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Synthesis and electrocatalytic oxygen evolution performance
of amor phous boride Ni-Fe-Co-B
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Abstract: Hydrogen production by water electrolysis is research focus in green hydrogen energy production.
However, the slow kinetics of water electrolysis mainly caused by the high overpotential needed for oxygen
evolution reaction limits its further development. In order to improve hydrogen production efficiency by
water electrolysis, amorphous transition metal boride Ni-Fe-Co-B was prepared by simple liquid phase
reaction of sodium borohydride and transition metals Ni**, Fe’" and Co®" salts, characterized by SEM, TEM,
XRD, XPS and electrochemical analysis and then used for oxygen evolution catalysis. The results showed
that the amorphous catalytic material Ni-Fe-Co-B was successfully synthesized. When n(Ni*") : n(Fe*") :
n(Co*")=1 : 1 : 1, the overpotential of Ni-Fe-Co-B was only 299 mV and the Tafel slope was 101 mV/dec
at a current density of 20 mA/cm®. Under the constant voltage test of 0.47 vs. SCE, Ni-Fe-Co-B exhibited
excellent stability of more than 12 h.
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NIKEE AR (FeClye6H,0 ), 7NKE H AL
( NiCly*6H,0 ). /K& % b4 ( CoCl6H,0 ). fifl
24 (NaBH, )., 2% L8 (NaOH), AR, KUt
MR AR %M (Nafionl17, JiH
SN 5%), LIEHEE AR RA R SLE
K¥EH B HRE T K.

Merlin Compact A4 HL T ./l 8% ( SEM ), [
Zeiss /3Tl 5 Jem 2100F 35§ Hi 7 @ 5445 ( TEM ), H
7% JEOL /Al ; D8 Advance X S AT49H{Y ( XRD ),
5 E Bruker /27 ; Escalab 250Xi X §4kGH T HEi%
¢ (XPS), Z£[H Thermo Fischer /3] ; VSP-300 Hi
{2 TAEY,, ¥EE Bio-Logic AT,

12 =nitEE£ETHLIHER

SR FH 157 SR PO VAR Ak 2438 R B i E AR A L .
5 mmol ( 1.1896 g ) CoCl,*6H,0 #1 5 mmol ( 1.3514 g)
FeCl;*6H,0 AT 100 mL /K, HIAE%W A; #00
A% 30 mmol (1.1349 g) % T 50 mL /K, #1745
W Bo FEVKOKIA B T B 212 2
FREL PR A P, EERESIFE 10 °C. Ak

PG, A KRS, IR, R
SRR, FRE P R WO . RN S R
Wik 3 B, HEETF/RMIKOBEERR)E
CE BB A 60 CT % 12 h, RIFFE @AY
Fe-Co-B, MR LL & M5 k& AR Fe*'. Co* It
BIREIL T, B Fe’ /Co” IR LN 1: 9.3+ 7,
5:5.7:3.9:1 B aulbrich Fe-Coo-B.
Fe;-Cos-B. Fe-Co-B. Fe;-Cos-B. Feyg-Coi-B,

# 10 mmol (2.3792 g) CoCl,*6H,0., 10 mmol
(2.7028 g ) FeCly*6H,0 . 10 mmol ( 2.3768g )
NiCl*6H,0 ZF 51T 100 mL /K, JEZe#fER =
ol I & Jm Ak Y — 3. A B o SR Ie A
Co-B. Fe-B. Ni-B,

13 MxdEEEMLIEIER

# 5 mmol (1.3514 g) FeCl3*6H,O. 5 mmol
(1.1884 g ) NiCl,*6H,0 Hl 5 mmol ( 1.1896 g)
CoCly*6H,0 #F 100 mL 7KH1, 7£ n(Fe) : n(Co)=5 : 5
B FBA NS, NiTHIIB AR N Co™", Fe* MY
H 0.1, 05, 1.0, 1.5, 2.0, 2.51%, FefEsS=
TG I A JEm I A B — 2, AR Nips-
Fe-Co-B. ARl Ni & A AEAT 4 B4R IR Nigs-
Fe-Co-B. Nijs-Fe-Co-B. Ni-Fe-Co-B. Ni;s-Fe-Co-B.
Niy-Fe-Co-B., Ni,s-Fe-Co-B, 5 = E WK 1 Fis.

e
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BI1 Do U4 s AL A & AR s B
Fig. 1 Schematic diagram of liquid phase synthesis of quaternary
transition metal borides
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X T2 Lo R AR B FEL A B 3 iR T 3 A B A (RHE ) HL
7, HLARBCN E S AT 1 mol/L 1Y NaOH ¥ .

