. P4 s Hg g R

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬂ:ﬁi/t\.z

=M — 4T 3E MK NiFe,0,-Ni.Fe, .S BJ&
LB EAFIRF &R R R A HEE

Mo, kR, SR, kK A2, FEE!
(1. JEAE R HE2E B, 2. MPBERLE 5 T RSB, #M132013)

TEE  EXTE RN (OERALFIE ARG, RN 5622 1 [n) R, R RANK S T 2854 Ab AR A2 M SR v 8 g
SEVERR Y B8O I AR SGE S R YT 2 25 G AR PP IR T — Bl —4E 5 3R NiFe,0,-Ni Fe, S
S A M B TR IRE (350~550 °C), AL T NiFe,0,-Ni Fe, S iS5 BT 45 14 5 4143 BRI R0 . &5 51
IR, TE 450 CRIFALEE S (NiFe,0,-Ni Fe,_ S-450) 71, Ni Fe, S H45] 771 8T NiFe,0. 48 K Ve 1 , &AL
M S A, H R Fe?/Fed, Ni/Nid* 2 M A A7 R S as 5 4 . i fb 2=l 85 SR B, & d Rl
1 mol/L KOH IR A F AT ELERE : 75 100 50 mA/em? B A5 3R B3 HL 243 5120 344 1396 mV, Tafel £}
FALE 40.7 mV/dec, RN HL A& PR HEAUE BT EET: . b B GESE T 09 = ML A - 55 0 5t 1w 4k 1y 7 F- 4
AARHE TISPECLS RS , A SN T A Rs | i — 2k O A5 SR T 1L Bucke S 4 tta e 1k .

KR MU SRR RS, 4R T 3Esk

FESES 06433 XEREE A doi: 10.7503/cjcu20250156

Fabrication of Highly Efficient 1D Pod-like NiFe,O,-Ni,Fe,_.S
Heterogeneous Electrocatalysts for Enhanced Oxygen Evolution

CHEN Hong', ZHANG Hang', FU Siyu', ZHANG Xin*, MU Jiajia"
(1. College of Science, 2. School of Materials Science and Engineering ,
Beihua Unversity, Jilin 132013, China)

Abstract To address the challenges of insufficient activity and sluggish kinetics in oxygen evolution reaction (OER)
catalysts, this study innovatively designed and synthesized a one-dimensional pod-like NiFe,0,-NiFe, S
heterojunction material via a two-step method combining electrospinning and sulfurization calcination. By regulating
the sulfurization temperature (350—550 °C) , the interfacial heterostructure and component synergy were optimized.
Characterization results revealed that the sample sulfurized at 450 °C (NiFe,0,-NiFe, S-450) exhibited that
Ni Fe, S nanosheets uniformly anchored on NiFe,O, nanorods, forming a stable heterointerface with coexisting
Fe?/Fe’* and Ni*'/Ni** multivalent states, along with enriched oxygen vacancies. Electrochemical tests demonstrated
outstanding OER performance in 1 mol/LL KOH, achieving low overpotentials of 344 and 396 mV at current densities
of 10 and 50 mA/cm?, respectively, and a Tafel slope of 40.7 mV/dec. The Electronic redistribution at the
heterointerface enhanced exposed active sites and oxygen vacancies accelerated charge transfer. The one-dimensional

pod-like structure improved mass transport efficiency and structural stability. This work provides a new paradigm for
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the rational design of transition metal-based heterojunction catalysts through structure-performance synergy, offering

valuable insights for advancing efficient water-splitting technologies.

Keywords Oxygen evolution reaction; Heterointerface; Charge transfer; One-dimensional pod-like structure

