this paper, a two-step hydrothermal method was used to prepare nickel-iron selenide (Ni-
FeSe;/NF) with different nickel-iron feed ratios on Nickel Foam (NF), using Nickel-iron Layered Double
Hydroxide (NiFe LDH) as the precursor, Se0Q; as the selenium source and harmless and non-polluting
sodium citrate as the reducing agent of the selenization reaction. NiFeSe;/NF has excellent elec-
trocatalytic performance for both Hydrogen Evolution Reaction (HER) and Oxygen Evolution Reac-
tion (OER) in 1.0 M KOH electrolyte, and can be used as a bifunctional electrocatalyst. Among sam-
ples with different nickel-iron ratios, NiisFeosSe;/NF shows the best catalytic activity for HER,
with the corresponding overpotential of 126.3 mV at 10 mA-cm-2. Moreover, Nii.33Feo.¢7Se2/NF ex-
hibits the most remarkable catalytic performance for OER, corresponding to the overpotential of
295 mV at 50 mA-cm-2,and a Tafel slope as low as 67.4 mV-dec-1. In addition, Ni;sFeosSez/NF has
optimal performance for overall water splitting, and the corresponding voltage is as low as 1.53 V
at 10 mA-cm-2. This paper provides a safer and simple method for synthesizing bimetallic selenides
with bi-functional electrocatalytic activity.
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[7] iRy LA BT L (HER) AT 460 (OER) T 14 1 XX Ty R R A /K A4 712 AL FE AR K BT R GE S 3R T RS e Al Rk
ANEEAR AL S 0 K B R B 5GBE [2] o IR B AL & ) (A I R < IR AR AL D AN AL ) 2 v 3 5 iy
Fasetklr, EFERHA M HER, OER VMR AT R SliESRmemmte, i se*
FIRTE 7 RAER, A AR, H Se i) 3d Pl REZHLIL 3s FUEM 3p HuilE, 5 5&REET
A, BRI, AR DL SR e AN T e, A AT T AR AL SN A AR [3] [4] RS,
R e R A A L s PR R RE S s RO AL T S PO OAR R, RAIEFIER M A g, HES
TAE HER IR P 25 1 (H")s [FIF, e B 2 fE 41 A PO i) OER Hh Al = M f% i 24 [5] [6]. XL
R R RV e T A B RE 0 S 4 S I DL A ASAE A AL TS VR R IR AT, AR, R R AL ) T S S
{75 P B e S PEGRRA AL T, ATl AT AL, EACTEREA K St R AL T DA ) B
SR SN AL SRR EGE, TSR 52U T T AR, A A TR A S
FHEETEI: RN, 2 SBEMEY SR AL, SRR RIS, A T 2 45 ki
A< R PR [7] [8]. PRIL, A HCRA AT I 1 X <5 4170 Al AL W0 — P Tl AL WAL 05 P 8 AR

PLE AR J S A (LOH) PR DY AT SR, Xt HLEAT WAL, mT AR B A JROIR 46 4 [ it _E AT 5
), 1535 5 KBS AL RS B R 410 & T IR R . B, Liu 8 ASGimid K #
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IAAE NF K H 4 % NiCo LDH, F#4 Se ¥\ & A Bl S LB (NaBH) /KW, 6 i SRR A T Al AL AN
SERRURALTE, R T AR TR H A A ALK 45 F ) Nij_Co,Se, MNSN/NF [9]. Hi T~
RS I MOUL T S AN AL AL PR HL 725 K4 5 Nl 89C 00,1158, MINSN/NF 7E 4 PH B 1 [ N Z8 R B 7 40T NiSe,/NF,
T T 5148 PUC MPRHE HER W& 1. Xu 258 A\ LA NiFe LDH JyRTSRAAZEATAIAL, 453 th b K Bk ) 5 i
YK G5 R ) NigFe,Sep, 15 78 T HURR R 9K 2544 RE S 2 5 B 2 10 Bl M7 i, FEMR7E 1 M KOH 1) HL
fErh, BATIL S OER PEAE, X3 10 mA-cm 2 i, bRt AL TR 195 mV [10]. AR+, K
FH K AR ) £ 004 S A A 0 R A 3 A3 5 DA A B B3 /K B Bk (HNINH) [10] FHAE AR IR 1493 S5 751, SR
KPR R SR GRS, BT RS, KGR — R N R . R
TGP, fESLi i R, XS SRR — B e, X Seie N G B M {1 it
. Bk, FRESEFRI LM, FFRULE. ZEMEERE R ke ER5EZ L. Of
IR, AR A RIGFHE IR, B ARRIR S ERE A faE, 1 A R 4538 IR 4 4K Bk,
WA HAEIE SR 70 & R AR B, 1 AulFesOq 9K BURI[11], FIRRAEAL IR KLY PUC HIMREE[12]. DAL,
A DA AT BR AN KA Al A I 2 340 5 7)o

