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Abstract

Direct ethanol fuel cells (DEFCs) have emerged as highly promising energy conversion devices owing
to their high energy density, fuel renewability, and environmental friendliness. However, the sluggish
kinetics of the anodic ethanol oxidation reaction (EOR), susceptibility of catalysts to poisoning by CO-
like intermediates, and insufficient long-term stability render conventional binary PdPt alloys inad-
equate to meet comprehensive performance demands. In this study, using molybdenum hexacarbonyl
(Mo(CO)¢) as both a structure-directing agent and a mild reductant, a PdPtNiBiCoMo hexanary alloy
catalyst with an ultrathin two-dimensional nanosheet morphology was successfully synthesized via
a one-step liquid-phase reaction. The catalyst adopts a single-phase face-centered cubic solid solution
structure, with all six elements—Pd, Pt, Ni, Bi, Co, and Mo—uniformly distributed throughout the en-
tire domain without noticeable segregation. Electrochemical evaluations reveal a peak alkaline EOR
mass activity of 3.21 A-mg-1, which is 3.6 and 2.3 times higher than those of commercial Pt/C and
Pd/C, respectively. After 2000 s of chronoamperometric testing, the catalyst retains an activity ten-
fold greater than the commercial benchmarks, and after 1000 cyclic voltammetry cycles, it maintains
65% of its initial activity. Furthermore, the catalyst exhibits outstanding performance in the metha-
nol oxidation reaction (MOR), achieving a peak mass activity of 1.22 A-mg-1 and retaining 77% activity
after 1000 cycles, with anti-poisoning capability and long-term cycling stability far surpassing those
of commercial benchmark catalysts. This work, through the synergistic strategy of multi-metal alloy-
ing and morphology engineering, provides new insights for the design and synthesis of high-perfor-
mance anode catalysts for direct alcohol fuel cells.
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1. &if

B 10 A BB %) 4 ST FE AR 2 N H 2 IR, JF RIS AT RS B RE R A R R C N A ROk
TERIR ARG 1]-[3]. B3 ZEEBRERL R (Direct Ethanol Fuel Cells, DEFCs) % £ H i BE B 25 . IR A 4F
BEEL G T S8 S R 5, B AR N A S B B e IR B 2 — (4], LA AL 0 R R
BEPEREAR. BIEVETE /N Re i R Ol AR 0 AR ) £ 5 R AL, B DEFCs [ ER AR BH AR A
KHS1[6]. #RTM, < EE4E Ak X M (Ethanol Oxidation Reaction, EOR)¥ J¢ 5 44 1) 12 ML-T iR FEAN C-C B
HRVEWTRL, HBh S EONIR R [ 7], ORI, PR AGTTIAE OB B Bl CO 2585 Bk o B AR BiR i Bt 2
1, SFHOGHEA S PGE RS, KSR E M R IA B 2B N ZR (7], G, BRPE BT E AT
PE SRBTEEAGRE ) S A e P FH A FL AR, A4S DEFCs HAR R Z O Bkl .

FERPEA T, ARPA)FIEAPHZEA R B BT EOR 1L PERE BN T 5 & Bk & [8]. Hh, Pd
X Pt R S RIEAAEE T, BRI C-C #WTRRE IR L[9], RMEEUER C2 7 4(n
LI NE, Cl BRERMEE R T 7.5%, FHORELFI A % EZ W [10]. ¥ Pd 5 Pt A&
WYX SRR F, W] AR B 2808 45 i I A8 28 AR A 2 T v TR B A, TR 51 N X465 i i 1
PR FIE B SR C-C SRR 1] R1T, FEG0W & B AT T s 22 S R E: — J7 T, ANEE W
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<R3 S LATR] N v 2 BR AL P (B A e Fp S5 A S BEE (115 53— 5Tl KPR A A I A v 5 R
BIEE N SPRER, SBOEMEIEER[12]. XEY, uae R RO mIEE. miREk S &
HFERIZR A 7K

