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Abstract

Proton exchange membrane fuel cells (PEMFCs) represent a highly efficient and clean energy conver-
sion technology. Yet their widespread commercialization is hindered by the sluggish kinetics of the ox-
ygen reduction reaction (ORR) at the cathode. Pt3Ni alloys are widely recognized as among the most
promising catalysts for ORR in PEMFCs. However, their practical application is limited by insufficient
durability, primarily caused by Ni leaching and nanoparticle agglomeration. In this study, we success-
fully synthesized Re-doped PtNi metal aerogels via an ultrasound-assisted solgel method, which rein-
forces the Pt-Ni bonding strength and suppresses Ostwald ripening, thereby significantly enhancing
both the durability and electrocatalytic ORR performance. The resulting catalyst exhibits exceptional
ORR activity, achieving a mass activity of 1.88 A-mgp: 1 at 0.9 V. Durability tests further revealed that
Re doping effectively inhibits Ni dissolution. When tested in a PEMFC, the catalyst demonstrated re-
markable stability, with only a 6.5 mV shift in half-wave potential after 20,000 cycles under low Pt load-
ing. This work offers a novel strategy for improving the durability of Pt-based catalysts through rational
interfacial modulation.
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1. 5|8

32 e R B (PEMFO)/E N iy RUE i BRI i e e B, ORI 2 FH 52 B T [ A 400 i e
(ORR)HIZENB SN J12:[11-[3]. HET, HAFEEPOFMEAE ORR FRILH M5 1 ML, ElT Pt 5=
Fidh[4]. A E[S]. RE MR 6], M™EA T PEMFC I XMB RN A . Pt 5SHANE&BA 4
[ 7107 LA A i (A 7RI A e« BEUTARY LR B8 20T [ 8] [O1FR IR 5 445 3k T 41 o) H Ak 2535 PE I AR (ECSA)
e, DAMERS ORR AR e M. Ak, Jdid 5HWN)5E 3d IE &R & & & PuNi &4:[10], FIH
T AR5 E [ 11 R0 A AR 2 2 [ 12 R B2 i o A A8 AL 7510 P ORR 355 1k - A AR T 1) 47 8 B A AIE P S — ol A 5SS o
SR, Ni VRN ISR, M RALEUIK[13], R T AC B pRRt it s A . R B LI L Al & R AR
W[ 14]. —J71H, Ni (W SBURNAISSFIRRE, HI99 Mm% 48 A8 5 i s 0N [4]. 55—T7
I, 4J8 512 AR IS AT TR 2D #8 20 128 I (PEM), i 408 R AL A& AL s, PHAS
JRFAE FEEAR, T3 PR A B F5 323, S 2N st Mk RE I 2208 15] RERTARH TH P &4
fb[16]. CEZEG[17]. ZHFBIRI8ILALRINIBA-[19] [20)5585%0E, KEFE Ni H5r, ARk
A AR RE AT 2 Do U 4 8 R - P RF i R RS e P R 0 R SR

AR U R, IR A SRE B BRI 195 4 o 2 WA R P S R I AR[21] [22]. BR(Re)H
HOMURR 4f145d%6s? f A B L BAE 3180°CHIME mild sl TR AL AR E e U DI 58 d T4
HHESI[23], MONERE PuNIi EAFIRERAR I . Rl Re B G SURFIE RIS 38 PGNI Ai% 45 A AE(24],
FEm Ni A 1 22 N4 Ni iZF#2([25] [26]. 5546, Re 5 Pt Z[A B9 AH BAE F se g ALK i Pt i+
A, HISSE AR SR L, SRS AR R I E A, dEmiARE MRLER A5, W IRFH AR ORR (1)
faEtE,

E}
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AICHEH Re 2% PtNi & J& THER (Re-PtsNi MA)HHT S, I8 I A S BITE IR - BERIEH] % Re 5

% Pt;Ni 2 J@ B, FI TR A SR TR ™ A2 B ARO[ 271, SEBLE SR R A PN 5 Re £EREIN A] 7B

(s A Re BIASEAAE S BRI S5 A R 55 D[R A ok Ni P X Jlid SEM. TEM. XRD.

XPS ZERALT-BL, FW] Re B29%F Ni i s /s 22 kI HLe] . @i XPS i ke 1 Re SAMAL T

PtNi &g 7450, 8 dardogig, By F LR +OH KM, X% 7 ORR i AL B

FI . &SI HER = ORR T (1.88 Armgp ) 5T AME(>1 T3 RGN BB AEAL R B0, DA AREAIR
R AL SR SR A7

2. SLRERSY
2.1. IR

AW FEHIT ARG G /S KA SRR . AL, SRS SR, R BRERER . Nafion (5 wt%). E/KZ
BE. PR PUC. IRERERYAAHAl, SCRd R h EIREH, THRaik.