Bl G XTI T MR RE IR TR R I H 28 B, KM HORSZ 22 560 . SR, A48 S0 (OER) I 2218
Bl 72 BRI TN R S A S AR BRI A SR R K R 1, (R M RN
SEPEBERS T SEBR 0L BRI, JF& R RS B AL R AR T OER MERE , X sl /K g R 1)
SEFACHERE 2 OGBS, 1 I 4 R A A AR AR (AN 2R i T NiFe,04) PRIHL LA ARAEfE AL IS M | 45
FA AT I AR BAS S B, B R AR Bt 4 S (R Ju R ko0 SR, NiFe,04 45 1k L BRI 22 1
S E R 2 OER MERE . HEHGE , 55 A A S R SR TE PSR E far i S R RS 1 5 A 50K
Wz — sl A, AT DR SR A &7 AN RSN E Y, TR R i RS R S It
G, SIS R R A A A A S 5 S A A SR LR AR, AT S B AR rh e AR Zs 2, He 5515
T AR A AT S B 2 R RIS 23 (57 1) AR Co/Fe-CNT (BREANKAS ) 2l Kb, SR Zs#h A K IE IR N
T Y FU A UE T O fr A B, ORI E R T OB AL MR RE . Na YRR N, S 48 2% ONT
(NiCo/NiCo,S,@NSCNT) L ZE [ NiCo/NiCo,S, A KARL , H: NiCo/NiCo,S, 5 L5 # il 35 T SAfbid s R I
WL AL RE ) . AT A TE SR L ORAR BT I 5 T P A R R A A SR [ WA 2 NiFe,0,/FeNi,Ss,
P-FeNiO/CNS, NiFe,0,/CNTs 1 S-NiFe,0/NF (4K £F4E) & A AR, BT 7 H S PR bk
AEUSS. RAE AN, NiFe, O 38 A AL T TG 25 772438 i Ak o 350 = (14 1) 8, H S OER 15 M b —
SRR T KRR . P, B3R 5 OER ARG T 1 NiFe,0. 3 A RIS 2 24 RiTAHF 53 Y S B () jd 192

B VE 4 B LS (TMDs, Q1NiS, FeS) KHA# MR IR T & . BOASRER SOphRe i — R 45t ek
TE OER Ak A5 R B0 ) e A R 522, 4 Tong S5 2 7E M0 IR R 42 K NiFe PBA-S/NF, {2 T4 5
WAL Z [ A RO F% T, 7 HAA B CIA R EBL A K Hh R B B 1Y OER TG . Gao 261
A T —FP B E S Vo IELER 2R BUE AL B AN K R A 5 0 A 2 Ak B K 4 (NA,S,-Co,Sy@NiFe
LDH-Vo) 7EHLIRER B A K, FE Ry e iR B2 = OER MERE . SR, TMDs MUARfIEANERUE 1 22
H 5 NiFe, 0.0 SRR AL, 530 NiFe,0,/TMDs 5 BT 45H4 i A] #5515 PERe AL TGRS . 487 10
& B ALY 5 TMDs PRI ON C8k T 2 980T, (H 5 0 S Ab i v R B AL . LA AR 35 06 3R B JLx)
WAL B 12 TR TV R B = BB SE b . Rk, & Bk fE NiFe,0,/TMDs & A AL IR A R
S RS PR FEIGSR AL, XHE T =2 OER LRI i A R X

A S A P AR e IR T — R B —4E NiFe,0,-Ni Fe, S LA . 1% 55 0 25 44 2 PR AR 1) 5
SR ZER , b, NiFe,  SZKF IR A4 K F NiFe,0, 21 . i3 NiFe,0, 5 NiFe, S IR,
1£ OER H 3R B 18 25 0L FA% 48 Nike, O, JEMEAL I L AL 16 . iR bR A5 o b A e AL R 2 i T
FEISTE S, VR T OER MPRMA R 1] BETE .

1 SLIGES

1.1 KK 55

RN B (C Hy FeO,, 23HT4l) | BERRER [ Ni(CH,CO0),-4H,0, 7044l | . B 2 g Ll (PVP,
SrATal) . RNIENE (O Hral) o N, N-ZH L B (DMF, 43874l | SRAL IR (FeS, 4rtral) | B
(H,S0,, 4l 70%) FIE A L (KOH, 4l >85. 0%), FEZERLAR R A BRA Al s KB FK (HBHERS
18.25 MQ-cm).

Hitachi S-4800 3% & 4F 4 #i vt ¥ % ¥ 4% (FESEM, T fEHL % 10 kV), H A H 372w 3 JEOL
JEM-2100F 325 &} fi, 7 & 350455 (TEM, TAERLE 200 kV) , HASHL FRE 24t ; Rigaku Ultima TV 8 X S2E
TS (XRD, &5 Cu Koo , ff 2 MAZN 72 F] 5 KRATOS Axis Ultra DId %! X SO HLFREREAL (XPS,
hv=1486 V), HARHAER ; CHI 760E T oL {22 TR, FiREIERABR AT .
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1.2 SCIEFE

121 — 4 NiFe,0.40 K A 400 & R SR AR 97 221540 5 —4E NiFe,0, 90K -4k . B¢, $0.67 ¢4
W ERER AN 0. 33 o BEPRER VA fH T 16. 6 ¢ N,N- I ELH B 5 2. 4 o RINIEIE IR SV . BlfS, XF
VWA TR PR S A B, FEFP R O 10 s 7S TAES 5 s RIS REIE IR, FFEE 10 min, ZJ54kEE0E 1)
Pidk 1 h DRI 51 BN . K TR B G B Bl 27 2228 B b, RN 1 mm 19T T 2 40
VAT . TEREALSK 20 om Ab i B IICAE SR , 3 3 v R HL TR R IS 22 Skt i 20 kV LR L SR 2Ok IR Y AT
e r= e as SHP T 500 °C R BRE 2 h, 738 —4E NiFe,0, 44 K 414k .

