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B %2 32 0 DASERE R LU BT 45 B R PR IR R 8 22 206
BBl HAZ O AE T W m A R, IF B AT A
SN A e AR AR A 22 e Wb R RS A — R B g
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BR:(DIomk. WREH YR, 15 3 BAR TR
ISINTCER o A an B iRk IR R AR TG 12, U 3 d i
A KRB Pt Pd Rh Ay 3 B, Jfik F— R 5t
J& tn Fe Co A Ni Ak FRLF- 45 44, BETH TR B — Pt ) v 6l
&R, BEARITCERE 2B ZES, &FEEEET
R A0 2 6 B HIAE 6% LA IR A * AH 45
—15~5 kJ/mol 2 [f]  HL 47 P 22 57 Ay 4% i 7F 0.2 LA
O FHZ RS RER TN . DA 22 E TOIR A i 5 KA s
FI F§ CALPHAD (calculation of phase diagrams) /7 7% Tl
AHZH RS R e M 5 18 38 S & WD AR BCIE SR A R AR AE
P23k A [ VA AR )RR E Ak o IR, I 3 T T e
12 (density functional theory, DFT) [ 2 — {4 Ji& BEARALL , A\
JRF L S5 2 R - A o A 4 1 e ) s
BUER, TR L - 251 5 A W A e S T Bt B 55 23, T T
WA R ARYERE s GO Bt JS% CALPHAD Z5— 1t
Ji B A T VEAE LAY R R A AR T TH Re g S it — 2 1)
BT (AR & e BRI & & RAR TR A
BLES 5 SN — FhEOR IR S 1 77V R s il & 4k
THAEE T T A B ERA . B, Vs S IR b &
Yt AR ARZRPE R OC &R, WA R 1 5250 24 h 12 48
TSR, B S PR RE TN AR . Lo, LS 2% 2] ]
DLIE I RRAE TR RO R IR AT, oD BR 4L 1L, 12
PRI AR AT R . SR Ah , HLES 2 5 5 526 TS
ghity it SRR % 5 SR IR R AL, XG4 1) B ARPERE AT
SIS VEAN , ¥ 45 R R A DL ARAR AL, T R
“ULTE-SEIR-5 21" A EMR AL R G, IR R R I .
H AT, ML % I ek & 8 s & et b B8 3
J Iz R S DU FAE R B RE T 7y T A T e
W B e A 4 e e 82 A A T PR R B R b, ' Ak
TR )5 A R R T 45 A R R R, B R e R B AT
MBS E . ARG EZ IR IR, & 1

KT A OR T LA S T 1) PGM-HEAs W Bt B8 704X
FNETAER R el WL, A 7 E ] 55 AW
e — R T U RRAE 1 “ B R T 5w, G 2k 1 [
VA o BT R [ A R B B T B A 45 1% 7 VRN T
R IR L , FL A U R 8CR AT R A
B BB T2 g P 3 S35 Sahig
TR I SRS , 1% 7 VR RS B MR T 85 4 TR SR BURRAE
HAHERMERERR S HEEIREER ). Zhang 1)
WF 70 A2 5 — 2K 07 vk B B AR SR . i [ B EE X
NiCoFePdPt il RuRhPdIrPt fF il & &R R, FF R 7 — Pk
T AL JE T R A 2 X 2% (AGAT) #7Y , 45 A 1L
A2 25| T o PR R AR RN it i 48 J5 M DFT it
SEBR AT IR, AR 2R 1 IR B 8 T 1) 1 2 4 %oF i
Z(MAE) KT 0.11 eV, &7 AR FF 200 DFT /5%
FAY IR, R B ARG 1 TH SRS, SEBL T vy 08 2 R P e Tl
W, A RO Ik T A% G AR TG 7 V5 AR A B S0 S K A
War AR A 2 I RS FE R BR , 5 4R HEAs LTI £ B A
A BT BE e T RSBl
2.2 ZEREIT

