HERAR Vol.44 No.09
+ 796+ FOUNDRY TECHNOLOGY Sep. 2023
DOI: 10.16410/j.issn1000-8365.2023.3119
== = g5 A EI/J o)
BELHASHEESNMARERE
AigfE 2, BER2,B w2 FLE BLK BLUERELEHELE F2

(1. G RF BEHRABRELLEET, BTG BHZ 710072; 2. i Tk K5 &AL P, FR 401135)

&  E .50 A 4 (high-entropy alloys, HEAs)H T H )2 By 43 o7 9 Pk K A4 1 ) BEAL 25 P 5, A 22 Ak B 3 7 H
fEAEFIRRL,, AR RAFE] T2 AR AR 2 RE, AR R GRS T HEA H T A A A Sl iy i 5% ik J o0 A AR T
HEA A L PEREOL 35, OF- 32 AR Ak HEA 5& i i A MBI 1R 11 SR S A 45 B 30 R RS il 4 4 R 728 T BB T
FRAF WS SAES T HEA Jer A AL AT RH 85 77 i, DR e i DG T T HOAE r A A A SRUIR i SR I B AL L Ak
M J5E AR it A5 IR e A 1 ST 1 107 FH 5 o S KT i S5 S TR I F B SR AL AT TR R

KB A A AL B A S ORRL T

HESES: TGI39 XEkFRIRTE A M EHS :1000-8365(2023)09-0796-17

Recent Progress of High—Entropy Alloys for Electrocatalysis

ZHOU Runtong'?, QIU Xueyuan'?, GUO Chang'?, CHEN Qiao', WANG Pan', ZHANG Jing',
WANG Zhijun', WANG Jincheng', HAN Xiao'?

(1. State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi'an 710072, China; 2. Inno-
vation Center NPU Chongqing, Chongqing 401135, China)

Abstract: High-entropy alloys (HEAs) are expected to become good electrocatalyst materials due to their wide composition
adjustability and unique physical and chemical properties and have received widespread attention from the academic
community in recent years. This review systematically summarizes the research progress of HEAs in the field of
electrocatalysis, analyses the advantages of the electrocatalytic performance of HEAs, and proposes design strategies for
optimizing HEA-based electrocatalytic materials, including morphology and size control, component regulation, strain
engineering, defect engineering, etc. Subsequently, the preparation methods of HEA-based electrocatalytic materials are
summarized, with special attention given to their applications in typical electrocatalytic fields such as the electrolysis of
water for hydrogen evolution, oxygen reduction, oxygen evolution, alcohol oxidation, carbon dioxide reduction, and
nitrogen reduction. Finally, the challenges and future opportunities faced by this research field are provided.
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Fig.1 Design strategy of high entropy alloy electrocatalytic materials: (a) component regulation. HER reaction energy barrier diagram
and the adsorption changes of reaction intermediates (H,O to H* and HO*) on the surface of CuNiMoFe HEA, (b) strain engineering.
The relationship between tensile strain and the center of the d-band, (c) strain induced by different heat treatment temperatures and
their d-band centers, and MOR activity of different heat-treated samples, (d) defect engineering. Schematic diagram of the synthesis
process for HEA composite materials with rich defect structures-3*404
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Fig.2 Synthesis of self-supporting and dealloying high-entropy alloys: (a) schematic illustration of the fabrication process of
CoCrFeNiAl HEA sheets by mechanical alloying and spark plasma sintering consolidation, (b) STEM-EDS mapping of senary
nanoporous AINiCuPtPdAu HEA prepared by combining scalable alloying melting, fast cooling, and dealloying, (c) STEM-EDS
mapping of quinary nanoporous AINiColrMo HEA by dealloying predesigned Al-based precursor alloys, (d) schematic of the design of
porous high-entropy alloys for electrochemical water splitting and SEM image of porous high entropy alloys prepared via the
dealloying strategy, (¢) schematic for synthesizing the P-HEA and inducing lattice strain, and partial XRD patterns of the eutectic
high-entropy alloys (EHEA), OP-HEA, and 1P-HEAPS786263]
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Pl 3 e i i A KR T 1 1 8 SR < () e A e o vk A o 0 AR R BT R I ) 1Y S5 k8 1 oy 2 B B ) 4% /\ G HEA NPs #Y
STEM-EDS & (F A R : 10 nm), (b) 4 e 58 5 W 7 B TR A B b & 18 HEA NPs (91 # 7 iR B A (c) B T DTBUR g
I 9 >R i R 45 5 i HEA NPs 19 77 25 FIHLEL R 2 B 5 BT il % /\ JC HEA NPs 9 STEM-EDS E{&(EL i R . 500 nm),

(d) BB AR 3 i s G HEA NPs 19258 5% 5 B X T2 i FE IR (e) 8 7 il BT AL 4 155 i HEA i £k 7 & H: HER M
ZT_\‘ % [i;_l [64,66-67,71,76]