122 —% NiFe,0,-NiFe, SRR EMA & RABSRELESIE—YE NiFe,0,-Ni Fe,_ S FJi45H) . 7EN,
55 H,S BIR AR XA B —4E NiFe,0, A0 K L 4EEA TR ALAL BE . K5 b i 45 1 NiFe, 0440 K £F 4 &
FAEpd, BN, S HS IRASUR F U RN . Hodr, slad 1] FeS Hoin A H,S04, SO AR A HLS A,
I 5 NS [l AR R . BiAbat DL 2 °C/min B9 TR IR HUR0KE B FH 2 H bR IR (350, 450 F1
550 °C), FEAEIZIREE PRI 2 h, RV SERUGTE N, SEF T ARG HEZ . ARk E ik
TR B2 Bl 44 M NiFe,0,-Ni Fe, - S-350, NiFe,0,-Ni.Fe, _S-450 FI NiFe,0,-Ni Fe, S-550.

123 A b MR A AR E I R A R G b TAE S B T . N
1 mol/L NoARAI KOH AW, DARRAENE WX Hibl , He/HgO HIMAE AZ: H M, , 1% NiFe,0,-Ni Fe, SAiEfk
R BE i A (GCOAE R TAERM . MCAT, ) F ARl AN, <30 min DA RBRIG RS ARIERE NIRRT
 E(RHE)=E(Hg/Hg0)+0. 098+0. 0592pH, i T A H A A o 28 w3 S AR L 3 (RHE) , FFX Rl th 42
AT BH (IR) M IE . 7€ SmV/s 454 3 58 T R FHZR Pk 4 5 AR 42 3k (LS V) il A4 B i i Ak i 4. HE
0~0. 1 VIOER)HLEF |, FTEIRMRZE (CV ) R ZM S A A 0 H Ak 2 0 1 T A

2 Z#RE5ITE

21 EREFRIE

NiFe,0,-Ni Fe, _ S& RURARU Scheme 1 U7 . K L BEN FRERS BS FREVA T N, N-— 1 I F ik Jiie op
TE R — VW, G LY 22904 400 “CIEERE S b il A5 28 NiFe, 0447 4E (422200 nm, & ST, WAL
TR R, N s XIRE ] WL S1(B) 15 %2 47 H,S/N TR (R 5:95) 1 LA 2 “C/min (1)
HRETHE 2 H bR E (350/450/550 °C) I mifl 2 h, 28 No/ ¥R 415 159 2 FE i NiFe,0,-Ni Fe,_ S-350,
NiFe,0,-Ni,Fe, S-450 #INiFe,0,-Ni Fe,_S-550.

— ——
Fe(NO;)s/Ni(Ac)./PVP NF NiFe,O4 NF NiFe,04/Ni.Fei-.S

Scheme 1 Synthesis process of NiFe,O,-Ni Fe,_ S

NiFe,0,-Ni Fe,_ S-450 FIESHANIE 1 s . 46 HS SR TBRe 5 . KEYK R B & T NiFe,0, R M
[E1(A)~(C) ], FHANiFe,_ SIIEM. it TEM #E— it F a5 [ 1(D)~(F) ], NiFe,0, 44 K4
YEREAS N S IRAKE , NiFe, SHKAAERKFHE®F1(D)F(E) ]

NiFe,0, 44 K A% (100~200 nm) 5 IGAOKREF4EAR T, W2/ NFAEG A S p kL, i
TR N Z TGRS . I B L (F) AT LA B b 2 H A7 AE W I %) S T ST, I A AR A R
0. 191 nm, 5 NiFe,0, /1 (331) fhTHAHAT , FETH A Ni,Fe, SHKH ST ZRIEH . b T BRI
JEE, NiFe, SEETHEFAAR, X B TATH[SAED, B 1(F)HEE ESE T X —4FE . BRA04E 5 A F
TFHE OER S b H S BUE PR S E ALY 0 R AL, s L i R 8 702, $ - fbPERE .