FE o Bt E BITif 7 (A AE 4 e it |, 3k — 2Dl it
O 57 R B IR 45 K 8 i, e 65 6 PGM-HEASs [t H b
PE B S SE RS HE ) IR . 7R 1 RS T,
Chen Z5P%} % CoCuFeNiPd 14 & , B M b2 1 “i@ it
AR P14k (SROY M & i 7 R Dy A MR B vt J8
o i la R, A8 SRR i 5 4 7 s 115 0T vk
FRIIEARAE AL &I 2M 2675 2x 108 VLA 72 R 7 R E
BRTRHREA T, R E Co-Ni i %5 &
Fe-Pd ) 505 B LE foe JE 4R 3L A7, 734 BELAS A7 45 12 TF
SR, J5 3 filUR foc—boe AR HE B, M B UCLE [R]— S AR
A4 N RN R PR 50 P 2 T 2220 4.9 GPa, IE R PRI
219.6% » T A% G5 5 - T8 1 3 B A

1 PGM-HEAs I} {3 8 FUR A ML 25 5 =) R P 2451
Table 1 Machine-learning (ML) application cases for adsorption energy prediction of PGM-HEAs

HEA system Adsorbate ML Strategy Model Dataset size Accuracy Ref.
Direct prediction from . . About 1034 DFT
IrPdPtRhRu OH, O ) Linear regression (LR) ) RMSE: 0.063-0.076 eV [24]
geometric features calculations
Direct prediction from Gradient boosting o
IrPtRuRhAgFe OH . . 360 reactive sites RMSE: 0.098 eV [26]
geometric features regression (GBR)
Direct prediction from Gaussian process 503-1000 DFT
AgAuCuPdPt CO,H . . . MAE: 0.05-0.08 eV [25]
geometric features regression (GPR) calculations
OH, CH,NH , Direct prediction from Deep neural network About 25 000
AgAuCuPdPt ’ . . MAE: 0.08-0.1 eV [27]
SH, geometric features (DNN) DFT calculations
Direct prediction via graph Gated graph neural
AglrPdPtRu OH, O 5000 snapshots ~ MAE: 0.058-0.096 eV [28]
neural network network (GNN)
NiCoFePdPt, ML potential-guided Atomic graph attention ~ >480 000 DFT
OOH, O, OH . . MAE: 0.10-0.11eV  [29]
RuRhPdIrPt relaxation modeling network (AGAT) snapshots

Note: MAE is mean absolute error; RMSE represents root mean squared error
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Fig.1 Structural design strategies of PGM-HEAs: (a) Monte Carlo and molecular dynamics iterative induction of short-range ordering, enhancing

the strength and ductility of CoCuFeNiPd™; (b) Pt/CrMnFeCoNi nanoparticle catalyst with a pseudocore-shell structure®"; (c) soft

template-assisted electrodeposition in the preparation of PtPdARhRuCu mesoporous films

TE B AL AU, Fh T (A R N 3 B R A T AR R
T -5 ST, D]t 3 A 5 A ) 110 2 T 45 ) AR AOU T 3 2%
DIAH DG o 8K 19 1 45 4 B v DA K b R AR L A A%
JR % A% 5 B i MR A, 2 4 TF PGM-HEASs i 461 g
A% 01 2 — . Chida Z5PYil REH Pt AETE P 5
CrMnFeCoNi £ Juik R (158 g A 45 &, 76 Pt 2 5 BRI
R P R B AR (APD A4 T BAT R 7o 45
41 1) Pt/CrMnFeCoNi #5784 fi A0 71 R T (& 1b) o %450
YRR R T % T A3 25 10 PO FEBR B, AMUARAL T
FH P T [0 BT 4500 IR T AR VS M, B 5
(1 Pt oG E AL e 2 e T O B FL T, AT R E AR T S AR
PRI 2 BRI 7 R R T 45 M R 41 /i = 4
J (0 A W0 425 A6t R M R AR AL A 7 7 S . Fu 0
Xf PtPdRhRuCu 14 & , 7E Bk BBl F 1 F 3R 2 206 -b-R 4
LT B R (PS-b-PEO) A SR » 38 38 A A il
Wy HLIT AR 4 T PtPARhRuCu 4 FL HEA 3 i (& 1e) .
R TR SR RS T R A R A
JRAN S35 FLAR £ 25.26 nm (1A FLEE ) , o R S0 L0 S
JR B TEIE 4.2 A-mg Pt (BREE 70 P 5580 . ZA AL
SE A R T 2 R B R AL o5 b A0S M rp G, HR L EE B TR
Y NIIETE %75 AT

3 PGM-HEAs /&

3.1 PGM-HEAsR{FRIEIZ 5%

HEAs Bk 1) il 4 £ 2R F H S BRI O Ria &
Ao HIERAR . H AT % PGM-HEAs ¥tik, K%
BOCHRES R T B SR A RSEEAE 107 Pa
T B N 2 0 SRR R IR RER , B % S
4l F (>99.9%) BRI R, MR IR R AR F, A2