Fig.3 Synthesis strategy of high-entropy alloy nanoparticles: (a) preparation process of the carbon-thermal shock method, real-time
change curve of temperature over time and elemental mapping images of a high-entropy alloy nanoparticle with eight principal
elements (scale bar: 10 nm), (b) strategy for the evaluation of HEA NPs by means of combinatorial co-sputtering into an ionic liquid,
(c) electrochemical method for preparing HEA NPs and mechanism diagram of the HEA nanoparticle formation process, and
STEM-EDS images of CoCrCuGdInMnNiV HEA NPs (scale bar: 500 nm), (d) schematic illustrations of the FMBP setup and strategy
for HEA NPs synthesis, (e) schematic illustration of ultrasonication-assisted wet chemistry synthesis catalysts and their application
in HER[M,()G—67,71,76]

34 AEHEFERIXTLL

PUBR A AL R Bl S S A N R GE 00 5 e il 4
7 HAIE s i i e T B A T2 U HRAR
FAXTEAR, (HHUBCE G077 10 % 89 HEA RT3y
SIPE RN T SRME LA, T S < BT o
A LU SR T BT BIR 0T 2 o 355 P A A 790 ) 2
R BT 407 ik 4 1) 2 AL HEA FE A AL 5] w]
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#r 2% ) DFT V555 5 Bh i vk 75 vk o & B A 43
LA 5 A ) o ) 4 7 B AN 5 PR A6 b s LY 1 1]
TSP A HER
4.2 |HRAE

AT HH SV (oxygen evolution reaction, OER) /2 4>
Ja =23 S A K B S R O OGBS R, T
& — AN A VY HL /DY BT RN A AR SO B )
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Bl 4 =G 4 L HER PERE : (a) HEA 78R GRS PN G 4 0 )5 AN [6) i (] 1) LSV i 2k B AN [R) B & 42 if 18] HEA 19 Tafel %
R, (b) ol AU B (~2 A-em?) T B AL BRI ) — Fi O I 2k 46 11 1P-HEA Al I A2 PRI 86 i 5 19 SEM B4R, () Bt
Jr T A3 UH — A A [ AR i 1) HER B A b 2R, A [ B 32 7T A Te) A i B0 o 37 P 199 7 i LA S L A2 A 3 10 000 HiTJS us-HEA/C 11

LSV # b il £k 1271
Fig.4 HER performance of high-entropy alloy electrocatalysis: (a) LSV curves for HEA in the original state and after dealloying for
different durations, and Tafel plots of HEA at different dealloying time, (b) long-term amperometric i-¢ curve at an industrial current
density (~2 A-cm?). The insets are the SEM images of the 1P-HEA electrodes before and after the long-term stability test,

(c) noble-metal mass loading normalized HER polarization curves of different samples, quantitative comparisons of the mass activities

of different samples and LSV polarization curve of us-HEA/C before and after 10 000 CV cycles!®®™

.78 AINiColIrX (X=Mo/Cu/Cr/V/Nb) HEA J% , 1 Fi
TR I th ¥ R I 5% OER PR . e R4
BR AINiColrMo B, %A AL 3RAT T e fF 1Y H A
ARG e o A Ry Uy B8 A T 571 2 26 H e e, O g
PET R PYC-IrO, W i1 (18 5a). 4K Z AL HEA
BAB ST E, — I 2 LA A R TR
PRAE R %, 53— R 3R R B Ak /
AL TE OER & 2 v B O A2 17 Kok iy i M
HEl A, RIS T HSE C B4 R i £ fL HEA (R &
IFIEM Z 06 &R R 1T AR 3, Qiu 45 PR 1 9K
WESWIHSME SRIEHE S, flgihRuEAa
(RS AL 4ok £ 50 HEA JfHF OER X
N, Hih AINiCoFeX (X=Mo/Nb/Cr)4 & /) OER i
P fe s, 5 =0 AU ¢ HEA #H Eb , 7.9G HEA 1)
TR R B & T A2 1 PR As M (] 5b).

OER it F2 ¥ J Z Ffi v [ & (*O . *OH , *OOH) £
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&5 EEA 4k OER PEHE . (a) A [A AICoNilr 2 HEA il IrO, 7£ 0.5 M H,SO, & 7 1 i) OER # 1k ith £k, Tafel & K 4> i /K
LSV ik, (b) KAl AINiCoFe % HEA ) OER # 1k i £k, Tafel Il M AN R 24 50 & 4 A 6] CV 16 B4 5 A6 15 1 X by Bess)
Fig.5 OER performance of high-entropy alloy electrocatalysis: (a) OER polarization curves of different AICoNilr-based HEAs and
IrO, in 0.5 M H,SO,, Tafel plot and LSV curves of overall water splitting, (b) OER polarization curves of different AINiCoFe-based

HEA, Tafel plot and comparison of the catalytic activity of different component alloys after different CV cycles!