XF HEAE i NiFe,0,-Ni Fe,_ S-350( 1] S2, WA SCSZ A B FINiFe,0,-/Ni Fe, _ S-550( & S3, WA
FE(E S PITE A AT UL, AR (350 “COMBGERT, FF S SRR EE M (H 45 S AR . foR RSN, 8 i
25 HARAE PR RESZ B 5 17 I (550 “COMBBERT, M NiFe, SR TH K (KS3). MBS
755 B A (STEM) B R [ 2 (A) JRIDE R A B LK 2(B) ~(E) ] & B, Fe, Ni, S, O LR E
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Fig. 1 SEM(A—C) and TEM images(D—F) of NiFe,O,-Ni Fe,_ S-450
Above inset of (F): the lattice spacing of NiFe,0,; below inset of (F): SAED.

Fig. 2 STEM image(A), elemental mappings of Fe(B), Ni(C), S(D) and O(E) of NiFe,O,-Ni Fe,_ S-450

NiFe,0,-Ni,Fe, S-450 HIY5) 341, WESEHING AL, 25, il K i aBobe b e , Rl 46 H iy 3

T IR NiFe,0, 40K H 5 Ni Fe, S K F ¥y B0 S S 454

& 3 J7E H,S 5 N AN AR RS 52 2 hi¥INiFe,0,-Ni Fe, S XRDEE . 7] W, NiFe,0,-Ni Fe, S-350
HIATT 165 NiFe,0,(JCPDS No.74-2081) AHVCRL, i BATE 350 ‘C T %A T NiFe,0,-Ni Fe, S 5l 45 H4),
X —45 5 SEM I TEM B8 i —3% . Ykl 2 &I, NiFe,0,-Ni Fe, _ S-450 Fl NiFe,0,-Ni Fe, _ S-550

W) T A A 5 % 5 FeSO, (JCPDS No. 17-0873) ,
NiFe,0, (JCPDS No. 74-2081) #I Ni, Fe it 1k ¥
(JCPDS No.44-1418) i it 4F W VT B B 4, {H &
NiFe,0,-Ni,Fe,_ S-450 [ 17 5§ U5 5% & [t NiFe,0,-
NiFe, S-550 4 Jif T &7 FeSO,fi7 5 i H 30 Al
DAVA R T4 S 2R E R 434k

i 3 XPS X} NiFe,0,-Ni Fe, S-450 4k 2425 &
FETH A AT RAE (K 4). TE 415 XPS RS 5244k
HFALAFAENI, Fe, O FIS 4FPoE, H IO Mg, #
HIRE S A B AT [ B 4(A) ). #4584 5
N, Fey, XPSOLTELELS A HE N T11. 4 eV (Fe3 ),
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713.7 eV(Fey ), 721. 1 eV(Fel IHIT25.5 eV (Fei A S 4 MGIEVE[ [ 4(B) ], W] Fe ORI T

FeSHH) 5 Fe** CRIEF NiFe 044H ) M A7, 3X 5 SEM HTTEM LI 2] 1) 5 4549 — 2. 7£ Ni,, XPS i
H, 873. 95 F1856. 35 eV Ab A4 73 51 U1 J& F Ni2 %) 2p,, Bl 2p,, FLIA , T 880. 22 F1861. 20 eV &b iy T3 ALI
UIE S N B A 7E [ 4(C) ], R 5 0T A1 AL A7 78 12 3 i i A ELAE R teAh, S, XPS Ol iik 7
163.0 eV (S, )A1168.1eV(S,, )AbFBUEIE— LRk T RACPIAR A AL 4(B) . (AR TER A,
0,, XPSGIETE 533. 5 eV AL RYRHEUE AT IH J& S 2SR 4(F) |, HoREERUIGAL I BiA S T KRR A
BEBREEDY. 454 C, XPSGiE 1 284. 8 eV ALY C—CHE(E S [ K 4(D), T A FRIRINTR |, Al HEW A 25 47
HREMALEE T (Fe NP EMNARIWERA AL T AR 7254 . — 71, 82 iV E s AR i
T HO TR S Jn— i, A EE Sl AT SR, MR E5ET T OERH
HEAEERER.

(A) O B) Fey,,
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Fig.4 Survey(A), Fe,,(B), Ni,,(C), C,(D), S,,(E) and O,,(F) XPS spectra of NiFe,0,-Ni Fe,_S-450