AR AWK GE, DA RSB LE ) NiFe LDH VERTEkAA, k8 — S AL J9tlith 52 5 ()
Wi, ZAaTE . oI5 BRI AL S S IR IR 5, 7F NF _EA Rl 4% NicFe LR R R EA ok
S KL AR B A4 SR AL ) (NiFeSe/NF) o AL 2 20 B 25 SR 7, Tl £ (1) NiFeSe,/NF B A {1 R ] HER.
OER Mg ffasE P, 1 H AT 1E > r i A0 5 T W e A /K

2. SEIGER4y
2.1, SEIEHAT

ANIKEFAER(NICIy6H,0, 98.0%, Uit LIt AR AR, /SKEG =& (FeCly6H,0, >99.0%,
H 25 £ B2 R A AR A A, A (NHF, >96.0%, EZGEDHRFERAA), RE
(H,NCONH,, >99.0%, Pullitk T AMRAT), %A LH(Se0,, >99.0%, ikl | ARG
AT, FERRIKEY(NagCsHsO7nH,0, >99.0%, i kA b BHEA IR A ), HWHKE(NF, &
fE: 0.3mm, fL&E: 0.1 mm, KELLEGEM TRHEARAA),

2.2. BrmpHlE

#14% NiFe LDH/NF B3R 4 NF 43 52 BAEHREE A 1.0 mol- L B SRR 2588 FOK M 2 rh ity
Vet 10 2, BEJS TN BB IRE )y 60°C T840 HHET 1 /BT o ARAEAS 4Rk LU (B (NiFe = 1:1, 2:1, 311,
4:1), ELEHN 2 mmol (1) NiCly6H,0 F1 FeCly-6H,0, KA [F] Lb 7] iy W5 F 24 i 733 15 0.2315 g ) NH,4F
H110.37538 g 1] H,NCONH, —[FIA R 40 ml 2 B /K IBet th, #E 14 HE 30 438 M i3 id i
BN A ARG 251 50 mL AN s R, MR ATE#0 NF. BEE, 3R EBCELE R
I 120°C, fRIR 10 AN/NBF . RKRURMZS R, RN ZEAHEERG, BEFES, HFHEETF/RML
BEAS BRIGWE 3 K, DABR ZSRE SR TR I 00 S B2, A4 RE S AE MR T 60°C ) 6 /N

4% NiFeSe,/NF: FRiE 0.44384 g 1) 4 AL 0.51614 g MIFFEEERAN/K &1 3F3A T 40 ml 258 1K
o, B 1NN AR RS, BRI R B A N R DU LR 50 mL AN E RS, IR
NFT13 NiFe LDH/NF SR fAE . BJE, KRB EY, EREN 180 CHI%&MET, &I 10 NN, £f
IKINRBLTE R, T BERE ah R E T A T 60°C T 6 /NF, BIAG 24K TR SR BB 204 B ik
PI(NiFeSe,/NF)FE it o AR 7 SR 1 AS [ B} LK T A5 AL 0 i iy 44 04 NigFe,Seo/NF+ Niy 33Feq 675€,/NF+
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Ni1_5Feol5SEZ/N F. N i1.5F60_4sele Fo

2.3. REmBYRAE

FIA X FHEEATHHX(XRD, Rigaku D/max-2550, Cu Ka &5}, 4 =0.15406 nm) 5 HTHE i i f 44 45 1) Al
MR B33 T BB (SEM, ZEISS Gemini SEM 500, 1 )AL kHRH L $E, JFiEid SEM
SRS ) BE B U X S Z(EDX) G IE AT ST RE il B T 3R 70 A

