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Abstract

High-Entropy Alloys (HEAs) are made up of five or more major components. In addition to the in-
herent advantages of binary or multiple alloys, HEAs also have the advantages of multifunctional
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effect, flexible regulation of element components and proportions, and high structural stability. It
provides a platform for researchers to adjust the surface catalytic sites and catalytic characteris-
tics by selecting and controlling the key factors. The unique design concept and significant mixing
entropy effect of High-Entropy Alloys are expected to break through the bottleneck of comprehen-
sive performance of current electrochemical catalytic materials, and provide new power for the design,
synthesis, and application of electrochemical catalysts. In this paper, the definition, entropy calculation,
structure, and composition characteristics of High-Entropy Alloys are summarized. Secondly, the re-
search progress of High-Entropy Alloys as catalytic materials in hydrogen evolution, oxygen evolution,
and other applications is emphasized. Finally, this paper summarizes the prospects of High-Entropy
Alloys, and the development and challenges of High-Entropy Alloys in various fields.

Keywords

High-Entropy Alloys, Electro Catalysts, Hydrogen Evolution Reaction, Oxygen Evolution Reaction,
Synthesis Methods

Copyright © 2022 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

B 1% Gef A BRVR A FE T RAIME Y, 44k 2 T IG5 e IR S H LN . PREEIS Qe s 45 ) . e
TERRBEFRZEMANDRE, X TReREFES HEE, NSRRI 52K EAERLY, NT
RESEIL “ Rk, e ALY (0 B BRFIEESK, el = SR HES R, SEBURRRAL . T RESAL I R R T 1),
Rk, V) REFRIAE AL AIEA . @GS AR SEOURB IR R (1 B AR[1] [2] [3] [4]. Wik,
PR AL SR PR 8 22 BR 2 30 12 R0, BN g AR AR AR ) SRR & — PR AT BT 7 v A A AR
AR, FRL AR K ) R RRORT B A A AT S S R (HER) A KT 48U S (OER) 4L ERL, 199 38 170 B A8 - ) B Ak 7K
oy BH EEAERI[S] [6] [7]. SRTM, IXLE N RCRIER KFRE R TR IS, R R EMF
FAAR R rLAEAG R, A R 3R AT i 80 LA S RE[8] [9]

A0 1 FEL AL ) 5 B DUEAI(PE) [10]. 4B(Pd) [11]. 4T(Ru) [12] 4K(Ir) [13)% 7 & )8 FEnml, DL —
TCENE AT SRR, BIRAENE A B PR R R I sy, $R e OB SRR, &SR &R T
FHRAHZEC, 2T RO B AR RIEMERI[14] [15]. Mok, BF 48 A= A BT Y5 s BR ) 1
B CRAER BTN . Atk BIAESRN S ST ES, TFRZ ETEE0H
A GNP S

2004 4, M¥REEEREE T M2 2 u S S RIS IR i 48 HEAS [16]. HEAS H 5 Fak 5 Fit LA
A EER L BOE S R R EE I O AL, AR )% E B RN, FE45 R AT A% WA N, ES)
D15 B R BON, fEvEReh B SRS RN, X TR AMRER T HEAs BEE L. 58
FE v I I 5 PR A [17] [18]. PRI, ERSRER 2 O 0 0 HEAS R85 FH 21 s AL 4Tk, BEREA 0%
AT P sAS, XA BB AR GE, AR RIS T A SC AL AR M B T sl Ak, Jf (et
FLEAL S OB R . e, ASCRR T HEAs MRHOREANE S, T EAFRE SR E SN
TEALHLER A S A A, S H AT — 23 A DR R A 78 TAE , B s A28 i s AL S AU M RHE HER,
OER (R HIERE, Nix e fz B e iy B AR I e I B AL T, DA TR B A0 75 4 Rl S B G PR 7R P 1
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2. BEESNERIER
21 EEEERENX

“EE FIMEE EERET AR, YT BRI E SCEWIR . —BCRUE, W2 LA SR
&40y HEAs: 1) A& &H AEAF L L& Eus: 2) DIAHSEIEER L35 S0 TR & 1 -G 4 (R 55 1
IR G AR FR SEBR AR BE R L), BRI R I B AE 5%~35% (A T/ 80 2 18], X FfE SN A4 sy
HR EE LT HEAs. 55— g NG & T A ES i R, HEAS 75 B2 % S AH B [Eva A4, T Ho 55
T Ee B B A T A 42 [19] [20].

