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Abstract

Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are the basis of renewable
energy technologies such as electrochemical water splitting and metal-air batteries. The electroca-
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talysts composed of various transition metals (Co, Fe, Ni, etc.) have been explored extensively as po-
tential substitutes for precious metals due to their good electrocatalytic activity. In this article,
bi-functional electrocatalyst ((FexNii«)2P/NGO) supported by Fe,P and Ni,P was successfully prepared
in a tube furnace by annealing at high temperature. In 1 M KOH, the catalyst as prepared under the
optimal conditions reached the current density of 10 mA/cmz2. The OER overpotential required 228
mV and HER overpotential required 160 mV. When (FexNi;.x).P/NGO is used as the cathode and
anode of the electrolytic cell, the current density of 10 mA/cm? can be reached at a voltage of 1.66 V,
and shows excellent stability. This work simplifies the synthesis of nickel-iron phosphide, and the
flake NGO reduces the agglomeration of nanoparticles, providing a large number of active sites.
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1. 5]

M 48 5 . (Oxygen Evolution Reaction, OER) A&/ v (Hydrogen Evolution Reaction, HER) & Hifi# 7K
SN PR FEAS SN o SR T T iy RE A MV 28 1) 22 LT AL L R PR A 1 I B8 S B S B B A o LG, IF
R R € (1) FARE AR O AL 25 S BT 28, ks> S Bk R o (1 e B A0 FE AL M LA /K 2 AR (1) SR B [ 1]
BITMVFZ 7R, A 48 7o R A R B B AR T B R i RE A, Rets it
A AR A TS 1, FE R R H RE S I SE 51 B I e Itk e . 124 CARIE T VR 2 & A € I FE 51 X0
4 )& OER Ml HER HfEAL 7], GUHEILT X0 IE 4 8 A [2] [3]. wikdn[4] [5] [6]. BEALA[7] [8] [9]. A
ey [10] [11] [ RES & EHRME IR EY . Flw, Liv FAERETY4E Lal#E T 3D Bk
CusN@CONICHs@C E A5 AKE ST, )8 i sy 35150 43 B e L 2546 T [13] o i MEA TR R I HH R 4F
ISR K, AT S BE A AR A T AT B A ELAE D, AT DA K PR b sl A=K B 5 e = i
TR AR ) e BRI AR e s Li 28 NI CeZIF-67 AT IXAARHE & i b % 1) Ce 5241 CoP,
T Ce 14544, MHEALF Cel-CoP LI F M OER fALYERE . FEBIEA R P ALY FE 270 mV HAE
SCHL 10 mA/em? (R, FRREE T RIFME R e b [14]. MR T e A SR &Y, W
S J AR v PR B R O VR 6 A U PR A R R 40 A E R BT SR RN S SR AL R, A B
TS A A SR B, H A TR L e B E e SR, AR TR, f
EATITE AL R R B = S PR [15] [16]. [RIUk, & @by T R i R . KR et
DA S AERRPE A 5t H 42 HER A OER R AV 5T XU B 52 1T H 26 52 3 %0 o

FEAR T, AR SN R4S NiP A1 Fe P UTRZE N B8 AM A )6 b, ST
A AFRE 1 OER AT HER XU LN g HL M 46 71 (FeuNi1.«),PINGO. Fe JGE 145 4% T LLA LA NioP (17
ghk, {RE NiP IfEVERE . BB A SR IR TG BOR R AR B2 I s P v A S 1) 3
PR [ B ) T S SR K R 1 1 5, AT KK H T OER A HER (3 1 o iZ MK FU7E 10 mA/em?
(R FE T, OER KL A A 228 mV, FEFE/RRIZAUN 71.5 mV/dec. 4(FeuNii),P/INGO F1EXUH
P v b P T K R, AR 1.66 V MR R AE =4 10 mAem?® [ FLIR# FE, JRREMRERE
24 h fIFaE .

Tk

DOI: 10.12677/japc.2023.122010 77 YERAL i


https://doi.org/10.12677/japc.2023.122010
http://creativecommons.org/licenses/by/4.0/

2. SCIOERSY
2.1, AFIFLEE

AW AT A BRE— K ORI Y. /S/AK =&ML, ARSI, RIBA Bk, S8, —&
T WRERER . BERR. SSKIEERES. AR . JEMAEY N, st N EEE, B
aift.