FEIRPE T 1.0 mol-L™ ¥ KOH Haff Ry, ARERRIRALY) (1 Fa AL 1 it L A5 b v = FELAR R 4L
ff] CHIB60E Hifb~4 TAESEHEATRE I . ] Ho/HgO HEMRAE NS L s b, AR st eb, BT Al 45 OB
FAE T AR e b KRR S I 20 0 1 x 2 om? K/, B AR BESBE S RIE N KOH YA T 4 BT AU 1 x 1 em?s
FEm Y HER. OER A4 fif /K (1 AV Vs i ZR PR AR 22 i 26 (LSV) TEIMRZ I (CV). HAL S FHAL(EIS)
MR 713K 15

3. &R5118
3.1. HRmEIHEER

M 1 AR (R BRAR R B NiFe LDH/NF [ XRD Bl DA 825, 1F 44.5°, 51.8°, 76.4° =/
JEAT A s, EATARER G R i 1) 6 R AR BRI R U ()RR (T SRy E) . bAh, T 11,670 19.3°,
23.4°, 33.5°, 34.4°, 37.2°, 39.0°\ 46.5° 59.9°. 61.3°f1 B V& 57577 M 45 #4011 NiFe LDH (JCPDS#26-1286)
Hf1(006). (105). (0012). (202). (204). (208). (2010). (2016). (220)F1(2120)MiAH*tM . FrLAHl XRD
ISR AN, SEge It R 0 28 — K VAR I IR L 19 31 1 B w4 il B 7574 NiFe LDH 454411
AIOXAAR . H I 1 TPl ALY RE S ) XRD (B5 € 2R)rT &1, B =/NE T NF JEAR LR 58 0& 44,570 51.8°, 76.4°
bh, FELLIEAELE 29.9°. 33.6°. 36.9°. 42.8°. 50.7°. 55.5°. 57.8°. 72.6°5EANHI G HIRFENE, X LB XT
MF NiSe, (JCPDS#65-1843)41#1F11#1(200). (210). (211). (220). (311). (023). (321)F1(421)&h1f . 5
NiFe LDH/NF (1] XRD (PR ZR)dtAT5f b, RIUALRE 5 ) XRD B H Jexs B IR EVE(E, [RIk, i@
P AR AR S AN S NiFe LDH AH, 6 IS A T SR A 58 ARl A0 g 45 s 2 50 e (R B — 1)
B A NiSe, S5 1M

&:JCPDS#26-1286 NiFe LDH
#:Ni

*
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Figure 1. X-Ray Diffraction (XRD) patterns of NiFe LDH/NF
precursor and NiFeSe,/NF sample
[ 1. NiFe LDH/NF BI3R{AHN NiFeSe,/NF &) XRD
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3.2. HRERMUMES

FH AT IX A& NiFe LDH/NF (1) SEM B4 (1 2(a)) FT %0, 25— D /K #4201 & A IR S 78 NF 2224k B3 5]
HEIM, IR MBI AR PR A OB . 4561 1t XRD 455, Ui BiE I K HGELE
NF Ll #5287 B 90K R TE B A K A NiFe LDH FT 3R . 1 14 2(0) A1 2(c) ) SEM % AT AN 22 3],
TR AR B HAK T EHS K A, XY ek Bk A, 56 2(a). Bl 2(b)F
AT 9KAA NiFe LDH/NF R G 90K A SRAI L, A0S 15 20 9K b i g . AR TXME S
TR RHRE AN K (0 =B85 4, B SR AL RE i 7E F A R, 9K S50 RS 78 HA A T
W R R BRI R T, T A T ek 55 B3 2 3G AL S S 5 A B . B 2(d)~ & 2(f) 1
SEM-EDX JuE {45 R AT OIS FE M R IR TR /TSI, Niv Fe. Se XI5 AfERAAR AL KIANAK F
F, VALK EA Niv Fe F Se IX=Fpunk. 461K 1 HFEMEI XRD 455, 3 —AEE A FAEKR
YK 8 Niv Fe XU B ALY NiFeSey. TSR i IR W 30 45 1 RO ZEL R 40 A 45 SR mT i, A SR ieid i
PG 7K AR B DK NF 3R T ) NiFe LDH ZEAT AL, fll 843 3 7 49K FoiR 008 J@ a4k 47, B NiFeSe/NF .