“RE RFNERIBELEENYEE, BN A RIS R . SR S (ASmix)
SRR A AL, REEGERGRAGEEMIREMERL]. BAME, R0 E 2 HE BUE(ASon) -
IRENIE(ASvio)« WEAEIE T 15 (ASmag) 1 L T-BEHLIERI(ASere) ALE, e AScone 2T FAEH] . WFFLE AT ikt e
THERAE, B ASeons AL VAR [E AR VR &0, ATRR N

ASpix =ASy +AS, +AS y +ASy,, (1)

ASmix = ASconf = _RZinzlci In Ci (2)

Hor, RZSRIIEEREHL 258 i ML EER & . A 2 FIc R R BRI it &4,
TR ARIAEIERA, o=1n,

AS

mix

=—R(llnl+llnl+~-llnlj=—Rln1:Rlnn 3)
n n n n n n n

TR GEER, BEEAMLH BBE(AGH) T AR RN
AG mix — AHmix + TASmix (4)

TEIR A8 (AH i) A RIS DL, 304K 221 ASmix BT AR R SR T e RIB AW AR Ei & &
(E%AE) [22] [23].

22. BFA ST

HEAs X T8 i — e & A ORI S, BB R BUE TR s 1) #0052 ERTRRRON; 2) 3l
J1% LSRR ORI 3) S5k BRI AR RN 4) PERE BRI 5) ML BRI mARE .
A N B T VR A RN AR T R Tk, A A S T B, 3R T AR B R R E
Yo HEeMRE L LIRER SR, e BEEArmR. Bikmetm T rmiseh AR
JF 7 Z 18] A RT 22 53 5 B0 A% sl ER AR B (A T B8, iR R AR AN S 8 I v 9 AR E A2
FORHEID B AR T, DEALARI T G54 o SR8 4 BSOS AL 45 it A% IR A2 A5 it i v L O 7 ST AL e 4
Ko FEAR TR 0 o R, 1 VRIS RE . milaehAr T BiE R LT Lo s
Gy, XGRS AN B R RN A T R A RN . A e B T
LOF UL ERE)E, S Z MM, WA maaRemim, 2ol a AR
FIREE, BT AR 2 R & SR LI AR08 . M5 A 50 AG = AH- TAS 74,
e RN AT LLOK I BE AR 75 A i B el e b i & i i ity 3G s e e A U LA
FHE, 7EVERETT R IUL AR TH &SRR, Wi AE . Jraek. Rt wesrkaess, o
TR T AEMEAL S R R AL R KRR e, vl A & R SR T AR E I ARIEE -
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2.3. HEAs fEFB {4k B FA Fh RO FE IS B Al

FELRE A S5 I AN e — i ] B B — S 2, T F 25 20 A B AR ) S SRS TR SEBL Y - T A0t 1
% —onsiE —oull B e AR, Planfer S ek, WK SR Pt 5t E R (Cu) G
A, Cu WAL A S B FE R AT DA s K B, 7 AR KR i Hx PR E) A, Pt S A s WU 2 T ) H>
R AR SEHT S 577 A H [24] [25]. G2, BT ORI —Tusli — 7o BL_E BT AN BE MR R S L)
FEARAE, T B2 1 AR RE A CRER

FEL PR PP 1 P AS S o A [ Jse B2 e T 0 A O VR A -5 Pt BT AR PO 4% o AR T3l B R e sl — ot
J A BRI S, HEAs RUBEALTIAS R SRl 4 25 4100 P e 0 7 (O VE RE MR R 9 e . Bonss:, T
FEIET AR oy 4 1 Z 1AVURF B P R/ P (R 4%, TR eV BE R B e AL AR Bt Pl R0/
WHEH PN T EL DR RS RS S5 RN, O 4R8I 2 5 i 7 1 S AR
SRft THEAC Z TR T o T AN R G AR AR I T R ARy B LA . HEAS AT LSRR B AR ) e Thi 45
EALRG FEA R RE LTS A, i 45 & RE LA SOV 346 1 26Ak . HEAs o2 4173 L
FEVE AT DL R IR E A% 22 A i 2 TR B R R, S8 RO ARG & AR s 748, 3R fIE AL s AL
MR RRERS 2, R RNPERE26].