Eype = Eip +0.059pH +0.244 (1)
e Brue WATEEHEM AT, Vi Esce MIEATH
REM (SR ) BB, V.,

TAERAR % oK 5 mg AL 48T 500 uL
FBEF KM 500 uL oK L BER A RERC, FIA
30 uL Nafion117 %%, #7540 min, il fH#IE 788K

WLIRBRAR VGE 1 AR . 3 mol/L $hiig . 581K
MOENHVER, 60 °CTH3u4r T4 10 min, F#E 1L
B NGHE 1 TS TR B AL FEEFAY 1 emx 1 em JEIRERE
b, f#EE A 1 mg/em?®, 60 °C K714 10 min,
30 T AR

#EAT OER MK AT, 7 0~0.8 V vs. SCE AU HL{ T,
PL 100 mV/s B HZRTEAL 100 BB, SRS7E S mV/s
B T S TR M R L i ik (LSV),
TPl OER M AL PEBE L3 i #0A LSV il 2645 3] Tafel
R, Tafel RERIFREARXIA (2) Fos:

n=bxlgj (2)
A I HAL, mV; bl Tafel #%, mV/dec;
j NHFE R, mA/em’,

TEARZEH A X A (—0.05~0.05 V vs. SCE ), A
HHEEAR (20, 40, 60, 80, 100, 120 mV/s) FilllE
PERZ (CV) gk, THEMARINH)ZHEE (Cy)
FH AL AR E RN (ECSA, BA mYg), HEAR
=k (3) Ak (4) o

ECSA = —d (4)
C,xm

KA i MR, mA/em®; v HHEIHEA, mV/s;
Ca N RUHLJZ HLZY , mF/em?; C, o BBy 26 11 A9 L FEL 2
7E 1 mol/L () NaOH %, C,f4 0.040 mF/cm’;
m R E, mg.
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K 2a. b 4 Ni-Fe-Co-B 1) SEM K, Hi&l 2a. b
nUE L, #E4LF] Ni-Fe-Co-B J& T4k E 4K, H
TH G R & A RIZUR Y, S ECR T &A= RR . 2¢.
d J& Ni-Fe-Co-B ) TEM K, M 2c., d AILIEH,
Ni-Fe-Co-B MERIERL, HAR N 30~50 nm, 7EH A
JBH —)2 3~4 nm W ICE L MM, v AR R MR iR S
SR A 2e AT YH) EDS 0K Wbt
Eg. mE 2e iTLEH, MHRITEA RN Ni.
Fe. Co. B, JCESMHAL], UEBAMALTIM Y&
o B 3a b = e Mot ¥ 4 B ik 1) XRD .

WA 3a fff7~, Fe-Co-B Fl Ni-Fe-Co-B ¥J7% A W B Ay
TG, 7 2 0=40°~50° 2 [al4G — 1 5al%, FIAA Y
=05t E 4 JR ALY Fe-Co-B FIPU G I 4 & Al Ak
¥ Ni-Fe-Co-B MR 3R MM B, DL R AEUE
T AE SR YT ¥ 4 JE ALY Ni-Fe-Co-B M &
B, BOBER UK AR SR, 9K RIB AR TT
PEAL R TE M LR AR, RS R R T H AR
AN S, FTLUE AT, AR TR
fop (ki , - DT A E DA Al K A3t g 1 42 T o

12 Ni-Fe-Co-B #J SEM & (a. b); Ni-Fe-Co-B i) TEM
Bl (c. d); Ni-Fe-Co-B ) EDS JTTRBUSEI (e)
Fig. 2 SEM images of Ni-Fe-Co-B (a, b); TEM images of
Ni-Fe-Co-B (c, d); EDS element mapping images of
Ni-Fe-Co-B (e)
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WAATHAT T 00, SR 3 s, B 3b Skt
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B. C. O6 FLER RIS, K 3bH, O KYUAIE
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AT RE SR T RO e R R A F kA AT = AR 1
&l 3¢ Sk Ni 2p iR 43 HE% XPS 15, anfEl 3¢ i
7N ,852.5 eV AL I & T NiB ¥ F, 854.7 11 856.5 eV
LhIE I JE T NiO Fl Ni(OH),, 854.7. 856.5 eV #l
871.9. 873.4 eV AbUE43 5 Ni 2ps, Fl Ni 2py, (4
fEIENT H A A TR RShIE . 18] 3d M Fe 2p
BRI HER XPS 3. anlE 3d i, 708.9 eV A
IEJTJRT FeB ¥ifh, 710.8 A1 713.6 eV Abi& 4517 &
T FeO Hl Fe,0,"™, 716.3 eV Abug A48 ALl A= i T2
U, K 3e N Co 2p BIEI4r R XPS 15K . A HiE
FHi, CoB HIZE A RE— A T 778.0~778.7 VI,
i, & 3e H 778.0 eV #I51EHE T CoB ¥,

