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Preparation and alkaline oxygen evolution reaction performance of
RuFeCoNiMn high-entropy alloy nanocatalysts

MA Xiao-long ™ , HUANG Yi-fan, LI An-qin, HU Gang, HU Song, QIN Biao
(School of Chemistry and Chemical Engineering, Zunyi Normal University, Zunyi 563006, China)

Abstract:To solve the problems of low activity and poor stability of ruthenium-based catalysts under alkaline
conditions , hexadecyltrimethylammonium chloride was used as a morphology control agent, and high-entropy alloy
RuFeCoNiMn nanocatalysts with different ruthenium ratios were prepared by the solvothermal method.In an alkaline
environment , RuFeCoNiMn exhibited the optimal oxygen evolution reaction ( OER) performance.At a current density of
10 mA/cm’ , the overpotential was only 255 mV , the Tafel slope was 42. 29 mV/dec ,and the current density decreased by
merely 2. 3% after 40 consecutive hours of stability testing.Studies via characterization methods such as X-ray diffraction
(XRD) , transmission electron microscopy ( TEM ), and X-ray photoelectron spectroscopy ( XPS) showed that its
excellent performance originates from the synergistic regulation of the electronic structure of active sites by multiple
metals, which in turn enhances the OER performance of the RuFeCoNiMn catalyst.
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(AR BT BRI HOR T A AR RN Y TOF (H DR R I
R, 2R A 5 (a) R, HE5(a) AT, 7R
A3 300 mV T, RuFeCoNiMn I TOF {5} 5.322 5",



- 162 - A AL T

J& RuFeCoNiMn - H (3.441 s™') . RuFeCoNiMn - L
(1.411 s7Y) RL K@l Ru0,(0.079 s7™) Y 67 175 LA
b o XIUEM T RuFeCoNiMn REfSHRAEEE £ 1016 M r
M, TE OER PR B8 J7 T HAT f e iy 1145 1 1

200
£ 150t
<
£ 100}
®
g 50+
p=:d
0 . . .
12 13 14 15 16 17
H1JE/(V vs. RHE)
(a) LSV fh£k
360
340t
5 320f
E 330}
ﬁzso»
260}
240
220f . . . .
02 04 06 08 10 12
Log[|HL 3% i /(mA + cm™2)[]
(b) Tafel HiZk
1—RuFeCoNiMn ;2—RuFeCoNiMn-H ; 3—RuFeCoNiMn-L;
4—T7 Ak RuO,

K 4 RuFeCoNiMn RuFeCoNiMn-H .
RuFeCoNiMn—-L & % Ik RuO, #y LSV ## Tafel dh %

10
8_
< 6l
%
I
o4 Al
% 100 200 300 00
HLE/(V vs. RHE)
(a) TOF sk
12
10}
S
£ o
4 ool
2+ .
% 4 6 g 10 12
SBHBL/ Q
(b)EIS fiZk
1—RuFeCoNiMn ; 2—RuFeCoNiMn-H ;3—RuFeCoNiMn~-L;
4—TF5:k RuO,

K5 RuFeCoNiMn RuFeCoNiMn-H
RuFeCoNiMn—-L & 7 J RuO, ¥ TOF F2 EIS th 4

546 BFE S H

FEN, At — 478 RuFeCoNiMn 1465 OER
PERERY IR N AEBLE] , R k2= B BT (EIS) UK
FARX A AL I B T B AT AT T RS9
Bro 40K 5(b) Bz, RuFeCoNiMn (1 faf % 74 B, FHL
4.0 Q,/F RuFeCoNiMn—-H (6.0 Q) .RuFeCoNiMn-L
(6.8 Q) Mgl RuO, (8.8 Q). &5 H £ W,
RuFeCoNiMn [ H fiif % # A BH 55 /), HEEL AT PR 3
HLfaf % % BB ) R A A B T 2Ema e, R TR AR
RuFeCoNiMn 3 1 , 38 i PRl 451 4 0 1R 2 3k
(CV)#EFThnEcE R, ik 6(a) 7R, RuFeCoNiMn
23t iESE 5 000 B CV PEIRE 1Y LSV #h4k 500 in 5
A3, 350 RuFeCoNiMn 8 1k 77 76 B8 1 4% 1
T 4T OER MIKHT HA R A fs e, jeah, e
L R — AP B0 UE T RuFeCoNiMn 22K S &
SRS A2z A [’ 6(b) ], 4t
40 h FE LM, L I 2 R R 2. 3%, F 5T
FERTZAE AL EL A (o 1) e A R e v, O AR
FUR R N F T e R T S