PO -

(d) (e) ®

Figure 2. (a) SEM image of NiFe LDH/NF precursor; (b) Low magnification and (¢) High magnification SEM images of
NiFeSe,/NF sample; and corresponding element mapping images of (d) Ni; (e) Fe; (f) Se

& 2. (a) BIYR{E NiFe LDH/NF B SEM [&; NiFeSe,/NF #&E(b) RMAEEHFI(C) SHAZEHA SEM B; BXR
B(d) Ni; (e) Fe; (f) Se JLZAY mapping

3.3. FrmAYEELEY

3.3.1. ¥EMEY HER Ei

3 JB/R T NiFeSe/NF F & f¥ HER PEBEMIR4E J. A 3(a) R S iR Ak i 2 v DLW SR 2, 4%
EHEE NitFe = 3:1 B, X REFE A Nig sFegsSeo/NF (R UG I HLAL I 48 6 B 5 /N 2928 102 mV, Nip asFeg 675e/NF
55 Niy gFeq.1Seo/NF FRUf it AT (5 20 , R ok AT 26 06 B 55 R [FIRE i 2 NigFe;Seo/NF, 2154 160 mV.
IAFI-10 mA-cm (T R, RFEIRES TR AT NS, o, NipsFeosSes/NF £ 5 T e ik 74
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Figure 3. HER performance for NiFeSe,/NF samples with different feed ratios of Ni and Fe: (a) Comparison of polarization
curves after iR compensation for HER; (b) Comparison of corresponding Tafel slopes of samples; (c) EIS Nyquist plots of
the samples; (d) The double-layer capacitance (Cy) fitting plots of the samples

3. TREIREKIZRIEL A NiFeSe,/NF # 5 H) HER M£68E: (a) 2T iR *MEFEHY HER RILERZXTLLE; (b) HERITRIAY
Tafel £ IFELE; (c) #ESAY EIS Nyquist [&; (d) HRAINEEER(Cy)EE

SHES/N A 126.3 mV. & 3(b) @R TR Tafel REZRMZEER, Tafel RHEE U Bl % 1A R LT
NiFeSe,/NF ¥ EMEL HER e B i K 3] Volmer-Heyrovsky S N HLFE . HRAEFE S Tafel 4348 1) K/
A HEFF H: NiysFegsSe/NF (108.1 mV-dec) < NiyasFeqs;Seo/NF (117.6 mV-dec ) < NijFe;Se,/NF (132.2
mV-dec %) < Niy gFeq.+Se,/NF (159.0 mV-dec ), NiysFeosSe,/NF () Tafel &R A4 f /N, BB 5 HAh = FhE
FHEG, A2 S A [ AR B BT 75 B D0 0 ik P (B e /N, OBl g 2 R s AR . ] 3(c) WFE R TE-1.1 V
(vs. RHE) 45 i F AL S BHATIE ], JRR T A FRE S 7E HER I FE HH IBH BT/ AT EL 85 5, bhi i 2k i f
B EAR K E AT, NijFe Seo/NF 5 NiggFeq4Se, #AHA AR BRI s far e #2 ti B,  HOK/MNEH AT M
NiysFeosSeo/NF 1] HL far % 4% LB PUE e/, BB S 7E HER S R2 e B Pt A S i 7. 18] 3(d)om 1
HIAS ARl CV R A i 2 400575 21 1 00 JZ LA (Ca) W EEE R EK1 Cy 5 F AL S0 PR R T AL (ECSA) B IE
Fe, Ca BIR/AMEER T FE S AL i MR T AR R /N e FEXHZ AL &4 R -, BrT
Niy sFeqsSe,/NF (1] Cy {tft KN 40.8 mF-cm™ LASL, JLAMBE S Co (i R /NBEONBEI, X158 B 7E DU RRHERE
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EE B RE S, NipgFeosSes« NipasFeos;Ses/NF Fll NigFe,Se /NF () B Ak 27 3% 1t 26 T ARl 2= BE AR K, 1
NiysFeosSeo/NF HHA i K F Ak 4G MR TR, BERE TE BRI Fi A T v 9 B 3 HH O 22 IO AL TS T 05 S
5 HER 2. fERTARES T, SR NitFe = 3:1 B, il % 73 21 NiysFeosSeo/NF B A f ) HER f#
s
3.3.2. #MmKY OER &L