779.5 F1 780.8 eV AbIEIHJE T Co YA LY, HAHI
Higch T RERIE, K 38 B 1s B HE% XPS
HEE . K 3f s, B 1s iy XPS iR g 3 4
AAWE, 90T 189.3, 190.8 F1 191.8 eV 4k, H:
Hr, X T4l B 187.1 eV ALAYT A4, 189.3 eV Ab4l
AEFI B ZAEIEA R, WEBT B 7EA R 44t
W 4h4aBInEn S, B i TS 4N
d Bl & AR 4 Ae*Y, 190.8 Fi1191.8 eV AbIEIHJE T B
A (R4 IREL ), 5 TEM 255 —%. 45
FW B PR AR TR, AT Rk
TR S R M—OOH #Y S W fig 42, A FI T fk
HEREMHRETL .
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El 3 Fe-Co-B Hil Ni-Fe-Co-B A XRD & (a); Ni-Fe-Co-B A XPS 4% & (b ); Ni-Fe-Co-B #J Ni2p (¢ ). Fe2p (d).

Co2p (e). Bls (f) XIRAYE4r P XPS 1E &

Fig. 3 XRD patterns of Fe-Co-B and Ni-Fe-Co-B (a); XPS full spectrum of Ni-Fe-Co-B (b); High-resolution XPS spectra of
Ni-Fe-Co-B material in Ni 2p (c), Fe 2p (d), Co 2p (e) and B 1s(f)
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Wit LSV 7E 1 mol/L NaOH ¥ ¥ Fh it 1 i1k
R B ARER E TR, B 4a. b 251K
= otad I 4 JE AL AU e U 4 R AR i LSV
M2k . W 4a iR, 24 n(Fe’™) @ n(Co™)=1: 9,
3:7.5:5.7:3,9: 1A, £ 20 mA/em’ [ HLI
BRI 367.335.326.352.370 mV,,
ATLAEH, M nFe’) : n(Co*)=5: 5 I, sHL [
FHAB BT Y =i 4 Ry . FE oot
LR &, 2 oo A Bk b
B E A A4 J8 He 9] n(Fe®™) = n(Co*)=5 : 5 B AR
Fr i Ni*t, T — 5N A Ni F bR Y M
TEPERE B AR TR Ni & 2 0 PO et I 4 8 i Ae 4 A —
JC it I 4 B ALY Fe-Co-B L) Iz B8 4 J& 1L 1
Ni-B. Co-B. Fe-B #TPERELLL, HIE 4b FTLIA I,

H T = & JE BRI R A5, R B 1A 5] 20 mA /e,
n(Ni*") : n(Fe’) : n(Co*")=1 : 1 : 1 if, JFHAACH
299 mV., HIXF =Ioil IEL EMILY, Ni B Al
R 3 L 7 AR T 27 mV, Ni-Fe-Co-B i i A 1
LT REmMiey . B 4b b, 13~1.5 V X[
WER A, BT NiTHBA, XA LEH
J& F NiZNP* & A4 Ak i = 4 B Ni(OH), Al
Ni—OOH ##h*, 4 J@iifkd (Ni-B) 7 OER
e I N R 2 i BRI AR i Ak, T P
Co™ WYFZMR , DU G i i 4 A Th 4 1) S A 06 Bk A6 )
e FLAL T Tl g A 30