N T B e AR A D0BRE RE  JA TR0 HAE HER OER USRI . A AENLELBEAT 7347,
RN T e v 5 e R AR DO PR BE I AL

3. HER H1iY HEAs B fE 4L

LR K B N2 R R REVR SE LA B Bez —, F r R I8 I T AR SRR AL A Ak 2 e IR . LR K =
BAFEH MRS, HER 1 OER. X T HER M s, HEZRATEEMIMIIIAN, BRIES B SEETEA
T RIK TR IR Hy [27]0 BRAEA B P2 241 HER [ M@ 4R S AL 7E T i 99 1 JR R . b 4h, Sabatier
JRFLR I HER 2h 12 B T o0 5 HSE A 0RRE . (% BEEZ s EL I8 (DFT) 55 201 HER 4L
AU B BE(AGY ) TT LA B 332 S Wi i LR (R A FIE LA A M B 28] N 2 RIS & )8 Pt VR MM AR 7,
Pt SEMALTTI AT LU 2 HER [ N 3h 77%5%, {HR 5% 4 @ HEAL I THI 25 o A . AR FH 3R 11 55 35 B
KRB T AR TR A 7=, BEARF AR R 5 & 8 S5 & 8 & S A ARy — Pl v 10 238 1A RUCR s
IXFR R SRS S S m A, Ak B 4 IR N s TG PR AN L EREE IR TT A RS N HH TR P4
MZEERE, MM SEILHEAL PERE[29] [30]. HEAs RIS HAT LR ai, FEHEM T, w]S5%0E n Rl
R LR Ay, B R A Hr AR TE SN 5 R B R, S, PRI

Wu S H BB —%8 2 JuRER 7 vE 4% 1 i R 6 )@ (Pt Ru. Pd. Ir A1 Rh)4LEG Y HEAs 442K
WRi[31]. AT VOB AR X 5RO HL T AE T (Hard X-ray Photoelectron Spectroscopy, HAXPES)ZAE & I1
XFPEAE 4 JE HEAs NPs s i AT 5 58, A H i 0g, 45 FR X A HEAs NPs BLAT BEALA JE 714
B, X FAELA £ B R TG O T RAEX R S A A ERE, 15 BIFE 0.05 M 1)
BRERAN 1.0 M [IEEAL AR BB ARk, RBULE 25 mV [t B A T, AT T2 ik Pt AL
9.5 51 7.8 5. FF HAEAHR () 3000 BEFEHMIAF, %I HEAs NPs (193 LA J L% A B B A8 b 5146
FAN A, il PtAELFIZE 10 mA-cm ™ IR R i fz452k 7 35,5 mV. 553K B, HEAs NPs
P A 5 P AN R Mz v 1 R Ml P AR

N T PRI Pt HEAS 7E HER SN A Ak = 2801, Feng A I [T AT Jeb b 27 HLads Ji 1) 7 v il 4%
— R YA BB R NiCoFePtRh i g K BURL AL, ZAME A B A 24 M IE X BN RSE, 183 T
1.68 nm (] 1(a)) [32]. Jv 7 Ml Pl fokE =y & & O fe A e RE , Seie & f HOE TE 0.5 M H,SO, HIFRTE
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HBIAR & B AE—0.05 V (vs. RHE)HLAL T, JEBLH 28.3 A-mg ™ I i Ak i P2 7l PYC A1 Ru/C 1)
40.4 1 74.5 15 1(b)~ Kl 1(c)). N T #E—H KA NiCoFePtRh fiE{b I ke e, 78 50 mV i s Az Rl
%, NiCoFePtRh 1k 7 ) %5445 (Turn Over Frequency, TOF)AJ LikF] 30.1 574, J& i gl PY/C # 41.8
B, IR FEAR AR B R, B3 10000 7%, NiCoFePtRh it B A7 )L 354 B B e A2 (4 1(d)). 44
HER TS, B F0E W SR ) (R A TE MR ) SRR S I A AT I O, AT WA ) LT 45 84 B N Con Fe.
Pt. Rh Fifocz 2 (M FIFEFH (B 1(e)). XTUTAEMRRE T 85N HEAs B 2% 145 H (S BAMELL L,
N HEA 7E HER U R AH 5¢ 2 R At 1k 47

(b) 100 (c) 120 TI6.10
90.12 P
e B us-HEA/C E B us-HEA/C
‘= so{ HEMPyC 1001 pmmpyC
o I Rb/C 2 B RYC
<E o 804 79.93
= 60+ 5631 £ 1
z2 <
E z 604
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Figure 1. (a) Schematic illustration of the operating electrochemical test of the us-HEA catalyst during HER; (b) Quantita-
tive comparisons of the specific activities normalized by ECSA of us-HEA/C, commercial Rh/C, and commercial Pt/C at dif-
ferent potentials; (c) Quantitative comparisons of the mass activities of us-HEA/C, commercial Rh/C, and commercial Pt/C at
different potentials; (d) Stability tests of us-HEA/Cconstant applied potential for 100 h; (e) Calculated hydrogen-adsorption
free energy (AGy*) profiles for three representative sites on the us-HEA (111) surface and Pt site on pure Pt (111) surface at
monolayer hydrogen coverage [32]