[32]

A AT AR 5 AL 3 AR e S FL I R A 4
TR P L2 AT, BB RIEE LI 2 ok
F2 350 50 Ak T THIATY THI I S 2 Bk R, R e IR X — A A
Piorunek 2R & 7 2 B VA G T2, R M 2 <
R4, ¥ NiCuPdTiZrHE & 4 56 5 [ S B AF 12 9K, B4k
RS IR K T 20s, 3013 7 2 W 45 0 1 21 1)
NiCuPdTiZrHf = i 2R 1812 4 4, 48 L 1173 K/100 h
I8 SIA AR EE , ekl T B ] Jok R A 2 S
ARG GiE A — P B HEAs 1 £ 70 . &0
EVATC R R BTSSR N kL, 8 BRI A R
il R 2 % g 4 b B A OD R ) 4% Bk HEAs. HARATE
T Be 85 A BN L R AT A ST BRI 2 AE BT H S AT 3R
15 B 5 — M5 R I = i A S HUR RIS SR, AL
WA SIS EES TN C.OERFILER, X fEXT &4
M EEVE = AR AR RE A o Rk ARG GBS RO
)3 H AR 1) % HEAs IZ M7 M . WORI M HliEH A,
NFREOE3DFTENHEIAR , 2 —Fh i T m e WO R E 5 1E
G BB AR LZ M, B Y Bk 4 0 A I S i it U
o ZHRTE) % HEAs J7 T JE DL MR IL 35, U H &
R T 1840 428 L B0 45 4 000 A0 A0 5% L ART A4 A 1
TERS B AR R R ARG SR AR RO G A 1+
ARl % PGM-HEAs S R TE 50D, AR I P R AR 73531
NG N & B 4% 459 PGM-HEAs ¥ 14 (1] 4 3244 7
R .
3.2 PGM-HEAs SRR M 8ERY N FA i SR it R
PGM-HEAs HA& R B 78 AN 73 HAE 4514
MBI I M R, B8 R HMURE (4 22 o Wik IR 2008, 7E 8 5
TEARACAZ GG Dy Re R P 5 T R I B ). Xt
Thaeret: BRI E F (M H NEDFLA T35 PGMs 5]
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NI 51 R B FEL T 5 R TR 328 s R A DA R A R o 1k 25 1)
. 0K R Y5 X PGM-HEAS 76 JU K 3h fg 55 1 5
THI PRI AIF L3
32.1 A

HEAs [ 12t — B AW LS . PGMs 5N,
N HEASs [ 7] 547 AR K T H4ERE . PGMs 51
I A BRI R T2 AR AN 1 T A, R RE R
I [ A 5 AR R N S AR T A SR, IR
B BT H0E 2 EASTE AL, T ZE 3 fan R 11 (5] I 4
BRI, 5 ST REAR I 1 S BR AL T S M TR

TEFRVS TS T TH AR N ELfF PGM-HEAS [1)58 /i 2
V5 , Varvenne ZEU 9 HE S H T — /N iE T i PGM-HEAs
(7 BRI P T e R i B PSS 2

(D

7,(Té) = Tyo(r){l - (A"g né;)s

2

4 e

5\3 ECAVZ 3
Hf)}-[ n ” ] @)

_L
7, = 0.0178a 3,17( —

b6

Lo f1+v)\3
AE, = 1.5618a3 iib (1 — v) : X
Ao (T6) A BRI EE R (¥ RS BE , TR, 69
[ARE & NS N, k NBIR L2 W B 1, NOK T
%) Je R 8 P52 5 B JIG IO 2R 1F T 1) Je R 5 BE AR BRAEL, A,
AL IZ B 1) FGIB0E RE 22, RAEALHS b IR R 0 o 4T HL
T @ BTG RE » o AALET 205K )1 B8 0 NG ST

> C,AV; 3
n 3)

P E, v SNt , C, NIt E n MR ik
B, AV, RRECARFR, b AL 88 B4R IR R AR .