AT 5T BT R3S A Bruker A F) D8 Advance X 28 B RATHHX . 3E[E FEI A 5] Tecnai G2 F20 i
ST . 35 Thermo Scientific 23 Thermo Scientific K-Alpha X S8 B FREW: . iR AL %
HBR A CHIGB0E Hifk 2 T ARk .

2.2. fEWFIRHIEREHF MR
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NGO Fe Ni, /NGO (Fe Ni, ),PINGO

x X x T 1x

Figure 1. Scheme for the preparation processes of the catalyst (FeyNiy.,),P/INGO
1. (FexNip4),P/NGO LI HI FE R EE

AP ST H R AR B ) A AR A ] 1 s . B SR DARSIRAT B N R RE, SR A Hummers 3241 % A0 A 220
(GO) [17]. FiA=REMCNRIEHI %R B 440 8BIF(NGO), ¥ 0.1 g GO i1 0.3 g = FKEL 78 /iR &0 BE Js
(7= SN RE A, TR S gk, 78 N 20 B 3 /N, [ Bl 2 800°C, FHifLi# 2 5°C/min.

il £ FexNip/NGO: ¥ 10 mg NGO. 1 mmol FeCl;-6H,0 #1 n mmol NiCl,-6H,0 (n =1, 4, 6, 8)i & &b
HFIFABE 25.0 mL 7K - ZEEREYI(OK : CEEAEFREL A 1:4, 5.0 mL 7KF1 20.0 ml Z B9 . FEHHE T DL
FP 1~2 W% (33 2 DL 1 mol/L FrI9< 3 in NaBH o LA I 42 J R0 BE JR 1Y) 5 A5 M\ 1 w9% NaBHg. T\ NaBH,
Ja, SREERN 1h, SRJEVEEIETE, 733 FeNi, /NGO (x =0.5,0.2,0.14, 0.11).

il 2% HE 1k 71 (FexNiy,),PINGO: Kl %5 ) FexNiy /NGO #MEIE TE Ryl 2.0 g IKBERREAEA
WEUE, BT BREMZ) 2 om BB EREX I, S 30 min Ny, LA 2°C/min BIbn#GE 2, £ 600°C F2EF 2 h,
IR R, 193](FeNii ) PINGO RFIHMEALF]. FFRIFERI T 70T LU % Fe,PINGO. NiP/NGO Fl
FeNiP Z:LUAF i

TR SR K B 4 AREX 3 mg fiE AR T, 1) HN 450 uL 2% 500 pL Z&1#7K, 50 uL 5 wt%
Nafio 57, #i/ 2 h JFE R0 HUS 51 AL 77 8K . B2 HL 80 L HEAL 7 88K IRLE 0.5 x 0.5 em? [RIfR4E
b, TEER IR AR TAEHRAR . AT 1 H Ak 2% OER Al HER 1 fE R4 R 1) & 20 i 1) — Fi il
RYE, WA SR N b, Ag/AQCT (AT KCI) B AR A2 L, i 0.5 x 0.5 cm?® BRI N T4
Hil, fiEE N 0.95 mg/em?, £ L4k TSRS CHI 660E _EidEAT F Ak MEAE IR .

3. SEWERSITIL
3.1. fEHFIRAE

JIT il £ BIRE i X S ERATST (XRD)RAFLS & 2 Fron, A S8BiAE 25° B — A 5510 58 FRR g,
ML EL NGO. X T-Z LUkt i & @ -a ), EE HILAE 40.28°, 44.20°, 47.28°. 54.10°F1 54.61°[ft
i, XFRLT Fe,P M4 fAH(JCPDS:51-0943), MMl HILLE 40.80°. 44.59°, 47.30°. 54.23°F1 54.94°, X}
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Figure 2. XRD patterns of (FeyNi;),P/NGO and the reference samples
2. (FexNi1),P/INGO K33 BB+ M A XRD El &
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Figure 3. (a) TEM images of (Fe,Ni;4),P/NGO; (b) Particle size distribution reference; (c) HRTEM images; (d)~(g)
EDX mapping images of (Fe,Ni;.4),P/NGO (the scale bar is 200 nm)
B 3. (a) (Fe\Niy),P/NGO BI TEM [Elf%; (b) KIZHHSit; (d) HRTEM Elf§; (e)~(g) EDX JT3 mapping

% (B % ¥R 73 200 nm)