[E 1. (a) us-HEA #EWFITE HER EiIZh YR EB UL FNIXRERE; (b) EAFREIRA TiET ECSA J3—1EaY us-HEA/C,
f e Rh/c FaEl PY ¢ BIELTEMERIEEELER; () EARRIEBET us-HEA/C, @)l Rh/C Fifll PYC K EFERHIER
L% ; (d) us-HEA/C 1BEMEANEEAL 100 NEFEIFRE MK ; (e) us-HEA (LL)FRA=MERMMA<EIHES WM B H
BE(AGY )EIE, MAKLE Pt(11)RE LEH FREEEER Pt ALS[32]

teAh, Jia A2 B m A S AR R KB T —F L Pd. Pty Cu. Niv P AZERICE M S
J& B3 (High-Entropy Metallic Glasses, HEMGs) [33]. W 7E& R FIY e, Ml AE AT 22 TZH1%H T
BAEYKIFARA (1 2(2)), FF AN Rl B & 4 [NV, K PAPtCUNiP H1 i oD Re %) Co. Ni
JLEBIER, AEFE KL, FRAE L AN, AL FIZE 10 mA-cm ™ [ LI T EBLH 32
mV 1 62 mV (it B4z, 76 1 M KOH #10.5 M H,SO, & H1 (I 2(b)). BbAL, HSHEH 45 R T, P
JEFHIMANLE Pt-Pd 0 B v 10 1] Bt [ 7 1 L 5 S AR A ) A A A, I R T AR T B 7 (HD) ROV
B2 2(c)), B3t HER, 8175 PAPtCUNIP fH Ak 70 76 Bl A R 4 A 5 b 2 ] K 39346 P
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Figure 2. () Schematic illustration of the preparation process of the nano-sponge-like HEMG; (b) Polarization curves of the
as-spun and dealloyed HEMGs in 1.0 M KOH; (c) Local chemical environment of H™ adsorption on Pt-Pd-Pd hollow sites at
Pt;Pd, and PtsPd3P, surfaces with corresponding AGy values [33]

2. (a) AAKIBLRM HEMG B Z T F2REE 5 (b) 1.0 M KOH Fh 454514 & HEMGs FR L BRZE ; (c) H IR T PtsPd,
0 PtsPd3P, 3R Pt-Pd-Pd L S SEBULFINE, XREHR AGy [33]

NT BT LA, BT E AR % — R HIHE Pt c &R K HEA 167, Wang e 3 1 BAHRIE 1 {3 FH
3 WS AE B 4T 4 A7 (carbon fiber cloth, CFC) by T —F H A BT 0 37 J7 (Face-Centered Cubic, FCC)4h
1) FeCoNiCuPd #/l5[34]. iXF' FeCoNiCuPd i sk AL FFIZE B PE A o7t BT Al 1) HER fEAb 1t RE, H
£ 10 mA-cm 2 [{ IR S N HAE A 29 mV, XS TR I B I EAL A N T B IRIE
FeCoNiCuPd i JI5 fh A R R S TP, S5 285 4 Lokl g PR U bR P A, 5 SRR A RR 2 1.52 V IR
FLAETE 1.0 M KOH At IA S 10 mA-em? (B SE, Smg i wlk dEdk s, I A B ENf e, X
T TAEUER] 7 HEA WBLE s A0k o0 i 77 TR S 3808 J0 0 O 1k — PR HER k14 Hh ) AS (5] W Bf vh []
PRI B R, Zhu B He A G850 FR 47 22 A e B 1) D7 46 1 T FeCoNiMnRu HEAs, k4878 &
WE SRR R AR R AR LR SRR E A A, A RS & PR A R RN e OH
ATH PR AA ) Cov Ru MEALAT 2 (15 3(a)~(c)) [35]. FeCoNiMNnRu/CNFs 7£ 1.0 M KOH &R HifL 7
(e Ak M BE, HER JAE] 100 mA-cm 2 () HL IR 25 BT 5 (3 BT AR 71 mv (181 3(d). & 3(e)). Ih4h,
5 R P AR I R I FeCoNIMNRU/CNFs ZEBR M A B b o H sl i Ra e e, T E 1 Acom 2 [ HR
WEE T Bt LAEZ/> 600 h A SR R ERE R, JF HARE a5 V3R K IR BERS OR¥F T HEA
BIMIGER . DFT H5 3R A B f S vk (R PRAR, /KR HORT OHT IR 22 DA K HT IR B 1 Pl B KT8 T 17
AHFT HER KA J7 [F) 224K, o
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Figure 3. (a) Schematic illustration of HEA electro catalysts with identified electro negativity-dependent preferences for ac-
tive site adsorption of the intermediates OH" and H” during H,O dissociation and H, production steps; (b) Adjustments of the
HER activities of HEA electro catalysts by tailoring the electro negativity of the composition; (c) Identifying active sites of
HEA for stabilization of intermediates by operating electrochemical Raman spectra; (d) The corresponding histogram for
over potentials at 100 mA-cm and Tafel slopes obtained for Ru/CNFs, FeCoNi/CNFs, FeCoNiMn/CNFs, FeCoNiRu/CNFs,
FeCoNiMnRu/CNFs, and Pt/C in 1.0 M KOH electrolyte; (e) Polarization curves for full water splitting by the asprepared
electrocatalysts in a two-electrode configuration at a scan rate of 2 mV-s * [34]