ARG R MR B, i R R 2 B DR R R
JoR AR AR 2 B () BER  TTAS A2 HEAs 45 #) w0 1 JR 7 30
% B R 3 A T AuPdPtCuNi. IrPdPtRhCuNi Al
PdCoCrFeNi %4 4. TESLIGHEFL 5 T , Sohn S5 i i
I Ik 45 A 1200 “C/200 hiR K, #ll & 1 B A fee 51 1
[rPdPtRhCuNi & 4 , % & & 75 I 4 i 50 Hh R I 3 51 1)
ARFAT N, o RS E A 527 MPa, 5 Varvenne A% 74 it il
1 (561 MPa) /= FEW) &, UE W T % BRIV A 8 (17 R
HE—20 AR B, %5 4 K 5E A 1839 MPa, U
NAZ A 32.4%, 5484 PGM [ HEAs!™ 24,

N T W 7L PGM-HEAs 75 8 Ui 28 355 (1) 48 FE AL
Ding i i R A7 S FL T BB, RAWEFL T CrCoNi
PG SRR K N IR . WwE 2R,
CrFeCoNiPd & 4 5 A& R IL, R I H S22 AR AT
(FE22) &M S A RE T (B 20) T2 HSTHE
B (B 2¢, DL 7 Sk Aric) i A T 218 5 R G0
T CPE 2d) DL B AH 210 8 R P s 5 B 40 K 22 8 119 A2 i (B
2e) %5 2 P R ML) SEEL R s B . AR 2, Pd (1
AA§i75 CrFeCoNiPd & 4 7E IR T 128 1 B i 72 58 J9i%
BK , iX R B PGMs [f15] N BERS A 250 15 A A5 Ak Bk 4%, 2
HEZ FhAR AL 14 )3 30 5 U, AT S iy 5k 5 v
PERIAR 454 . R4 PGM I HEAs 78 /) 3 M dE F ok
IR IR PGM K R (B HF 70 S A THY f1 2 PR BE My HLTE
TEALHXS T H AR I M BLE 52 B B A AR AT N ECE T R
B HEAs 73 B A B2

Tl

Grain boundary and twins e

2 CrFeCoNiPd HEA 7EAK i (93 KO I AL KT
Fig.2 Deformation features of CrFeCoNiPd HEA at low temperature (93 K)™: (a) nano-twins formed near grain boundaries; (b) motion of full

dislocations at twin boundaries; (c) extensive cross-slip (individual cross-slip event marked by blue arrows); (d) activation of multiple slip

systems at grain boundaries; () high density nano-twins formed in adjoining grains
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i85 M B8 & PGM-HEAS 1F ) g 4 R1 4745 i) 85 B 44
L, 55 ISR IE SRR AR B SRR A% O T
I B BT SN BT S R PR HE R . S A —
FhIhREVE M B S R , HAFE R ENG TR LU R , MR
A AT, BN . 4K, PGMs JAF FL
TGE MR ELE 5, 76 4% HEAs (8 S AR IR B (1)
BRI T3 (Be2) BL B AN FL 7 B (VEC) 25 75 TH AR I
TR, R PGM-HEAs 7848 5 D) RS 45 1t 07 18 1 87
MBI T ZxiE. ATEH £4 PGM-HEA #5144
W Ih JF kK, B & VNbMolrPt*), ZrNbMoReRu!*",
ScZrNbTaRhPd™, TaMoWReRu™'. NbMoRuRhPd”".
MoReRuRhTi®" A1 HfTaWIrPtRe"”, Pt. Rh. Ru. Pd %
PGMs JG % 151 N\, AU B T Az e 1) 5 — A [
A8 FESE T 75 T Je CsCEY 25 22 b it 7k 465 4 v 351 R 0 1
o I ARAR E P, R R T A &R SR, H
H Liu 25990 % 31, 76 57 J7 A15 L V. Nb,, Mo, Ir, Pt
W, T x=0 I A B 5 K AH 5.18 K, Be2 7F x=0 i ik 21 i K
{8 6.4 T; £ 7N J7 Nb,,., Mo,,_Ru,, Rh, Pd, ", T #£ x=2.5
I IA B i KA 6.19 K, Be2 7E x=5 I 1A 21 i KA 8.3 TP,
Stolze ZE" 5T I, 7F CsC1 2 ScZrNbRhPd HEAs 1, T,
E(ScZrNb),  [RhPd], ;s F 73 i 35 21 f =118 9.3 K, H. Be2
ISR HORME 10.7 To HAFFEETZ, A 17E ScZrNbRhPd
Tk A L8 B OH (1 T-VEC K &, Wi 3 o, 5 85 4
AR i A& A 42 LA (TaNb),_ [HfZrTi], HEA # SR MAT N
AJA], CsClA HEA (ScZrNb), [RhPd] #8447 B 740N
5.9 (e/a) I Hi I fe KAH , B S5 7, 58 VEC B3 Iy 5230
B, IX AT REYR T PGMs 51 &2 1) M R 3l 2 R . 25 bR
i& , PGMs JG % /£ PGM-HEAs #8 5 1% it 1 12 v 5 30 B fd
[ £ 5y T, Hodh Rh 55 Pd AT VR AT R0 B 7 9K
(VEC) 5 v 0y, T Pt 5 Ru W) 32 32 78 24 5 4k 45 # 7 5
), R G H T ) S BE S R A . IR S SR M T
PEfE PGM-HEA S ARS2 4 T JCHE 1 BB K4