NG LIRS, K 2 M I E 51N PdPt SRR TP ST 2 &8 & )0 2 i & 1 R O ICR BT 5t
HIBCiE SRS 13]. ISR, ZERE SR “ BN R SRRSO R “ X8Rl
MNL” BEG LS I e A2 5N RN AR DARAL S B e 22 14] [15]0 ARl R 41 ol R 3% 257
WAETANOVER : SREEJE M NI Co)RET (L BE/K AR 25 £ BT 1 OH*, JIid CO v A A i) S AL B Bk
T AT OB T3 B A A (57 s (165 1710 FLAT 2 1T A2 1 L 11 <82 o (2 B YU et L 850 o A P~ 20 2 1
AR S R TR R PR A R, B S B RS T C1 AR IR SRR 17]. T E R R, ZER e
FE—AMEACRHUR N B S BT IS RS RAR . RIB & P R AL S 2 A D RE, A2 4EFE R IH4@ 7+ EOR
(O P IR SR PE18]. IR — B ih B il A% 4 5t < fHE A0 28 e 1 PR AR 2R P ARAS R A 1 9
BT 1A o

ST EiRZ gJE b e st B, JRATUISIREEH (Mo(CO)6)F 2% d 4544 ¢ [ 771 5 i AE J55r, 3l
IO SR LDy ) 2 T B AT R IR B SK) PAPINIBICoMo /N T6 % 4 @ A S AL 71 75 A U 2
Mo(CO)s 3 FAITARET CO 731, CO ZEFFPEMR PR T35 Sh I, A2 <5 Ja w4 (1034 J e o5 5 Az AR
179, WIS & R, R SR e Rk g5 . RN, CO EouR I Fe AR 2] 1 R0k )i
FERR S =4EHERR, B R 1 & 220 MR 139 51 70 A9 25 T 2B U2 5%, il 1311 PAPINiBiCoMo
FREERAFEEREARI R T mE LR F SEEA A, BN EDRR2FEEmAR. i,
AR PRI I R I O 7 OB B 0 S a5 e B8k, AE R PER Z2(CV)yH I, st
JHGZE AT T ) PYC AT PA/C fEALR], R 5B CV BT 5P ALIEIARE /1. A AR S R,
BT ARG EAETE EOR W AUB i ME B L TR g0 e i K =Je & ek &, i HAE KA e PE
R IRFFEGR 1 C1 B RIEBEE, B fEoumtERE . KAF it B SRR} et PR AL AR 2 P
71

2. SLRERSY
2.1. SEHRFH

LB ERAL (Pd(acac)y) L BEREREA(Pt(acac)y) Lk EREL (Co(acac)s) ZEEPNERET (Ru(acac)) Z.Hk
P 4% (Rh(acac)s)~ 75K & EALERNiICL-6H,0) LR EE(BiI(CaH302)3) /S HFEAH (Mo(CO)e) 7N FR LS
(W(CO))~ +/\J#(ODE). JZ(OAm). HIIRIMER(AA). %k (glucose). FFEBRHN(E331). SR % (urea).
HOKE(CeH) M ZEE, FTRARII T, TRt b,

2.2. PAPtNiBi B9& K

ERERH PN 2 mL + /). 3 mL %, 8 mg ZFEAEHAE . 4 mg ZEEAERE. 5 mg /S/KER
W, 1.2 mg LA 6 mg /SFRIEEH(Mo(CO)s). HRA M HIAM, REHEREIMBN BT, B
MIRERES 170°CIHRF 6 h, REAHE=FR. WENFEYE R LA SR RE B B
Hh 60°C 48 30 44115 % PAPtNiBi.

2.3. PAPtNiBiCoMo B4 RE

ERERSH AN 2 mL + /U 3 mL %, 8 mg ZBEAEHAE. ZBEAE%S(Co(acac)s). ZBEFAER
Hi(Co(acac)s). 4 mg ZEEAFE. 5 mg AN/KEFIE . 1.2 mg LB 6 mg AP (Mo(CO)). HH
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FEICIAR, SRS BRSNS R, R SRR F E] 170°CIHREF 6h, Had A== ik
(17 ] LI R LA IR eI AR FU AR 60°C 14 30 738145 2 PAPENiBiCoMo.