3. (a) HEA BB BEULFIRRERE, 7 H,0 BRESA H £ RSB, H i bR #TF R a4k OH'An H RSB M AL S IR ;
(b) B IEEELE AR A B fa 1 SR E%EE HEA EBELTIAY HER 7EME; () FIFBLERSRIEHE HEA BBEFEFEE
MALE; (d) 1.0 M KOH B ##i&® Ru/CNFs. FeCoNi/CNFs., FeCoNiMn/CNFs., FeCoNiRu/CNFs. FeCoNiMnRu/CNFs
0 PUC 7 100 mA-cm L EBASLFN Tafel RIS ESE; (6) 7 2 mvs FARET, HIE AR ELTIERBRE
B T2 KRR ZE[34]

Br T & SR HEAS fiE4L TG HER A4 B35 R2m, dE5t 4 )8 HEA fELFI7E HER 4kt L
AR A T AR RE , SEINA R T AT AR, HERERLAL I K R . Wang BIHTBAIRIE T —Fh =482
dimensional , 2D) =45 4 J& B = #7101k & 42 (metal phosphorus trichalcogenides, MPCh3) F. 45 ¥t HEAS (13l
TELLWL B A1 — 4EAPRHE R LU R AR [36]. AR —Fh BRI — 4 S fi b 7], Cope(VMNNIZN), 4PS; 4K
Fi BAT Tk B VS VR A, R LA 10 mA em 2 [#1 1 M KOH mh )i HLf7 Ay 65.9 mV, Tafel #1%H 65.5
mV-dec!, i TRk PYC EALFIFI L IC R CoPSs ALT . 45 & FIIRTHEAL, B 50 & K )AL T o ffs shmss
B s, DARARAL G %k S Ao gL P Az3Rft 158 2 AW MHE AL L ST Mn AL 1K
MORR S, X IUTAR AT R B &R AL 8 R 5% i fe Ak R At T AR SR R B AR R 7 1) Feng S HL[F]
H&H T B MRS 48 HEAs #4L57, il % CoNiCuMgzZn HEAs $)51#k N BI#E 3 2D £ LA 24 S H
FMR E[37]0 A SRIEAE N LB ANIE )5 72 5 2] HEAs HI& Bud e, Jdid 85 & Jm IR &, mTel
¥ HEAs [IRLAR#5HI7E 40~200 nm 2 [8], £ 520 v LA AL 7R B4R T i, HEA JORER £ 5 i

DOI: 10.12677/nat.2022.124025 249 PRHEAR


https://doi.org/10.12677/nat.2022.124025

s

PR A AR R R, ARAEE 55 4% HEAS AL IR AL e M. ZERRMEN R, HEAS@C 76 Hifi a5 )%
7910 mA-cm 2 {5 FLAT AL AT 158 mV SR AE T HUlk HEAs FIA S0 Bk, 0 7 MU A8 46 Mg U T v
HALPERE IR T . BEAN, ¥ HEAS@C fif (b FUJHCE A6 Hu i A bl R B, Hufi® 100 h J5, fEAL M BEfk IE B
YHARATE , FLAIAA PR BEIRER AR T 10%, PEilE T HEAS ZERRME AN IR ELA B35 1 45 W R ok . JE 4 8 HEAS
WSS AEAT AR AR, ARSI 5348 HEAs RO &4 %, AR AER, (B2 5%
%) HEAs [ M L F K IRFEE — 02800, B R A M3RT 220

HER 372 3 B 5 K 40 TR AR B (BRE), 2B B IR AL, H PR IRV B B2 L5 7, R A4
TR . HEAs B HEALRUA B (92 A AL AP OH™y WA A, 43 B S 7 e i A, Ay
OH" 45 & 3R AL (3RS A, KARIRE T HIAERL, B3 7 Volmer SBIRINEN /1% . HIL, HEAs f#1k
T — i 7E 2 KT (1) R T 1)
4. OER |y HEAs B 4LF