—— (ScZrNbTa), [RhPd], HEA, CsCl
16 [+~ (ScZNbTa), [RhPd], HEA, CsCl
14— (TaNb), [HfZrTi] , HEA, bee
—— Crystalline alloys
§ Amorphous films

45 50 55 60 65 70
VEC/e/a
B3 (ScZrNb), [RhPd] J%(ScZrNbTa), [RhPd] -5 At G 44k}
) T-VEC K %
Fig.3 Relationship of T-VEC between

(ScZrNbTa), [RhPd] and other superconducting materials

(ScZrNb), [RhPd],,

[48]

323 MR H R

TEARICAZ UL FE F8 FE Se b BHE S P BB VR T IS, 8
Tk 0 AR A0 SR R % ik 5 BT 46 TR TR IR AR A B
Fo BB T RGN S A AR AR R T AR, B A
I T RE () & e PR N T2 AR 1212 5 45 (shape memory alloy,
SMA). HHIT 72 M H ) TiNi 2& SMA , 3 I [CAR AR AR 28
1EIRBE (AT 373 K, 7 5 R 17 A iR PR B 11
o WEFERE, H T PGM Ml TR 1012 & S 7E il B
FH R B R £ 35, R PGMEs 1 B [0 i AH AR s RS 1
56 AR IR ) SRS B AR 5 2 e P R O8N, T
FIRTHERICN & BRI O,

H ® & JF & i PdHfNiTiZr. PdPtNiTiZr Al
PACuHfNIiTiZr %5 ¥ + H A AU 3% 1% 7 PGM-HEAs.
Canadinc™ ] BAFEZ WU H T RGER R AT K
{1 — % %1 JU It Pd,Hf,Ni, Ti,,~ Pd,;Hf,Ni, Ti,; Fl 1. 7C
Pd, Hf, ;Niy Tiy 021 o TR TARITAZ A 4, HMIRE AR IR
FE A5 5128 963987 F1 1053 K, 1X 3= B2 K T i i R
FIPGMs I HLF MR o SR , AR SR
VB (AS D) VR 5E , Matsuda 25 & 31 Pd, Pt,Ni.Ti, Zr,
(AS,,=1.3R, A=871 KO I AHAZ R FE S M0 v T 5 e o A 1)
Pd, Pt,\Ni  Ti, Zr,(AS, =1.4R, A=715 KO , R BRI E 5P,
RFE JCF W1 P& SR A AR IR B B A DGR R . [ 48
g8 TIRAERIT R M m IR ICIZ A & S g Rid Iz &
SR MASR FEXTEE, Er MORD A5 3R D IR AR A AR
TG IREEANZE IR FE . I AT LA e B8 Tig Py, —
JUE A NIIEL) 1273 KN R AETT I 5 [ AR AR, (R H e i
TENUBRAR AR 7 A2 ] B A A AR . A EEZ R, PANITI
NiTiZr 1 HENiTi %5 6 7£ 535 400 “C i 2236 FE N 7 g
SEPLR AN AR . (EFHE R A, & PR TR IE 12
4 4 (U NiPATiHf F1 Ni, Pd,  Ti, Hf,,) ) M1 A 35 5 B2
B 800 K, i35 m TAR G A S5 5 <6 . PAHINITIZr
e ME—RERSAE 500 C LA_ES2BLA] 30 $4N ARJE 34 (I L IR D