2.4. PAPtNiBiRu BY& %

TERERIF A 2 mL +/\fi. 3 mL %, 8 mg ZBEAERE. ZBENER & (Co(acac)s) LA R
£7(Ru(acac)y)~ 4 mg ZBEREREA. 5 mg /S/KEEME . 1.2 mg ZREAF 6 mg 7SERIEEHMo(CO)e).
EREM, ARG BRSNS T, KR MNIRERES 170 CIHRE 6h, REAHEFR. IE
HIF= i F QBRI S R PRI R EE B S AR P 60°C T4 30 44143 2] PAPtNiBiRu.

2.5. PdPtNiBiRh B9& X,

TERERIF A 2 mL + )\ 3 mL %, 8 mg ZBEAERE.. ZBENER & (Co(acac)s) LA R
£%(Rh(acac)). 4 mg ZBEAERAE. 5 mg /S/KEEAER . 1.2 mg LZBREF 6 mg 7SHRIEFH(Mo(CO)e). A
fEHVARE, NSRRI BRI IB B, N IRE RS E] 170°CHOREF 6 h, RERHMEER. WU
(7= A8 Y BE AN IR e 1) B A 72 L LA 60°C 42 30 434145 21| PAPINiBiRh.

2.6. PAPtNiBiCo W(CO), B9 & R

ERERSH AN 2 mL + /U 3 mL %, 8 mg ZBEAEHAE. ZBEAEA%S(Co(acac)s). ZBEFER
Hi(Co(acac)s)s 4 mg ZEEIEAH. 5 mg S/KEEAE . 1.2 mg LB 6 mg /NFRIEH(Mo(CO)g).
A, AR R BB IB A, B VIR E A E] 170°CHRFF 6h, REAHERR. Wk
=1 A 2 BE AP CORe )R BRIk - 7E B2 AR 60°C 108 30 43445 3] PAPINiBiCo W(CO)s.

2.7. PdPtNiBiCo Glucose + E331 & RE

TERERI PN 2 mL +/\fi. 3 mL %, 8 mg ZBEAERE. LB ER & (Co(acac)s) LA R
li(Co(acac)s)s 4mg ZBENEET. Smg ANKAEFME. 1.2mg LFREE. 25 mg & BE (glucose) M1 15 mg #7
BIREA(E331). MRV, NGRS, RN IRER S 2] 170°CIERFF 6 h, &
JE A H AR R A8 CBEANER O e ) R4 I 7E 3 28 A H 60°C 114 30 4381 5 31 PAPINIBiCo
glucose + E331.

2.8. PAPtNiBiCo AA + Urea BI& R

ERJERP A 2 mL -+ )\ 3 mL %, 8 mg ZBEAEIAE. ZELAEI%E (Co(acac)s) 2. A
i(Co(acac)s)« 4 mg LBEANIHT. 5Smg S/KARIME . 1.2 mg LFREE. 22.5 mg FUIRMER(AA)F 20 mg JR
F(urea). B HIIEM, SRIFK B PR S+, BNiR EE3E = E) 170°C IRER 6 h, el
2o W B E SR RIER CGEAY) IG5 A FL S AR T 60°C T4 30 438145 2] PAPINiBiCo AA +

urca.