200

1
2

__
g ¢

L BE /(mA - cm™2)
3

.’_Q
N

13 14 15 16 17
HLJE/(V vs. RHE)

1—RuFeCoNiMn #J 14 LSV [l'hgj(’
2—RuFeCoNiMn {¥ 5 000 P& CV J5 1 LSV HhZk

(a)5 000 B CV ik
40
T 30
o
3 20}
< 10
=
O
£ 1o}
2005 10 15 20 25 30 35 40
B /&) /h
(b)I-T £k

K 6 RuFeCoNiMn Hy OER # & MR # %

3 it

AT T IR SO0, SR F 700 R0k i Dy i
31145 T FiJC RuFeCoNiMn & Hi 5 4 40 Kk v fiE 1k
I RGEMGE T HAENE S T 0 s A b U
Vi (OER) Pt

(1)@t XRD ICP % TEM %5 & AFE 52, i il



2026 £ 8 B

#% 1 RuFeCoNiMn /=1 & 4 HL A B — B9 11 0 57 7
(FCC) AR5 M, % 0 R T B AT A B & 4 1 i K
P2 el e o VA AN I 0 TR e e G P TR S )
6. 59 nm, HE7TCER & & W A0 4 xR RSF G i
R, IR RESS AT SR TR R S5 A AR
PE NP TR R I8 R PR E SRR R, A
T 5 i LA A

(2) HL b2 b R I s, i A A AR e B A
SHBEPE OER I M 5 e M . 5Tl A A8 L
Hoish B A B A% (255 mV) | Tafel 3% T /) (42.29
mV/dec) , HELA7 558 1) F fr 75 B il ) 5 A 1 ik
HE— A UE ST H R ) A2 T AT

ol BT i I A v T ) S T S A
RuFeCoNiMn = & G AL $2 40 T 3 & 16 AL A5
Ll FAR R RE S . AR TAE AT R N 5t 4R
FEAEAR I i T SR T S S5 R
K,

5% 0k

[ 1] George J, Thangarasu S, Jayaram A , et al.Materials for electrocataly-
sis; Future prospects in energy conversion[ J].The Chemical Re-
cord,2025,25(5) :e202400254.

[2] Li H,Li H,Du M,et al.A perspective on field-effect in energy and
environmental catalysis[ J].Chemical Science,2025,16(4) :1506—
1527.

[3] Jing H,Zhu P, Zheng X, et al.Theory-oriented screening and dis-
covery of advanced energy transformation materials in electrocataly-
sis[ J].Advanced Powder Materials,2022,1( 1) :100013.

[4] Rong C,Huang X, Arandiyan H et al.Advances in oxygen evolution
reaction electrocatalysts via direct oxygen-oxygen radical coupling
pathway[ J].Advanced Materials,2025,37(9) :2416362.

[5] Lei H,Zhang Q, Liang Z, et al.Metal-corrole-based porous organic
polymers for electrocatalytic oxygen reduction and evolution reac-
tions [ J ]. Angewandte Chemie International Edition, 2022, 61
(24) :e202201104.

[6] Zhou B,Gao R,Zou J,et al.Surface design strategy of catalysts for
water electrolysis[ J].Small,2022,18(27) :2202336.

[7] Arshad U,Tang J,Shao Z.Replace platinum for hydrogen evolution
reaction in the cathode of proton exchange membrane water electro-
lyzers[ J ].SusMat,2025,5(2) ;e267.

[8] Li H,Lin Y, Duan J,et al.Stability of electrocatalytic OER ; From
principle to application [ J]. Chemical Society Reviews, 2024, 53
(21) :10709-10740.