JIriill 2% NiFeSeo/NF # 5 ) OER HAb th 2k an (sl 4(a)Frax, FEHEN 1.3 V vs. RHE 1 1.42 V vs. RHE
BT A7 — X AR S, 3300t BT AR BEA R R AR NIPINP 2 Itk AR T Tl 44 o X4
WAL M) FE i P #8 NIOOH 7= 48, I 2 FF i o 3 22 (i AL 35 M VE F 9 7 [13] » NisFe,Seo/NF 5
Niy 33Feo675€,/NF [ OER UG HLAZ, #/NT NigsFeosSes/NF 5 NiygFeq 4Seo/NF, B FAR B 16 K,
NiyssFeosrSeo/NF HIM AL 2k E T el A% B 50 mA-cm ® i, AN [l R S B F it B 067 40 51 A
NiiFe;Se,/NF: 300 mV. NijssFeqs7Se/NF: 295 mV. NijsFegsSe/NF: 319 mV. NiqgFeqsSe./NF: 326 mV,
HUE AT AT, NiyssFegerSe,/NF B F| K% 50 mA-cm 2 i tfrf/h. [ 4(b) SR 1 AR FERES I

400

—=—Ni Fe,Se,/NF 0.50 -
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Figure 4. OER performance for NiFeSe,/NF samples with different feed ratios of Ni and Fe: (a) Comparison of CV polari-
zation curves after iR compensation; (b) Comparison of corresponding Tafel slopes of samples; (c) EIS Nyquist plots of the
samples; (d) The double-layer capacitance (Cy) fitting plots of the samples

4. FEIHRSKIZIIELAY NiFeSe,/NF # A OER MEE: (a) 43T iR *MERAY CV IRLBNLZXTELE; (b) HEMITRIAY
Tafel £1ZRJFELE; (c) #ESAY EIS Nyquist [&; (d) HRBIWNEBEER(Cy)EHE
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OER Ak i £t 545 2 Tafel RER LA R, 5 NiFe,Se,/NF (96.7 mV-dec %), NiysFeosSes/NF (125.0
mV-dec ™) A1 NiygFeq.Seo/NF (102.3 mV-dec ™)) Tafel FHZALL, NiyssFeoeSeo/NF 147 /M 1 Tafel f%
i, K/NK 67.4 mVedec™, UEBHILYE OER AL FE B A P S Bish J1 2 A . [ 4(c) Ebi 7 ANIA]
Ni:Fe BORFELRE St B BT RN, 7T L H Niy ssFeo 67Se/NF HIBEHT1E 1 7 #h 28 i BLAR A X iy, AR
AR TBAUE, 76 OER WM 5 T8 S o1, ML md P, A ek 5 ) P
7. NiFeSe,/NF £ 5l IS HLZ FLZE Co K/NKT 4 BB /RTE ] 4(d)H, NiyFe Seo/NF. Niy s3Feq g75€2/NF
Niy sFeqsSes/NF LA Niy gFeq 4Seo/NF ) Cy {73979 107.5 mF-cm 2, 122.0 mF-cm %, 67.7 mF-cm 2 1 98.5
mF-cm ™, FEf ) ECSA {HIEHT Cy K/, HIEE FXF AT A1, NipssFegrSe,/NF [ ECSA ek, i
£ OER It 2 rp 5 M Xt B 22 19 8 PR A0 25 R P (AR AE o AH EL A 50k LU FE S0 1) OER 3 1R it
Niy 33F€0,675€/NF B A HAK A Tafel R424E . HALETUDN, BALZEMTIAUR, BFIE, NiggsFeosrSe/NF
FEPUFPAE 5 OER ALV RE S AILBR AT KL o

3.3.3. HRERKIERE

FH FLAL P BRI RS SR T L, NiFeSeo/NF F i B i HER 1 OER fEALIERE, X ULBAFE M EA
—E I RE K I VERE . DRI, B T 45 ) HER BR OER 1 RE fe 1 NiFeSe/NF £ A i 1 A HiAk
S ) BB FT I AR A RLZEAT 1 A /K P BRI, 7 Ni ssFeq 675€2/NF F1 Niy sFeq sSeo/NF A% [ Al A it
LAERIE 5 Fim. MM RN 10 mAcm 2 I, B SRR A H AR H T AR H AR RN,
Niy asFeo 675€2/NF WAk il 28 56 57 F 4B M 1.56 V, NiysFeqsSe/NF 4 1.53 V. 24 HLifi % FE7E 20~60 mA-cm 2
Z 1], NiyssFeqs:Se/NF FIA /K I BEARNT Bl FUR 25 KT 60 mA-cm 2I5, NiysFegsSe/NF FE i [ 4 iRt
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Figure 5. Results of overall water splitting performance of
NiFeSe,/NF samples
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