2.9. BREEAFIRVHIE

# 1 mg A B EIGKAEALFH K 5 4 mg Vulcan XC-72 TREAE 20 mL /K ZEEH MRS - K%
B SCHE 5 AL EE 1 /B, FERECD 3 12 /i), DUB PRI &350 . dla 80 o B U R A, OB
B, BJGTE 60°CHUAE T
2.10. #ARIFRAE

TE i ) A 25 R X B R AT S (XRD, X Pert3 Powder) 4T R 4L, 18] CuKa 525 (A=1.5405 A),
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TAEHLE 40 kV, TAFHR 40 mA. TESR5 8 K 3% & 34 B 2783 (FE-SEM, Zeiss Sigma 500).
2.11. BLFENE

HLAL 22 BE R ] CHI 660E HiAL 22 AR, 7EbRiE = sk R BTN . SN He/HgO HK
(£ 1.0 M KOH ), XFHH A A . TAEEMNIEiR(GC) M, 6 T BRI . AT SR K
& 715N ¥ 2.5 mg BREUEALA - HEETE 600 plL SEAEE. 200 uL £ BT /K. 150 pL ZFEF 50 plL 5
wt% Nafion ¥R ITRA TR, BEEE A A 60 7%h. 25, B4 pl S557 I A 77 S5 7K n 20 35 i H Ak
Fifl, FHESSP T,

EFTA MR AT, TAEEME N2 ORI 1 M KOH i, @i 953K 28 (CV) BT LAk 24354k,
FHRIVEEIN-0.656 V 2 0.444 V (FEXTT Hg/HgO k), F#i#EZF N 100 mv-s™, L4945 30 Bl EEL
TR HIE TLOMKOH+1.0M HEE, 1.0MKOH+1.0M ZFEA 1.0MKOH+ 1.0 M Z, —EE# i ik 4T
CV FAHi7E—0.87 V £ 0.25 V HALIEFE P LL 50 mV-s~! f3 30 5% o B A7) 50 5 B P R BL 3 1 43 ) 2 1
Pt A1 Pd {57 5 A H AL 2256 M TR AU(ECS A)YHEAT 9 —A4L o s A PENNR(ADT)ZE 1.0 M KOH M AHMN 1.0 M
BV R E T, A -0.87V 5025V Z[AILL 50 mV-s™ IELEIEIA IR, I ELIAL(C AT & 7E [ 52 HL AL
TET. HAEEPTREIS)EEE BAI-0.16 V T, SZJEH 1.0 Hz 2 1.0 MHz Wllik. CO ¥ H ik
IF, R TE S S I FARAE CO HEANRY 1.0 M KOH ¥ T-1.02 V N REF 600 s, 18 CO M. BJEH
WA EAE CO ) 1.0 M KOH &, LS50 mV-s™ I FRE-0.87 V £ 0.25 V U Bl N0 F M L 4L
CV H#i. B s i AL AH X T He/HgO Habk o

HAL ZIE ML A (ECSA) B IIALE 1.0 M KOH HUFRR k4T, HHREZEA 50 mv-s™!, @ fEH R L
IR PA-O 3B JRIE AR 73 A, M AR (1) THE4533] ECSA fH.

o
0.42*mp,

X, QA PA-O B JRIEFIF S BT (mC), 0.420 mC-om2 & AV 77 2 0 AH N3 JR I FE T 75 FE AR B . mpaer
T 7R B b 2 (I 4E 3 8 (mg) -