OER E N /KRR P 1) 5 — KR E B B, 22— DNE AW BT/ F RS RE, Had K fhr
KRN T KB 5r ff %2 [38] [39]. *FT OER i #21 &, OER A& & —NZ TR, HH M-OH, M-O,
M-OOH (M 4 & 70 2 ) ix 6 v [A] 4 fr) Py 3 B 2 1] 4 A B AR P A A P e A s B2 3 12 1) ke 558 20 B3 [40]
[41]0 SRS FEAT, F2 5= (OH)LE B I HL R BT Hh 3 A B HL0 #1 O,, BIMOOH +OH™ - M +0, +H,0+e
FEBRIEA B 52 HO 73 T4 AL B YA BT 71 O, Bl MOOH +H,0 > M+0, +H" +e” [15] [42] [43].
itk OER It 2, FHEX H,0 FHIsR LN O—H S THIR, SRR PIB) 122218 [15] [44] [45]. %t
TR OER i FEK U, K2 B AR U 4 8 A A A, 1K S fE A 70 e AE BB ME P11 rh o 28
HOR BR M ALE T o BRPE OER AL ) 2 B2 LAst 4 8 o FAR M — o = Jo & AR, H 2 AR i
e, I BB Ak 7R e DA T R . AN, HEAs T HAT B =E 5 RN, BN
FESEH, w R TR 2 LA RCR I LE R TR, R & SR M P se s AR O T 2 AT etk

FRVEA P ) OER AL R DEK(INSEFEAE, EELRE _TER =084, Ir NEEHX
T 50%, EAREE LR TS AR e P, (ER ERA, RJR R SR AR R R S
Ko 7E 2019 4, Jin M LRIBN, TR (AN IERT IR & & BT A S, % Ir S5HE Y
Pl &t F (Al Ni, Co, X = Mo, Nb, V)i 445 & 2| B — R a5 M A, 815 Ir 193 & ~20%, JFHAE 0.5
M H,SO, [RIEE A 5 v B0 e AL TR 1 (1] 4(a)~(d)) [46]. SEEEE# T HEAS I & FL, Mo F1V 7t
FIIMAXS OER MG MRS R TAEEMEH, 111 Nb BN R AE R o MEALFIRVE TG AR T IO 2 [F] 3
MBI, SEIGSE AT AR 454, R Mo JTR IS Ir—O S ILM ks s, AT (2 1 i
HFIRIACER ) OER MERE. T ICRMLIRA S, FrakfF Mgk 2 5L HEAs Ry 3T & &1 HT 25 f Rl
EE AR T BRI e

ZIEARN, Zhu B LR SRS T — PSR S5 s R B, TR 4K R ) HEAS 1B N,
¥ Fe. Co. Ni fl RufE AR ELMITER, M @IKFAE Ir kF25E HEAs BIATEPE[47]. A TER
YR K LT 4E(CNFs) T JEAL & B T 48/ FeCoNiRulr NPs (/4] 5(a)), JEAE 0.5 M H,S0, FIRRTEN i,
WiE N 10 mA-em ? (ISR BAT 241 mV (¥ AT AT 205 mA-mg ) i R B (D 5(b) . & 5(c)). 52
U6 45 A R B 2 e oA & B, FeCoNiRulr/CNFs 1) Co. Ni £ 7T /a4 OH FIWLFff, ARt OH
H1 OOH EEE M Fh 73 A £ HEAs QKK TR, 3458 T HEAs FERRVEN TP I Bish )% . o, i+E
SERIBFE W] FeCoNiRulr 49K ki R B 7k e & (Few Co. Ni) A s LA TC &K (Ire Ru)AIFEERS IS RE T &
AT RTEEESR, FE Ir (SR, FIREHE OOH KL O, A ik, XflifF OER iGMHA T
NI S
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Figure 4. OER polarization (a) and Tafel (b) curves of all these prepared samples and IrO,; (c) Comparison of Ir mass activ-
ities at 1.5 V with literature data; (d) Potential changes of these samples after different cycles at a current density of 60
mA-cm2in 0.5 m H,SO, solution [46]
4. Fr8#&E5 Ir0, &Y OER #R{LEhZk ()F0 Tafel FhZk(b); (c) 1.5 V NAIMNREEME S EIRAIELE; (d) £ 05 M
H,SO, &, BLRZE X 60 mA cm 2B, XM RERETFRIREEAIB I [46]
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Figure 5. (a) Typical synthesis procedure for the FeCoNilrRu/CNFs by combining the electro spinning and graphitization
process; (b) OER polarization curves of 20 mA-cm 2 of these prepared electro catalysts obtained in 0.5 M H,SO, solution; (c)
Comparison of the mass activity of as-synthesized samples and reported electro catalysts at 1.5 V vs. RHE [47]