[9] Qin R,Chen G,Feng X, et al.Ru/Ir-based electrocatalysts for oxy-
gen evolution reaction in acidic conditions: From mechanisms, opti-
mizations to challenges [ J ]. Advanced Science, 2024, 11 (21):
2309364.

[10] Deng Z,Sun Z,Li Y,et al.Electrochemical oxygen evolution per-

formance of nitrogen-doped ultra-thin carbon nanosheets composite

5/NZ5E . RuFeCoNiMn SYEEZAKELTIBVHIE ST RIERE

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[25]

[26]

- 163 -

RulCo single atom alloy catalysts[ J].Chinese Journal of Chemis-
try,2024,42(9) :973-979.

Wu H,Wang Y,Shi Z,et al.Recent developments of iridium-based
catalysts for the oxygen evolution reaction in acidic water electroly-
sis[ J].Journal of Materials Chemistry A,2022,10(25):13170-
13189.

Yuan Y, Fang H, Chen K, et al. Engineering high-density grain
boundaries in Rugg Iry, O, solid-solution nanosheets for efficient
and durable OER electrocatalysis[ J | . Advanced Materials,2025,37
(18):2501607.

Verma S, Singh L, Goyal A et al.Ruthenium-integrated nickel sele-
nide nanoparticles for efficient multifunctional electrocatalysis[ J].
ACS Applied Nano Materials,2025,8(26) :13522-13531.

George E P,Raabe D, Ritchie R O.High-entropy alloys[ J ]. Nature
Reviews Materials,2019,4(8) :515-534.

Liang J,Cao G,Zeng M, et al.Controllable synthesis of high-entropy
alloys[ J|.Chemical Society Reviews,2024,53(12) :6021-6041.
Su L, Chen X, Tan Y,et al.Suppressing migration of Ru in a high-
entropy alloy for durable acidic oxygen evolution[ J].Journal of Ma-
terials Chemistry A ,2025,13(21) :15743-15747.

Ma X,Zhang S, Zhou Y, et al.Recent advances in platinum group
metal based alloys for alkaline hydrogen oxidation reaction [ J].
ChemNanoMat, 2024 ,10( 1) :€202300395.

Sun X,Sun Y.Synthesis of metallic high-entropy alloy nanoparticles
[J].Chemical Society Reviews,2024,53(9) :4400-4433.

Ma X,Zhou Y,Zhang S, et al.3D-5D orbital hybridization in nano-
flower-like high-entropy alloy for highly efficient overall water split-
ting at high current density[ J].Small,2025,21(7) ;2411394.

Ma X,Zhang S,Zhou Y ,et al.PtrFeCoNiMo high-entropy alloy na-
nodendrites for boosting the alkaline hydrogen oxidation perform-
ance[ J].Journal of Materials Chemistry A,2024,12(15) .8862~
8868.

Xue F,Wang F,Liao M, et al.Influences of Ru and ZrO, interaction
on the hydroesterification of styrene[ J].RSC Advances, 2024, 14
(17):11914-11920.

Gumaste M R, Kulkarni G A. Analysis of XPS spectra and SQUID
measurements of Fe doped ZnTe nano-rods synthesized by sol-gel
technique for the spintronic applications [ J ]. Surfaces and Inter-
faces,2023,41.103218.

Weiss T, Warneke J,Zielasek Vet al.XPS study of thermal and e-
lectron-induced decomposition of Ni and Co acetylacetonate thin
films for metal deposition[ J].Journal of Vacuum Science & Tech-
nology A,2016,34(4) .041515.

Naumkin A, Ivanova T, Sidorov A, et al. XPS study of structural
transformations in some Ni complexes[ J |.Surface and Interface A-
nalysis,2018,50( 11) :1154-1157.

Zhuk N A, Makeev B A, Koroleva A V, et al. XPS and NEXAFS
characterization of Mg/Zn and Mn codoped bismuth tantalate pyro-
chlores[ J].Inorganics,2024,12(3) .74.

Ravi G, Thyagarajan K.CoFe,0,/NiFe,0,/CeO, nanocomposites ;
Structural , FT-IR , XPS, BET, and magnetic properties[ J |. Applied
Physics A,2024,130(10) .726.1