3. &R
3.1. PAPtNiBiCo BYFRAE

N Z Gl B P £ PAPINiBiCoMo /NI & & AR B) SR ARSI OWESR . Jo 3 AT RHAIE X 5 i A
H, AR T X FLEATH(XRD). 24 7 B (SEM) 5 R & (il X FZO6IE(EDS)RIE, JE5AFH
WA ZR . AFEHB IR AL 6 EERE AT T RGN T SRA CuKa %8201 (2=0.15406 nm) R4 1) XRD
EEE 1 Frs, AR 1(a)l PAPEINiBiCoMo 5 glucose + E331. AA + urea. W(CO)s =Fi A [A]id JE 71
il 4% ] CoPtPbNiBi ZEME AL XRD AT ELAS H . A FEATE 20 = 30°~80° 1 [l A 35 H I = ANRHIE AT S U
I3 % N T 0 ST T (fee) M 42 & Pd bRvE R A (PDF#46-1043)1(111). (200)5(220) SR T, A 3] 8 4> g 5
JR B 4 IR A P 2 R AT S, IR ST R A 38 D B AR 2 e A e B A . BT AR 7 AR 2d
sind = nl 5 fec GRS IEIANEE - S H R Rl d = aN(h2 + K2+ 12),  DUHEARIE P e B A S (11 1) S T AT
SFPUGE R R T SR A B TR AR A 6 2R (Scherrer) A 30, J6F(111) df THIAT 49 U4 1) °F /51 52 (FWHM) T 5~
BIdbi T o G5 RRE, brrESJE Pd 1S A% 20N 0.3890nm, glucose + E331 34 Ji il % [ it [R K J5 1
4% Bi I en S I IK O 5 3245, (110) SR THIAT S U6 1) /N A R O A% B Y 35 b i 5083 K5 AA + ureas W(CO)e
1] 2% FRIE it U7 I R R FE AR IR BRAIG,  oRRST SNE S . (EARE R, BL Mo(CO)s 34 J5 77 45 1
PdPtNiBiCoMo #EALFI, FHo(111) & AT A ShRiE Pd WAL = EEULES, A% H 20N 0.3892 nm, ShxifE

ECS4 =
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Pd (I ZE (N 0.05%, SEHL T S M RLAR IR HE 2[RI AT SR 06~ g 08 S 28 K HAMOG b RE d, TH B
R foR RSN 2.8 nm, 32/ HAMIE SRR ZR 0] S HORE &, R WTZG BAR 2R T R A0k
FEAA, BRI HER A S A R B SR S A

] ! CoPtPbNiBi Mo(CO); PAPINIBICO
e, G ; - w‘\, N, e
- ] i ' Wit ot
3 ' : - : s
2 W combNIH(Coh & W
ot H ] T .
‘:‘ I i %' W ..:.
@ ! iy [ i
s | 8 ;
e \M.I.w...; . COPPHNIBI glucosé+E331 < ——— IR
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I i
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Figure 1. (a) XRD patterns comparing PdPtNiBiCoMo with catalysts synthesized using three different reducing agents; (b)
XRD patterns comparing PAPtNiBiCoMo with PdPtNiBi, PdPtNiBiRh, and PdPtNiBiRu catalysts; (c)~(f) SEM images of (c)
PdPtNiBiCoMo, (d) PdPtNiBi, (e¢) PdPtNiBiRh, and (f) PdPtNiBiRu; (g)~(i) SEM images of PdPtNiBiCo synthesized with (g)
glucose + E331, (h) W(CO)s, and (i) AA + urea

[#] 1. (a) PAPtNiBiCoMo 5 H fh = FAS [F] 1 JR I B & 4 1L B9 XRD XFEE[E 5 (b) PAPtNiBiCoMo 5 PdPtNiBi, PdPtNiBiRh.
PAPtNiBiRu =#{#{£ 7Y XRD XfLEE; (c) PAPtNiBiCoMo HY SEM [&l; (d) PAPtNiBi B SEM [El; (e) PAPtNiBiRh HY
SEM [El; (f)PdPtNiBiRu B9 SEM [&]; (g) PdPtNiBiCo glucose + E331 B SEM [E]; (h) PdPtNiBiCo W(CO)s B SEM [&l;
(i) PdPtNiBiCo AA + urea #J SEM [El