5. (a) BREEYTLNARELE AR FeCoNilrRU/CNFs IR &R T E; (b) X LL B 4L FI7 0.5 M H,S0,

e

B 20

mA-cm? #J OER HRILERL:; () ARAERFIREAIE BT 1.5V vs. RHE K TRIREEMLLE[47]
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HEAs EZ R H FHPEAN (1 M KOH)F, 1 ZLRERUNERR AN T, E 504 8 Al ik G i bl B s 1ok,
BEER R AT, TERRAE K A i AR et . Chen 25 N %it 7 — R A1 4 8 Ak
Y HEAs, WA PERE &I (CrFeCoNi)g;03(0-HEAS) E A Lk OER M:RE, 76 1 M KOH ¥, L% &
10 mA-cm 25 R, BUtR O-HEASs (it - ALK & 196 mV, AHRifK Tafel £ 29 mV-dec™, @izl T
LA EHE 6(a)~(c)) [48] Ff H O-HEAS 7EIX Al RS R AR 2 14 ol DARHE 120 h, JEIL T A1 S ds
eV BT SR AR R K AR O IR R B, HUlR O-HEAs #E 4L 77211 B A K& 1 Bk
CrOq i, [RMIFE P PEBEA Crovss TR i DU AR SO FL T 45 ), IR LSS N KX OER 245 .3 1
TEREER o XTI LAER RN R AR T — R AR S .
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Figure 6. The design strategy of integrated O-HEA electrode: (a) Atomic-level design and the preparation process of
O-HEA electrode, Co3;0, powders are selected as micro-alloying ingredients; (b) Multilevel structure of O-HEA in-
tegrated electrode, the inset is the size of bulk O-HEA electrode, enlarged views are the molecular structure of black

island-like particles Cr,O; and HEA matrix, respectively; (c) O-HEAs integrated electrodes electrochemical applica-
tion [48]

& 6. £k O-HEA BRAVIZITRES: (a) O-HEA BIRREFRIZITAEIRITE, E£A Co:0,MEKIEAMESE
LR Sy ; (b) O-HEA &R BRI S REEN, Hr I 2 AR O-HEA BARKIR T, BUKE 4 8l 7B & SR Bkl Cr,0,
1 HEAs BRI F454; () O-HEAs SRR AR R 1L 52 K1 F [48]

BT md A T OER A& IRHHER, RobmE A Y(HEOS) mliii it I(HEMS) LA K = )
AP (HEPI) & A 75 2 2 IR AE FH - Qiu S8 AN AT IR AR A & B 5 A %0 ik T 2 ARG & 7 R H — P
SR A STk, W% T R TE 5 HEOs £ LAE St &)@ HEAs (& 7(a)), SEIR4: FR & &l Xt
OER JEMEIGsR AT 7 £ S1EH, Hh AINiCoFeMo A AL R Im AR, T BA h~240 mV,
WK T =76 NiFeCo 19~350 mV (& 7(b). &l 7(c)) [49]. X —£5 B IA T HEOs BE.A T 3= & ) 45 Al iy
Mtk Wl TES A &R . Sharma 25N, B R 23 %SG - Fieiksl % 7% 1
{5l i) CoFeGaNiZn (CFGNZ) HEAs (/& 7(d)) [50]. CFGNZ AL FIAE B A J5 v 93 BB A7 340 mV LA A2 AR %F
/N Tafel #1271 mV-dec™ BT 7L RuO, fEALFI(E 7(e)s P 7(F), FF HLAERE MDA i ml LR 5
10 h ABEfR, M G FIRE S 220 i 5 P B R AR AR S AN 2 7 ) LT 84k, TR UGIE B T A A7 1
fasEME. HEOs M5 R I A HEAS TERRIFAH AU B B AL 2058 1 R (1 LAl
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Figure 7. (a) SEM of the np-AINiCoFeMo; (b) LSV curves showing the oxygen evolutions on the np-HEAs, np-AINiCoFe,
np-AlNiFe, and RuO,electrodes; (c) Comparing the Tafel slopes and overpotentials at 10 mA-cm 2 with literature data [49];
(d) Schematic of alloy preparation for nano-crystalline CFGNZ and catalytic reaction over its surface; (e) LSV curves and (f)
Tafel plotfor RuO,, the initial HEA, and the HEA after 3000 and 6000 CV cycles [50]