AHIEFE AL (94328 5% [ FEI A7) Tecnai G2 F20 i& 5T 1 R i48i. 5[H Thermo Scientific /A 7
Thermo Scientific K-Alpha X &2k HLFHEWE . Bruker A& D8 Advance X FH&6M KATHX. B 1L KQ-
300DE H4% 8 A A Tl HUSRR & S5 8 T AOU R S 651X ICP-OES, Perkin Elmer Optima8300 Jll5E
RS IR A F] CHIT60E HifL2 T ARV .

2.2, EWFIEIE A R EH ST R M REIK

1) PtsNi <& J& UBERL (PtsNi MA) il

B 95 mL WBAUK TRedth, KRl B FlA ek, AR 100%, K KEN 0386 M
HyPtCle6H,0 A EL 38.5 uL. WA 0.05 mM NiCly6H 0 WAL EL 2.5 mL I BeAr k45, ¥
WEH 0.875 mM ] NaBH4 VA FZ X 2.5 mL PRI IR B, AU B R I VOB GE AS 2, RRaRi
30 min J5 AERERR B ZOIR B E A, B PtsNi 428 KB AT ORAR . 45 4B Ak B i SR AR VA T
12h, FIMEER] PtsNi <58 /K HEI BT SR AR LE BRI K BT, 205 FE 25 B 17K 2 OK Re-PtsNi 7Kt
IRIEAT K BE, KBt MR AL B T AR TR E-SO°C IR EE TV 4 hy TJ% 24 h, BIRIIR1G
Pt;Ni MA.

2) Re #5724 PtuNi 4 J8 it i (Re-PtsNi MA) il £

L 92,5 mL HIEAK TR g, KR E A fch, HATIE 100%, SRR EN 0.386 M
H,PtCls-6H,0 IE WAL EL 38.5 pL. N 0.05 mM NiCly6H,0 A EL 2.5 mL. K4 0.01 mM KOuRe
VI 2.5 mL IR, FIKFERN 0.875 mM ) NaBH, RS 2.5 mL BEE I Bedrdr, nl AL 822 Bedf
FEBORGE AR B, FFEEHE S 30 min JETEREA I ZUR B A K, B Re-PuNi 4@ /KERATINAE . 154
JES B AT IR AR E 12 h, AT F] Re-PtsNi 4@ KSR AT IR E BEAR B 38 K B PUA, IX A2 i T Re-
PtNi 7K /NIURE [ 21 256 TE R IURL . 2 Ji5 7 FH 25 85 17K 22 YOG Re-PtaNi ZKBEIRBEAT 7K BE, KK Bt 1)
BERE T RS AET RN PE-S0CHE T 4 he T 24 h, BEIA[3R4G Re-Pt:Ni MA.

3) AT SRK ] A

# 3.96 mL 25 0.04 mL 5 wt% Nafion AN 2.1 mg AL, Ze0d 1 /NG 48 75 AL BE 15 3173
BRSSO AR 22K . B 10 pL fEAL ) 38K 38 503 T GCE 3BT, == iRT4:. WA PyC AL RI4%AH F 7
VEELHA 0.4 mgpemL ™! FIER/K, FHEEEAF(10 pL)iR7E T GCE. #EHP ORR PEGER ] RDE 77, H
% TAES A CHIT60E HiAL 223, F122 % i, Ag/AgCl (3.0M KCl ¥R NS L HL ) .
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3. BR5118
3.1. ETIERLE