V7 2 R ARk Rt A 4 S — 23 A b v A G B R A
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RE , Jo HE AR PR FA 2 P (18] 6¢), R T R AR AL 351 14 1l
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56,58]
5 Bl PYC A Y BB AL IE P, R B A R
HEA 54T —T6 2 112 S50 Ak I 1 5 25 e 1
(T 6d), 3 W1 % 0 Z P I V6 F B9 T 350l 7 4 %K
2 ORR Ak 31 10 K 300 it P F G &2 4 | Yu 45000
T o R E B A B T PtPdFeCoNi HEA NPs ]
F ORR., ZMEALFILHE T 1.23 A-mg, B 516 1
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tion reaction, EOR), /& F s #K ) Hi b A1 £ Bst 0K R) H,
Ws AT TR OCHER N . W (&) BB R) Lt B AT e i
FEIR RO B A T I IRBE AT A AT R
HO TS5 AR TR RE IR, SR T4 v 16 1 A = A
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6 kAR AL ORR TEBE KB 23 il # 7/n B < (a) — R IV 4E w1 ORR 6 15 O* 45 G HEMI X &, (b) wiid # 5 /i ORR
AL 75 28 T B = RE S AR R AR 22 T SR AE ~0.8 VI %10 mV -s7) AT — & Wi i ORR W () CTS kil % 7 Ak Ak
JCER NPs 71 2 K AFFREREICIA , (d) A TR A HEA #4657 ORR ASAE % 14 19 LU #5, (e) w5 iR TE 5 15 i NPs 7 1A

AN [R) A A 30 B k05 P L PR L 18] A PtPAFeCoNi/C & A 1 Pk o8+
Fig.6 ORR performance of high entropy alloy electrocatalysis and synthesis diagram: (a) ORR activity for a series of pure metals
plotted against O* binding energy, (b) schematic diagram of the high-throughput synthesis ORR catalyst and the cyclic voltammograms
of the three samples, in which a clear ORR peak appears at ~0.8 V (scanning rate: 10 mV -s™) , (¢) schematic diagram of NPs
containing non catalytic elements prepared by the CTS method and cyclic performance testing, (d) comparison of the ORR intrinsic
activity of HEA catalysts with different elemental compositions, (e) schematic diagram of high-temperature injection synthesis of NPs,
comparison of mass activity and specific activity of different catalysts and PtPdFeCoNi/C stability test!*$1
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&7 G A i fL AOR HLIE K2 VERE : (a) MOR JCHE ] 44 (9 PDOS [#1, Bt MOR By E 2 K & CO #ALIYAE 21K,
(b) PGM-HEA il it il £ 1 B 82 )& 24 K KL+ 1 EOR J geaise 10 HLEE B AE 0.45 F1 0.6V 19 1E 18] 14 o PGM-HEA Y j ocinic 5 -4 )8
HEALR Y LUAE Y L 0
Fig.7 AOR mechanism and performance of high-entropy alloy electrocatalysis: (a) the PDOS for the key intermediates of MOR, the
energetic pathway of the alkaline MOR and the energetic pathway of CO poisoning, (b) comparison of the EOR j s values of
PGM-HEA with the as-prepared monometallic NPs and comparison of the jy.s values of PGM-HEA at 0.45 and 0.6 V in the forward
scan with those of the monometallic catalysts®>*
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P8 i hi 4 4 A fb CORR NRR HLHE K LA : (a) CO, 3 J5 42 8 4325, (b) & ik 4y JoU A 0™ W 9 3k 0 505 2803 1 20 0] 181 K
AuAgPtPdCu HEA i . CORR 9 5 HifEE, #fil&loh HEA Fm LA b K PE 1k 4544 , (c) RuFeCoNiCu/CP £ N, fil Ar 1t
#10.1 MKOH ') LSV £k ,RuFeCoNiCu HEA 11y NH; 7 38 Fl 1 437 55 4005 B i e i [] — vl 3 il £ 0522107
Fig.8 CO,RR and NRR mechanism and performance of high-entropy alloy electrocatalysis: (a) CO, reduction metal classification,

(b) bar diagram for the faradic efficiencies of their respective carbonaceous species and hydrogen gaseous products, and free-energy
diagram of CO,RR on the AuAgPtPdCu HEA surface with optimized structures of all of the intermediates on the HEA surface shown
in the inset, (¢) LSV curves of RuFeCoNiCu/CP in N,- and Ar-saturated 0.1 M KOH, NH; yields and FEs at each given potential in
0.1 M KOH and time-dependent current density curve for RuFeCoNiCu HEAP**171
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