[ 7. (a) np-AINiCoFeMo EJ#3##FE$5; (b) np-HEAs. np-AlNiCoFe. np-AlNiFe F1 RuO, BB} ESURILH] LSV #hZk;
(c) 4% 10 mA-cm 2 &Y Tafel £ R AT AL S SCEKEIRIAITELH[49]; (d) K& CFGNZ M& &H1& R ERE B R K
~EE; (e) RuO,. #]% HEA %3000, 6000 CV {EER/G HEAs Y LSV BHZEFI(F) Tafel BZE[50]

Qiao 5 NI =il 7B I %, EIREG R T = BB S BRIE ) CoFeNiMnMoPi =1 i S AL 71 (HEPI)
[51]. il 2 %2 ] AE — /N VR Hh 350 S 2 R 6 TR AN R T B A4, A i T A AR S A S A S L 1R
SN, RAZEEITCREMRIR N P ULZR R A S SNRE . N T I R AR S AR
b, AT LR KRR RE 1A S BRI RS, PRIs S O R A TR, I ELE R R S B R R ST
PLSRELTE SR 5 M I e A8 . b4k, HEPI LA bk HEOs B8 /=51 OER MERE, 7EBRMEA 53 ik B A7 BRI A 270
mV, RSN (Tafel RN 74 mV-dec™), X TAEAMER T HEPi Al LLYE Ay R 2 Ak 751 5 1
OER, W AG M AR E TG T — % MERAR, TERKRAEE AL ST L2 B .

Cui S H BN B R A AR08 16 HEMS B FH T OER IS A2, Al 1R F kv #8434 5 155 & i HEMIS,
SR T 2 NGB R TR [52]. A, ARG HEMS /B2 1 M KOH ¥+ OER M HLMEILTI, 7E
100 mA-cm 2 (B 5 T i B AL ARA, 19 295 mV, - H. 10 h I REF MRS B 1, HIA ™ E it
BB . B AU B M G T SR — 0. ot e RIIUIE M,S, Akt AL R L, SRR
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Figure 8. Schematic demonstrating the structure of HEMS (CrMnFeCoNi)Sx nano-particles and their application as the
OER catalyst: (a) Mixing immiscible metallic elements (i.e. Cr, Mn, Fe, Co, and Ni) into a homogeneous and high-entropy
sulfide nano-particle; (b) Comparison of over potentials and metal element numbers among unary, binary, ternary, quater-
nary materials, and quinary HEMS [52]

8. HEMS (CrMnFeCoNi)S, ZHK BRI M LR = E R E{ER OER B UFIMN ARER: () BT HEEANEELE
(B0 Cr. Mn. Fe. Co #1 Ni)E&RIISNSBRAHARER; (b) —t. =T, =it ExTHRFET HEMS B
HHEMANMEETEHELE[52]

il = e R AT PR OER R 7 R A 5 78 T 18 15 S B A7) E (i A A PR R B AN e I e 77, DA S B
KRS S . it dlif) HEAs, i&72 HEOs. HEPi. HEMS #RREFAE K m A TEAL S, FHHZ T
BRI P [E) A FH 3G R S R AT, R S PRkt fi {8 ¥ 77 VA R FH B HEAs BI-A e, K SEBLEE n
J 2 IR

5. Zit5RE

HEAs EA6TH A HEAL T FE 3B AL T e FRIAI3HT, ffn 3g FH F67 075 (58 F) 6 BT 125+ ARG S I o e v A
AEHVER AR AR AR A 5 A ARG S P 2 ] DRALE ST A i AU I 75 ZEAR R - HEAS ANA] T @ Al
Wzlg, ERATM AT LKAy, EHADRIEM, SNHSMBRELIEFER2ZE, $NE
PEOL RO BARAE FR IR AN B . AEBRATE K, HEAS AL % 02 2 ML ORI BRI T, B R B )
FEHER AT T, DS TE OO S SRR SRl s, bk, #E— DR
FEAN R MEAL U S A, B 45 & SEPnbn e, SEBUEALRIR e e, AR R, BB
REAEXT HEAS HOMEALALEE AU B AR BT AR 7EIE, FRATA HEAs AL LT L i e 8

1) WESCH GRS HEAs W6 MOEE BN IRE,. F g2k, W TIRE. #iE A
RURBEHNESE, RETEANUTR Emae e, Wi et m 7w Rk, Bk, fEIT A E K
HRLk, Fefpfa (E AR E] HEAS MIBsr RSF RIS S M, SRFARXS IR0 5 30 4 e B i e 2
HLEAL, VR A T A B2 A

2) e RN R HEAs AL R4 o 8 TR SRS B2 HEAS (AL IR T AN A B9 PR A7 A
2 i AT BR e T, T DL PR AR T s 2 T 42 8 R B 5 55 0 HE A 375 12

3) HEAs S5{EMHIS M BL45 G . HEAs AT DURIBRIERBL, St AR EE &, bt
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