& JB S 2 I EE R U 1(a) FT7R » Re-PtsNi MA AT = 4EHHCIR U HUA L5 4 . R F 4138 s (SEM)
XA TR R TIOM T SR 3E AT RAE (] 1(b))o A HTRT DL M W 22 2] Re-PtsNi MA H N2 6 8 & R 49K
42, H Re-PuNi PIKLA B IS IL UM 4% . X P4 )8 BRI 2 FLES W v ) i AL e e pudtisig,
ALK LR N 2% SE ) RERS NPl 3% . 18 1(c) N PY/C PtsNi MA. Re-Pt;Ni MA [ XRD i, #1k}
SRR (111). (200) (220)F0(311) 0 I FIRFIEAT ST, 3R B PYC. PtsNiMA. Re-PuNiMA #5285 Pt [
[0 57 J5 45K (fec)o Re-PtNi MA FIATHTIE S PN BIATHHIEARXT R, H 4l Ni sk A2, iF
ST —AEMAIER. PNi MA. Re-Pt;Ni MA M T PYC T g M & A I Im A, 1K1 5/ M A
Ni R B4R PR 7 (548 S 5 200 S s R 45, A Vegard B 1 AR IR M . 5 PtsNi MA FHLE Re-
Pt:Ni MA TSI A W R AmFe, X2 REHH T457% Re EED TN B 26 de A 5 A RNV /)
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Figure 1. (a) Photo of Re-Pt3Ni MA; (b) SEM image of Re-Pt3Ni MA; (c) XRD patterns of Pt/C, PtsNi MA, and Re Pt:Ni MA
[# 1. (a) Re-PtsNi MA B9BBF; (b) Re-PtsNi MA SEM HJ[&; (c) Pt/C. PtsNi MA, Re-PtsNi MA B XRD
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Figure 2. (a) (b) TEM images of the Re-Pt3Ni MA; (c) size distribution histogram of the Re-PtsNi MA nanoparticles; (d) (e)
HRTEM images; (g) EDX elemental mapping images (Scale bar: 20 nm)

2. (a) (b) Re-PtsNi MA ) TEM Elf%&; (c) Re-Pt:Ni MA fufZ53#E; (d) () HRTEM El{%; (g) EDX JTZ mapping
% (B H R A 20 nm)
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K = HEE S R (HRTEM)XT Re-PtNi MA [TIOWIE AT RAE(E 2). ] 2(a)« H] 2(b)JE7R T Re-
PGNi MA (1) TEM EUE, W7 U522 AH FLEHE ) = 4 28 2500 FOREAZ 4346 T 3~9 nm IIERTE KA T 44
SERIRIAR N 5.94 nm (] 2(c))e X PIBIRE 1 RE IR 45 K4 A R T8 75 A picac A Hh e B ] P SR PR = 2R 1 3
AN AL A LR GE T B 4, A R T A8 KR 775 B 72 o R il ol B A 2R . HR-TEM & (14
2(d)~(£)) L7 TR W P k& 26 80, DA ST ) BE N 0.221 nm, 5 Pt(111) T A EE(0.226 nm)AH L, IR &
AR, RUINI R FIGIN SR T ks As . X —I %5 XRD 45 A B EIE. EDS Jo & HIHi45
R 2(g)UESE T Pty Niv Re Z=FhyC s 7E 8/ 43 i AURE M I 25 v 350 SR 300 v P38 S0 ) 2 ) e A, R W 2 3] B
EHICRMITIS, RWHBIITE Ni fil Re 5L PuNi g4 H, 1X5 XRD 458 MH—8. XFEIN
TCER G A ) T Ul 8 P I R e R S 38 1 o AN 35 5 | RS P 7 g S R FIAR AR
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Figure 3. High-resolution XPS spectra of Re-PtsNi MA (a) Pt 4f, (b) Ni 2p, (c) Re 4f; High-resolution XPS spectra of Pt3Ni
MA (d) Pt 4f, (e) Ni 2p; and (f) valence-band XPS spectra of Pt/C, PtsNi MA, and Re-Pt3Ni

[& 3. Re-Pt:Ni MA &Y(a) Pt 4f, (b) Ni 2p (c) Re 4f & 47 ##5R XPS #it; PtsNi MA B(d) Pt4f, (e) Ni2p & ##E XPS X
J&; () Pt/C, PtsNi MA, Re-PtsNi MA B XPS I ig[&