Bl 4c AG LSV MZAS 2R Ni &)
Ni-Fe-Co-B .Fe-Co-B Fl 5.4 J& L4 ) Tafel &4,
&l 4c AT LA 1, DUICH I 48 M4k 4 Ni-Fe-Co-B
1Y Tafel BHERACH 101 mV/idec, MHE/NT=Jt1 4
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Bk Fe-Co-B (120 mV/dec ) FIEE4@HI{LY Ni-B
(143 mV/dec ).Fe-B( 114 mV/dec ).Co-B( 121 mV/dec ),
Tafel &3 0] LRI AT R B 3 12 PEfg , R
U T =& B Z e FRAER, Rt
V5 & TR BAL P AH HF = o0t U 4 R AL P AN R A T
T Ak B4 LA B Rz R v HL A PR H g B RS g
1, DA SO S A A . AN [ B
TGV 4B Ak B A =t U 4R DL K 4 TR A
W3k o 57 N Tafel BRI 1 FR
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—— n(Fe) : n(Co)=3 : 7
80 —— n(Fe) : n(Co)=5:5
f : n(Co)=7:3
g 60 !
®40f
ﬁé
_’@ e it
0 1 1 1 1 1
1.2 13 14 1.5 1.6 1.7 1.8
i JE/(V vs. RHE)
80
b —Niop-Fe-Co-B
70 ——Nips-Fe-Co-B
T 60f  — Nivetos
Q ——Ni,-Fe-Co-B
é 50t Niys-Fe-Co-B
Fe-Co-B
o 40t —Co-B
# —Ni-B
E 30+ —Fe-B
Y} S— N /-
10+ j
0
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
B JE/(V vs. RHE)
0.40 &
| — Nio1-Fe-Co-B Fe-Co-B
a 0.38 —— Nips-Fe-Co-B —Co-B
E 0.36 |— Ni-Fe-Co-B — ?Ii-g
—— Niys-Fe-Co-B — Fe-|
% 0.34 - Ni-Fe-Co-B
; 03p | NesFeCoB %
% 0.30
m err
028} — —— _—
026} /
024} 7
04 05 06 07 08 09 1.0 1.1 12
lg jl
0.8
d —=— Niy;-Fe-Co-B
. 06F —8— Nips-Fe-Co-B
£ —— Ni-Fe-Co-B
o —¥— Niys-Fe-Co-B
E 04F —4— Ni>-Fe-Co-B
= —«— Niys-Fe-Co-B
= ool
&
B
# 0r
-0.2

20 40 60 80 100 120
HHER/(mV/s)

80
70}
60
50|
40}
30}
20}
10}

0

L% B/ (mA/cm?)

0 2 4 6 8 10 12
A E]/h
Kl 4 AFE%E L FIE Fe-Co-B kML MIZE (a); A[F
Ni** % £/ Ni-Fe-Co-B Fl Fe-Co-B, Ni-B. Fe-B.,
Co-B. NF MM ALIIZ (b); AR NiZE R
Ni-Fe-Co-B fil Fe-Co-B . Ni-B, Fe-B . Co-B A Tafel
AR (c); A Ni* & &Y Ni-Fe-Co-B [ XUHLJZ
2K (d); Ni-Fe-Co-B iy fE HL A2 E MK (e)
Fig. 4 Polarization curves of Fe-Co-B with different metal
ratios (a); Polarization curves of Ni-Fe-Co-B with
different Ni*" contents, Fe-Co-B, Ni-B, Fe-B, Co-B
and NF (b); Tafel slopes of Ni-Fe-Co-B with
different Ni** contents, Fe-Co-B, Ni-B, Fe-B and
Co-B (c); Double-layer capacitance diagrams of Ni-
Fe-Co-B with different Ni** contents (d); Constant
voltage stability test of Ni-Fe-Co-B (e)

F 1 RFPEG AR, Tafel £13H ECSA X H
Table I Comparison of overpotential, Tafel slope and ECSA
of different samples

S HA/mV@

Tafel 3}/

HEFLTI R 20 mA/cm? (mV/dec) ECSA/(m'lg)
Nig.1-Fe-Co-B 325 126 12.70
Nig s-Fe-Co-B 334 105 9.25
Ni-Fe-Co-B 299 101 15.90
Ni, s-Fe-Co-B 316 120 6.10
Ni,-Fe-Co-B 309 157 6.78
Ni, s-Fe-Co-B 306 121 6.15
Fe-Co-B 326 120 —
Co-B 395 121 —
Ni-B 410 143 —
Fe-B 368 114 —