" CuAIMn SMASs -
-4
" NiTi SMASs

S CuAINi SMAs

e FeMnSi SMAs
NiTiHf “jgm Medium entropy SMAs
o fotes

oNiy Pd ) Tis, i w
I NiPdTi

*Ni;oPdy, Tiso

CulfNiTiZr ™2 NiPdTiH{Zr
PACUHINITiZr 5 * e
CoCrFeMnNi [High entropy SMAs

*(NiPd)s(TiHfZr)s, * NiPATiHf *NiysPd,sTisHey,
-100 100 300 500 700 900 1100
Temperature/K

4 EHITFRRERSTRICIZ & S AR 5 HAb TR
128 B

Fig.4 Comparison of transition temperature in recently developed
4]

high-entropy SMAs and other conventional SMAs
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164 IXERILR I, &5 S8 1 =i & 475 i
[ 25 B 2y A4k 5L A Ry 6 5 FH Y 7
324 B

AL R B 28 8% R SNG4k T
R AR U BRI G  FOAR TR WEA -ToP  AR d
FEHFHIRAS . 2N AEREHRIA F A A B SN AT 5
OB -4 R S ARHE 2 I e PRGN (E 3
T G BR o) 7 KA FH o DRI, 24 R0 R IT 8 R A A 1)
R R =E P2 e R A R B A KL, U R R BRE
(TORIHEA 2 8 (RO WL IE & B mE & 4.

ITHER, ¥ PGM [ HEAs 75 7 4 5ONEAPF 50 R B0
MRE ) IFAE L . Belyea 5 R4 FL 1 Pd CoCrFeNi
KR PAdIT R IB N 5 HAEFE T2 50 Hopg A BE O 5
. 4P Sa fros ik 048 Pd & & o, AT SEELLE 100~
300 K 7 [ P9 X R AR (—AS) WA AR IR B F I 821 4%, IX B
BT A& R BIRE T M. Ak, PAIININIE &
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Fig.5 —AS as a function of temperature for as-rolled and annealed Pd CoCrFeNi alloys under AH=50 kOe (a) and RC of the alloys under different

conditions as a function of Pd atomic fraction (b)"*
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[59].
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(b) synthesis of PGM-HEAs catalyst by ultrasonic-assisted wet chemistry method™”; (c) preparation process of carbon-thermal shock
method, temperature profile over time, and STEM-EDS elemental mappings of as-prepared PGM-HEA nanoparticle with eight principal

elements (scale bar: 10 nm, peak temperature: about 2000 K)

electrodeposition strategy and selected electron diffraction rings of synthesized nanoparticles
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; (d) regulation of HEA nanoparticles synthesis by nanodroplet-mediated
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Research Progress on Design, Preparation, and Applications of
Platinum-Group Metal High-Entropy Alloys

Wang Yiqing"*?, Tang Ke*’, Wen Ming™*, Zhang Qiubo*, Liu Hongxi'
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(1. School of Materials Science and Engineering, Kunming University of Science and Technology, Kunming 650093, China)
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Abstract: High-entropy alloys (HEAs) are composed of five or more principal elements in equimolar or near-equimolar ratios, and exhibit
distinctive properties including high-entropy effects, lattice distortion, sluggish diffusion, and cocktail effects. Platinum-group metal high-entropy
alloys (PGM-HEAs) combine outstanding catalytic activity with superior corrosion resistance, and also exhibit notable functional properties in
superconductivity and magnetocaloric refrigeration, which have rendered them a significant branch of HEA research. This review surveys the state
of the art in PGM-HEAs, proceeding from compositional design through fabrication techniques to functional applications. In terms of
compositional design, the review outlines multi-scale design methods based on phase-diagram calculations, first-principles calculations, and
machine learning-assisted screening, with emphasis on the application of machine learning in adsorption energy prediction. For bulk PGM-HEAs,
major fabrication techniques including vacuum melting, powder metallurgy, and laser additive manufacturing are summarized, followed by an
assessment of research progress concerning mechanical properties, superconductivity, shape memory effect, and magnetocaloric performance. For
nanostructured PGM-HEAs, both “top-down” and “bottom-up” synthesis strategies are categorized, and their application and mechanisms in
electrocatalytic reactions, including fuel cells and water electrolysis for hydrogen production are discussed in detail. Finally, persistent challenges
related to high material cost, scalable production, and compositional homogenization are analyzed, while future research directions including low-
PGM alloy design, green synthesis methodologies, and multi-scale computational modeling are discussed.
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