KH XPS 44T PtsNi MA. Re-Pt;Ni MA H1] Pt Fl Ni (U 2581 FE5#(14 3), & 3(a) N Re-Pt:Ni
MA ] Pt4f 1] XPS ¥4k &, W LUE H Pt [ 4 BUIE W] Lo AP IE, AT 71.15 1 74.45 eV A
WE T TIXT LT PO 4f50 A1 4fsp, T T 72.11 A1 75.40 eV KGNS T 45, F1 45, (1) P2, IXUiRH Pt
FEUESRESHIEAALE, 59 Pt LAMSERGFTE. EE 3(d) PtNi MA F467F 71.31 F1 74.61 eV K
NS N R T PO ) 450 RN 4S5, TALT 72.27 A1 75.57 eV [ TR R T 45, F1 4fsp ) PE2Y. 5 PN
MA #HEE Re-PtsNi MA 51 Pt 47, (WA B AR S5 G A7 FmF% 1 0.16 eV X2 H T Re ] Pt 5 H
fif, 530 Re-PtsNi MA IS5 G REAHEL T PNi MA BAIK. 456 BEMFR(RA R T FEK ORR (V&1L AE[28]. X
Re-Pt:Ni MA (1] Ni 2p ] XPS K540 1E#EA T4 & M (B 3(b)), Ni 2psp 5 Ni 2p1, HiEIE 53 2053 75 A T
852.53 eV 5 869.71 eV, XM Ni% £7T 853.93 eV XM NiO; 7T 856.23 eV 55 873.04eV *f % T~ Ni (OH),
[ Ni 2p32 5 Ni 2p1; H B EIEAT 859.90 eV 5 880.12 V. 4 3(e) v Pt:Ni MA Ni 2p [ XPS i/, Ni
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2p32 5 Ni 2p1p HIEHIE 5 56T 852.4 eV 55 869.72 eV, XFM Ni% {7 853.26 eV XF i NiO; 7
855.53 eV 5 873.41 eV & H I RUEST B F Ni (OH), [ Ni 2psn 5 Ni 2pip; L PR IEAL T 859.05 eV 5
882.35 eV. 5 Pt;Ni MA L Re-PtsNi MA £ Ni 2p W U4 [A] i 45 A BE 7 1R A5 29 0.25 eV, IXAIfEZ
T Re 5| AReE—DiFE S HT NI 1] P38, SENi WHETZHERK, HE 5 ER#E3[29]
Ni 2p [H s & ReD7 RS, £ N2 LLE2b . NI &8, HE T EM S Re B AL T Ni (1
MA[30]. XA SRR ZANH] Ni 0 H, MmHEF ORR FaE k. Kl 3(c)N PtuNi MA Redf )
XPS FE4GIE R, HERTA Re U/FTE, 1X5 EDX MR R —3, IEW 48 Re lZhB A PuNi 1. Re
4f;p 5 Re 4fsp ETERIE /> 2065 BIALT 41 eV 55 43.43 eV, KPR Re® 1F 42.02 eV 5 44.74eV L& HH)
WU, SR Re BIEAYIH Re 4f72 5 Re 4fsno @M AT 1E 2 M &I, Bl 3(H™ Pt:NiMA (-3.6eV). Re-
Pt:Ni MA (—3.68 eV)H LT Pt/C [ d 5 H00(—2.67 eV) R G 5 M fm A%, 1P Ni REAS I Pt (I HL T 4544,
i d s R [31]. 1 Re MBS d wrhodt— B 08, R d horie, dahOor@sy v g
Y5155 Pt 5 O HRIERRISE Aot s, AR T ORR W& LM 51 o

3.2. Re R Fi8 4%/ ORR MEBERIRM

a 0.10- b o —rc
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Figure 4. (a) CV curves of Pt/C, Pt:Ni MA, Re-Pt3sNi MA in Nz-saturated 0.1 M HCIOs solution at a sweep rate of 50 mV-s™!,
(b) ORR polarization curves at a scan rate of 10 mV-s™! and a rotation rate of 1600 rpm, (c) corresponding mass activity Tafel
plots, and (f) a comparison of the mass and specific activities at 0.9 V RHE of different catalysts in Oz-saturated 0.1 M HCIO4
solution. (d) ORR polarization curves of Re-PtsNi MA at different rotation rates. (¢) The Koutecky-Levich plots at different
applied potentials

4.(a) PYC, PtsNiMA. Re-PtsNi MA 7E No (F0AY 0.1 M HCIO4 SB /0 CV BiZ%. PY/C. PtNiMA. Re-PtiNi MA
£ 02 $FIEY 0.1 M HCIO4 j&F & HI(b) ORR tRALEHLLFN(c) HERIAYFRE AN Tafel FHLLIAK () FREBFEMHMERELE
M3FEEE . (d) Re-PtsNi MA FEI4%1R THI ORR LAk . (¢) FRIBALTAY Koutecky-Levich Bk