Wi 3(a) s, Fe-Ni BN K IR IS 51 1 73 A AE —4E 7RI NGO |, IX R EITETE i Fe-Ni 4
KFURL A AR b B Al S R R A, NGO RISt T 2 NS AL i, G 295 1k T 4 J8 g K O i 1 5
L B AL B S 4 SR AN R BIORE (R AR R RE R 4T, RUNZE A MM R AR EM A e . B
WA o AT B W = G T R 3R AT, A 3(b) o, RifR oA 45 R NGO b4 @ B ik &It~ F 35 kL
6.8nm, HpAi%]. HRTEM BEME (1 3(c))Rrn 48 4 KBk Fh A7 7E fi A% [R1 5 >4 0.286 nm A1 0.221 nm (1]
AN ERAR 280, o BN T Fe,P (I(101) SATHI AT NioP f(111) T, XM NGO R [ 48 K B0k i P Fh
ANF IR Sy SRR, 3 Z (RIS 1 o ek . Bbah, RER sl X 2R B4 SR () 3(d)~(g))iEm,
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Figure 4. (a) Ni 2p; (b) Fe 2p; (c) P 2p and (d) C 1s High resolution XPS spectra of (Feg,Nigg),P/NGO
4. (Feo2Nigg),P/INGO HJ(a) Ni 2p; (b) Fe 2p; (c) P 2p; (d) C 1s RIS/ #EER XPS ik

A4 N TR R XPS S5 5. Wil 4 Fizr, Ni2p # XPS =43 %1t 848.84 eV #1 866.48 eV 4k
I BEIE XU 53 i 6k B T4 J8 Ni [ Ni 2p3/2 A1 Ni 2p1/2 [F4FEIE[19], 177 852.68 eV Al 870.56 eV Ab[H)
e 6E R Ni#*f) Ni 2p3/2 A1 Ni2p1/2 (] 4(a)). b4k, 856.28 eV il 874.04 eV FHIL i) 5 AR WA E e S 4%
SrFRZs NiP*H Ni 2p3/2 A1 Ni 2p1/2. [, 7T 859.04 eV 1 876.92 eV U2 Ni f) T IE[20] [21].

(FexNi1),P/NGO {154 5% Fe 2p Yt & W, #koe 3k ABHEY) (Fe-P) R4 AL A& Fe” R Fe* I AP 1E
[22]. tnlE 4(b)FT7R, 705.65 eV A HELHIIEE VAR T Fe-P # & 4545 & RE. 76 P 2p M dikileh, 45
HHehLT 129.86eV A1 130.48 eV 1) H e L& & 7)1l J& T P-M B¢ P 2p3/2 F1 P 2p1/2 (14 4(c)), XK W4
RIS [23] [24]. 1E C 1s @i, A — AR C-C(284.65 eV) (1] 4(d))Fl =AML 55 1
I, 43X C-N (285.35 eV). C-O (286.64 eV) Al C =0 (287.85eV) [25], IESZA SR, N #ksh
BAM BT, 5 EDX mapping 7345 S A —FL

3.2. fEUFIRELERERIR

A SCAE FHFRUER) = ARG E, 76 N MAIE 1.0 M KOH 83 R Ge AT 78 1 A fS 21 i 4k 700611 1)
OER €. ¥ 5 7R T (FexNiy).PINGO R FIF KT OER # At il £k o i@l i Lh 4k L BH , (FeoNipg),P/INGO
FERIREE A 10 mA/em? i A5 KM OER iHfi(y = 228 mV), i/ T 8 —& @ LAt
Fe,PINGO (17 = 568 mV). Ni,P/NGO (5 = 253 mV)F1JE NGO %) FeNiP (y = 336 mV), #iE T 7 f OER
TEALF) RO, IS B A7 (7 = 227 mV). (FeooNios),PINGO FEALFIHE AL PE B s /] VR T 5 . — 7
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Figure 5. (a), (b) OER LSV curves and Tafel curves of the catalysts; (c), (d) OER LSV curves
and relative EIS spectra of (Fe,Niy.,),P/NGO with different Fe/Ni ratios

[ 5. (a), (b) FEMEAFIZE 1 M KOH 189 OER #RALEHLZEFN Tafel Hhsk; (c), (d) NEIEK/4E
EE 589 (FexNi1.),PINGO 4L FI7E 1 M KOH H#Y OER #R 4L B £ Fn st R7 A B A0 2 3T AR BRI i