i —REARNL

 4d HA[E NiZ* & & Ni-Fe-Co-B 1) X L2 H,
HE HE 4d nT LLE W UG U 48 0 1L 9 Ni-Fe-
Co-B WM H 2 254 6.36 mF/cm?, @i v 0,
ECSA 7y 15.9 m%/g, Bl@0tFH A N> 5 2 p il
HRE, ECSA S55RUNFE 1 FiR. Fae i At
AL L& I PERE . XM RIEFT T 1.54 V vs.
RHE (1EH RRE MR, 450 WA 4e Fin, 78
1 mol/L ) NaOH HLf#¥ ' , Ni-Fe-Co-B 1Y L it % &
WIHLAEALT 29 mA/em?, B ELE 23~25 mA/em?,
FE12h N, HREERZE T 20 mA/em®, BEHHIZ
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WAL AT B EA L 5 0 e PRI AP . 765 i)
B BT IR Hh T A R, R/ A A R0 O
o, RN RIS TEK B R, R R
ML RGP bR, I 55 7E A R 1 B4 HOFE
i, XRG4 T B0 O A R K R A R
R34 R ] 3% 8 7R AR 1 R 2 T B — S AL
Mg, Zead K, i e A R, B R R
23 MxIE£EMLY OER HLES

XPS o HERE EIE STV & RO E A ES B
EEVUNEENIEE, fEETHE TSR
fiEfb a2 rh e L A TP & M—OOH ( Co—OOH
A1 Ni—OOH ), CHEN Z£21g i #F 5% Al DFT 18 %
M, BAEm il A e s A S s s ik
( M—OOH ) [JE i J& OER 3 7 rp it Rk A5 1 L 1A
4b 1 1.3~1.5 V vs. RHE X [A] Y S8 AL B IER T Ni
—OOH MFE7ERY, BURKE ZPWF583ER, Fe* (1)
BAKKIEET Co—OOH MIGETE, TWIFEZEA
OER # 2 Fe* I Co* fE e s B T A EH . I IL
FEPY et I 4 )R ALY Ni-Fe-Co-B 1 AJ fig T % 1A
Co—OOH # Ni—OOH fF X5 HAbF R Em &
M, BASR T Fe FLIGMENL S MG YE, J0R Z R HAHITE
FH (B 7541 A Ao 2 e £y 285 5 T F S R A T
PEFE TIPS AL TG . B JGEAE XPS /AT
FHEE T4l B A IE M AALES, UE B ZEA R b2 fik g
FHEBIEEAL, B BdEFHES RN d
Bl &R e P B BRI T A IR 0 —
1T RO AR O B iR M—OOH 1 2 L RE 22 .
BN 155, Mot ¥ 4R M4k # Ni-Fe-Co-B 1Y
Tafel #FRALT =0l I8 48 ik 9 Mo 4 g il ik
Yy, FWIDUICISVE 4R ALY B AT TR A B A A B
A, B, fEE TR Z MRS EN L ZAES
J&JET B IVERTS, PUICH U 4w Ak 2 A ik
B HLF-4548, 7 b sERE s s A R AL RE T, A
1 EA BN S A AL T 1

WA DL B R A RS (1) RIS
BT AR E RS = oo I 4 B ML) Fe-Co-B
AU oG I 4 )R k4 Ni-Fe-Co-B;( 2 )1 T Ni-Fe-
Co-B JE il A M 25 /0 LA 35 19 & )& L 9] n(Ni™) -
nFe*) : n(Co*H=1:1: 1, fEE T HfFRKIEFEFH
o B PR 5 A R P S AT B, R T R R R
FEAR T nife e, HAMSrMEerEse, JFHEA
12 h ML AE v, T DME Kot FE b OER 1
SAEA

5504 JEm MR A K HL A AR 8 5 8 A AR R A5
MORMERESE TR L, G55 aN3R 2 R, 455 3RM, &
SCA A Y T U 4 JE ik ) Ni-Fe-Co-B HAA L5
IR RE , 2 JE AR R I ST SR I T e R

2 Ni-Fe-Co-B 5 H Al i AL i AL M RE XS L
Table 2 Catalytic performance comparison of Ni-Fe-Co-B
and other electrocatalysts

FEAL B RL iFHA/mV@ 10 mA/cm’ E RPN
RuO, 358 [26]
10, 411 [26]
(Cog.7Fe(3),B-500 330 [27]
Co-3Mo-B 320 [13]
CoB/NF-200 315 [28]
Co-Ni-B@NF-500 313 [29]
Co-W-B/NF-300 300 [30]
Boron-doped NiFe 350 [31]
NiO/NiFe,0;4 302 [32]
N-doped NiFe 360 [33]
Ni-Fe-Co-B 299@20 mA/cm? AL

¥ : Boron-doped NiFe & B 2% NiFe; N-doped NiFe
N #2% NiFe.

3 4if

38 38 7 B ) YA I T S LA B T K A A
() = oA o 4 m Ak . A5 RWT, £ =T
S EI A T, Y n(Fe’) 1 n(Co™)=1: 1. ML
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