7E 0.1M HCIO4 HfEWRH, AT ARIE ORR 4 GEH I e Fs [ £ AR (RDE) = B /R R IFAl . K
KF 10 mV/s FAHEEZE K 1600 rpm %3#, 557 0.9 V (vs.RHE) AL R Ish 2= . @i IE R %
(CV)BhZE rP BB AR 20 4 4(a), IS Re-PtsNi MA. Pt:Ni MA KRk PY/C ) HA 2435 1 LE 22 T AR
(ECSA)/ 58 53.6 m>g'. 58.7m%g' 5 65.3 m>g'. ORR AL HIZR(4 4(b)Eos, MIE Re-Pt:Ni MA 1
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PP HAL(E )5 PsNi MA 5k PYC W35 B, RUH AT ORR 3% . NE & HEUELE
P, FIH Koutecky-Levich (K-L) 7 FE#L &1 E 2 ) 5 R FE, 50— 2 Pt fid&E 5 ECSA, 3k
3P ETETE(MA) S TR EIEYE(SA) . Bl 4(c)« Bl 4(HF B Re-PuNi MA K MA 5 SA ¥R ZL T PuNi MA
5k P/C. BAKI S, 7£ 0.9V (vs. RHE) F(/& 4(c)), Re-Pt:Ni MA ] MA i 1.88 Amgp ', 7374 Pt:Ni
MA (0.91 A-mgp )5k PY/C (0.61 Amgp )] 2.1 fi55 3.1 f%. H SA H3.86 mA-em™2, 43 AN JE & 1)
1.93 155 2.92 (8 4(f)). EATAFEMF, Re-PtsNi MA RILH A E I MA 5 SA. Re-Pt;Ni MA fIfl 5+
PERRIH R T Re B NEE T Pt U HL T 4544, FRIK T ORR RBfVELLRE, HET & ORR &1 Bl 4(d).
Kl 4(e)sr AliE s T Re-PtsNi MA FEAN A i8R R4k it 2 LA AN [ A7 AH B2 Y Koutecky-Levich HIZE .
HK-L W& B MENER R, RUHEE — RN s )7l . i it 543 H Re-PtsNi MA X ORR J
() L TR E(n) 200 4.0, KW O 78 HL 3R T8 A s SR DY HL - S B BR A

1 25 04
a ol Re-PtNi MA b Initial Cc Initial
—— |nitial 2.0 After 20k cycles 10.2% After 20k cycles

-14 — — After 20 k cycles ’ " 0.3
I ] N |2
g -2 cn_)_ 1.5 = I59.2% 1‘19.1%
< -3 € ﬂ_." 0.2 \I
€, < 10; 462% S
£ 4] o
) 5] 5E 86.7% \ 2 0.1

0.51 ’ L
_6.
=74 T T T T 0.0 T T T 0.0 T T
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Figure 5. (a) ORR polarization curves of Re-PtsNi MA before and after modification; (b) Changes in mass activity of
different catalysts before and after ADT; (c) Variations in Ni content for Pt;Ni MA and Re-Pt;Ni MA before and after ADT
5. (a) Re-PtsNi MA Bif5HJ ORR #R{LHHZk; (b) TREMEWLFI ADT BIREIREFMEETH; () PtNi MA, Re-Pt:Ni
MA ADT Hi/Z89 Ni S 8%

PR P A A e P 3 e Sl i A PR R (ADT) 36 IE , 4V L 0.6~1.1 V, FH#EZE N 100 mV/s.
WiE 5()FRE 20000 KIEH G, Re-PuNi MA [ AR (A1) 6.5mV, i b PR ek
89.8% (1.69 A'mgp ). ¥ 5(b)f&7~ T ADT HiJa AN [RIMEAGTI BT EiEPEAR A, B3 ] 1 Re-PtsNi MA
KU T U R A, HF R R T 10.2%, 1M PY/C A1 PG Ni MA U435 R EE T 86.7%H146.2%.
Al W, Re M35 22666 203 = PuNi MA BT A, 14 5(c)R T PtsNi MA. Re-PtsNi MA ADT #ifJ& ) Ni
RN, &S EH ICP-OES MIiE . HER A1 Re-PuNi MA RILH 1 7 g5t EtE, HNi
FTENTIE T 19.1%, XIUEH T Re B NG ZAMH] Ni K1, SEm A 05T i APE. Ni & #
HI PR EZA T =05 AU Re AMHEBETE A2 g 1) Pt-Re 5, 87 LAIGGE PGNi 1) A& &5 A ae[24], 12
i Ni A e 22 AT A6 NiIERE, ARG AL G R I AL, 58k 1 &5 fufase 1.

Figure 6. (a) TEM image of Re-PtsNi MA before ADT; (b) TEM image of Re-PtsNi MA after ADT
6. (a) Re-PtsNi MA ADT #] TEM Elf&; (b) Re-P:Ni MA ADT /5 TEM E%&
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IR T f# Re-PtsNi MA fif APESE S A R, EMN ARS8 5, 3 080 0711 GCE #4778 /5 b
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