2.2 NiFe,0,-Ni Fe, S#H7& &R EX14RE

K Z AR AR R AE 1 mol/L N, F KOH I H % NiFe,0,-Ni Fe, _ S R 4L T OER 4 GBI
K. 1E350 “C T &452H NiFe,0,-Ni Fe, S-350 WA MG 45H , [, th THHEH NiFe,0, 47 4k
RERERE, LA B fbAbERe, I AEPEREINE T, #4 NiFe,0,-Ni Fe, _ S-350 A H— AL /3 NiFe,0, i
frieie. EI5(A) st LSV (G H0R 5 mV/is) SRS MM Ab i £k, mT I, 2 H % 0 10 mA/em? B,
NiFe,0,-Ni.Fe, S-350, NiFe,0,-NiFe, S-450 Fl NiFe,0,-Ni.Fe, S-550 F4 3z i 37 23 %1l & 355, 344 FI
353 mV; Y HL % B AT 2 50 mA/em? B, 2 B E— 2P 4 B T R 2 467, 396 F 404 mV. Hirp,
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NiFe,0,-Ni Fe,  S-450 i) Tafel &35 /)N, R E A BA OER S 3l )2t #2725, X Hak i A il

EIR—FY. peAh, i H AR R LS (C) M E PR AR B F A 24 TE PR TR (ECSA). S5 8
7~ , NiFe,0,-Ni Fe,  S-350 5 NiFe,0,-Ni Fe, _ S-450 (%) C,{ELAHT , T NiFe,0,-Ni Fe,  S-550 ¥ C,, i 2. 3% F%
RLE5(C) ). 454 ECSA M Al %1, NiFe,0,-Ni,Fe, S-S RAHI MK MAEAR A T i Pk T AR A T 32 T 42
T T HAGEAEALTEYELE 5(D) ], ImHeF Tk, o, NikFe,0,-NiFe, _ S-450 P53 H s il A £
PRSI LR A ERE . O T KIE NiFe,0,-Ni Fe, _ S-450 Ak e 1
TE1.58 VAL FHEAT T3 Fi s i ik [ &1 5 () 1. DE, Tl mol/L, KOH H % &L 17 100000 s (2
27.8 h)Ji, NiFe,0,-Ni Fe,  S-450 i HL I 2 BT B2 10. 1%, X — R 0 3 0 32 5 1] 0 PR ek ] 528 ik
£ OER 451F T HUM R 11 & A i i Ei A S5 Ak Tlﬂzajﬂﬂ */T?l‘#i%ﬁd]j‘@i%ﬁ/ﬁiT AR E

H R A YIETE)Z | ZZ A SR MR AR 2540 G 32 1 — 25 B il A IRl Bs T BT L iy A A% 1) Rl

TS PR 2R 58 7 R T N BRIV E T . e Ah , I8 PR A B B2 it % B0 L X 4% ) Tl N TR R Al P B 52
MR 22— Rt , XAVRRRE (R R K TR 2 B RAE 19 E 52 428 OER ML 72, 843 UEA
T NiFe,0,-Ni,Fe, _ S-450 & G M RMERT 215600 T B9 S5t s fat e As e PR3

400 0.36
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Fig. 5 OER polarization curves(A), Tafel plots(B), double - layer capacitance(C) and electrochemically
active surface area(D) of the samples, chronoamperometry measurement of NiFe>04-Ni Fe, S-450
for 100000 s(E)
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Fig. 6 Charge density difference of NiFeOS(A), PDOSs of NiFe,0,(B), NiFeOS(C) and NiFeS(D)
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W AR T —4E NiFe,0,-Ni Fe, SSHIREEH, 5AE5HBE 5 R mimys, BRI TH
Mréa s i (OER) AL RE . Bk AL &2 B, 7E 450 ‘CHA4F T il £ 19 NiFe,0,-Ni Fe, _ S-450 HA7
MRR) LRGSR, o, 28 Ni Fe,_ SHK B 5] T3k T — 2 Nike,0, 100, JE A Ao Ve 52
J LI . HLAL SE IR g 2R, %R R 10 F1 50 mA/em? L 85 BE T Y 5 H 082 43 IR 2 344 F1396
mV, Tafel FZA0H 40. 7 mV/idec, FEILH LT AL TG YEFIFRE M . XPS 5 XRD 434 SRAESE, 55
FHRTAL S S R S N S A R AL s TR AL, DRFIERE T B I AL T ROV A% . eAh, X e SE i
I T BRAR IR BE XS AR5 R -1 R A A LA ZEAIRTEL (350 °C) N R AL TCTETE B NiFe,0,-Ni Fe, _ S 5 i 24
P 5 TAE S B2 (550 °C) ', NiFe,0,-NiFe, _ S 58 445 il TLIRIE Ak Rtk &b #4 3k, YRR T
G . WA BT T AR S A A A S B A v H R G 5 TLART SO0 A A 3l 0 2 1 D[R] 3 s AL
il , i AR 54 TR SR AR A FE P PR AL T B A a5 2 SR AR, X Sl v b R B A AR )
)k S HA HESHNE.
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