5(b)H R T AR Z i Tafel B, & Fi AL (Feo 2Niog),PINGO 7R T 5t /M1 Tafel /12(71.5
mV/dec), X5HE ) OER AT 45 R — 8. @it % Fe A1 Ni AS[F BE R ELpIE— SR 74 K OER 1
RE IR (] 5(c)). 45 FRRTE FerNi = 1:4 B AL FIRE i B A tE i Ak e R, L OER 7T DASE 228 mV
(3 H A Rk E) 10 mA/em? (THLIR S5 . 24 Fe AT Ni B9 He e mr sl I ies, R S i s AL R BE T IR, 31X
AIREE RUAIE M1 Fe 544 1T LA BT NiP FIHFE50, (23F Ni,P HI%fb. I8 it f k22 B PT(EIS)
TR T TR 15 1124 (F 5(d)). FTE FERE LEV(FIXTT Ag/AQCI) HLAL T Nyquist B2 7R HiHE
FRPIR, HERRRMEP A A AEHRTLUE R, FeNi = L4 (R EA RN, Bk
FEH B IR/, X R OER 2 A B 54 R TR AN S M 8l J7 24 AR B, X 5 B P 7R i) OER (AL T
_ﬁo
PATFFETE N, WA 1.0 M KOH AR, BFFL T Bl & AR ) HER flfbtERE. 72K 6(a)H
F B i HLAT I (Feo 2Niog),PINGO H 75 %2 160 mV &t Al LAk $]—-10 mA/em?® (BT %5 5, &M Fe. Ni
A NGO JT & I AR A St v 7 ARG HER W& 1E. 14 6(b) 7" 7 Fey Ni AS[E BE /R Eb Bl 45 1AL
A HER ekt 2k, RIFEAE Fe:Ni = 1:4 i il & AR e B, 5 OER 45 3R — . 7£ 1.0 M KOH (4
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Figure 6. (a) LSV curves of the catalysts for HER in 1 M KOH; (b) LSV curves of (Fe,Niy.4),P/NGO with different
Fe/Ni ratios in 1 M KOH; (c), (d) Chronopotentiometric curve of (Feg;Nigg),P/NGO in 0.5 M H,SO, and 1 M KOH

[& 6. (a) AEMEXFIZE 1 M KOH H#) HER #Rtphk; (b) FRISKIRIEZLFHEMNLTIZE 1 M KOH F#Y HER
HAL#hZE; (c), (d) (Fey2Nigs),P/NGO 7E 0.5 M H,SO, 1 1 M KOH HilliRt i HER S+ ER ik

T fERE(Feo2Nig),PINGO AR ARLEA /) OER Al HER FAAE(LIERE, FRATINR T A [ HAR A4
BHE AL IE VT A(ECSA) s — MRS, AL Bk 22 S P AR OK, B ER TS ik %, i
e PERE S 4. ECSA T Hifk 22 XL 2 FL 28 (CAN AT, AR S siAb 2 S A s i B i B L
I EARERL S XM [FFIR ) CV 2k, SRGIEAN R 18 5 0] B FLA T 1R FL L % P A IS A LY
ECSA.

W 7(a)~(d) BT AN [V B A9 AL R RELE 1.085~1.205 V (vs. RHE) HL A [X. [A] Py AN [ $938 1Y
CV 4. HEFAIHL, (FeooNigs),PINGO fEIRIEHIZE X 1) CV 4 I BT 4F R TR 454, UL AR
MR BRI A Sk BEE G, KRIRREM AR BT IEAR, UEH T (FeoaNipg),P/INGO
FART R B A H B i P2 PERE[28] . 1T CV IR, 7 1.145V vs. RHE HIA7 T X 2 FELI 25 FE S8k AT
LG RIS 2 B AR M R ECSA, 45 AnE 7(e) Bizn o (FeoaNigg),P/INGO ) Cdl (1.21 mF/em?) KT
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Figure 7. (a)~(d) CV curves of (Fe,Niy),P/NGO with different ratios for OER in 1.0 M KOH; (e) The corresponding capa-
citive currents at 1.145 V vs. RHE as a function of scan rate.

[# 7. (a)~(d) AEIEEMHI(FeNiy),P/INGO FEIESERI B X B R EFIHIERTH CV BiZk; (e) ¥RI7E 1.145 V vs. RHE B
ETHY Cdl Hhzk.
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