1(b)>4 PdPtNiBiCoMo 5 PdPtNiBi. PdPtNiBiRh. PdPtNiBiRu Xf FLAEALFI XRD i, Fra e
SRR A foc B 4gEM, TEZMATHE, IESE Rhy Ru. Co. Mo B4R TN & & MIFE A .
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Forfr, PAPINiBi VUG & &0/ RSB ARE TSI 4i i, KPR Bl 51 RIS IR BN 5 £ 5,
(1) ST RTH G N B RS B 2, A B0k 0.3905 nm, AR IZIKFE RS e s B4 8 242 5/
Rh (48 51242 134 pm). Ru (&8 7 7242 133 pm)f¥) PAPtNiBiRh. PAPtNiBiRu ¥E/i#, (111)45 T4
g 1) KA B S 3 W AS,  dm A i B B BE A 0.3881 nm 5 0.3878 nm, it FE SEAKULE 5 51 Kk N 1T
SEEA R SRR EE R . MELZ T, PAPINiBiCoMo it /NE4% Co (SRR T¢1% 125 pm)5
Pd/Pt J5iF AR ULEC Y Mo ()8 )5 7F4% 139 pm)FE452%, SEIL T Bi 5l KM IZIK S Co 51K dik ik
AEWIRETETAT, oA 4R RETE 0.3892 nm [ 5 At X 1] —— RUd aod 3 i s B AR B AL T S VR S 1 d 7
HHCs, SR (R4 PR B 1 R RE DABR T ARAE (R A 1, SO T Ik B R e AR 5| R I g R AR, T
I AT ST VRV T X R, R B R A0 S AR 400 R 5 4 A

TOWL 30 R AE 25 B4 1(c)~(i) T, PAPtNIBiCoMo HEAL (KT 1(c)) ST HE FhBR 2 40 K s 4 20 T o )
THEROIRGUKREER, GRS B, T EBEAE, FESMWAMNEE T KERIEEREALS S EE
(AT s (RIS Dy LA I P () BRI E RO R TR A A% 5 5 AR R A T I ki@iE . AT
T, PdPtNiBi (] 1(d)). PdPtNiBiRh (/& 1(e)). PAPtNiBiRu (/& 1(£))%f HLAE 2 S 30 HH 7™ o [ 5% ) 400 K
KRR, BUE R G SRS MEA S g, 525 BRI T IR S A AT B s T glucose + 3314
W(CO)s+ AA +urea i J5 il £ ) PAPtNIBiCo FEH (] 1(2)~(1)), BIFFAEGK R AYL . BIREER. &
SRR PE S R, oIk SEH PAPINIBiCoMo [/ B 4 HoRE5H), FAMIESE T Co. Mo Bkl
Mo(CO)e 14 5 A4 22 55 i A TR BOML T 300 1 B [ o 2

Figure 2. Elemental mapping images of PdPtNiBiCoMo: (a) All element collection map; (b)~(g) Distribution map of (b) Co,
(c) Ni, (d) Mo, (e) Pd, (f) Pt, and (g) Bi elements; (h) SEM image of the corresponding area; (i) Elemental composition analysis
map

2. PAPINiBiCoMo MITTR A E: (a) FTATLRESE; (b) Co TRAME; (o) Ni TRAWE; (d) Mo TRAT
El; (e)Pd TRAME; (DPt ARSHE; (2)Bi TRSHE; (h) MHEXIEHEA SEM RE; () TR&AEESHE

HNiE— 5 A PAPtNiBiCoMo IJCE Ml 5240, RA1TJTFRE T SEM-EDS H/ iS5 &k
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ik, ERWE 2 friac. Hrh, Bl 2 hemEa s mE, B 2b)~(g)7 58 Cov Niv Mo, Pd. Pt.
Bi Ko A B, 458X RIX IR SEM JESEI(E] 2(h)AT WL, Pd. Pt. Ni. Bi. Co. Mo AFitE
TN FOIRGOK S f b B3 S o0 A, TR TR b A B elRElE IR, #E—PEsk 7870
B 4 R R R I A . EDS B &M 45 R (E 2(1) s PAPEINiBiCoMo H14% 76 % [ 5 &5 505 5l
N: Co0.18 wt%- Nil1.96 wt%. Mo 0.40 wt%- Pd 68.13 wt%-. Pt27.77 wt%. Bi1.56 wt%, F%IC&RFE>
HUSFIN 100%, LHAWZRFOLRMH. b, Pd 5 PtASEMEBEARICER, SRS HIE 95.90%,
N S AR AL TR IS AL i T A B AR TR DB NG E ik, BSEbR & & 5 RT I A BR L UL
R4F, RZEGBOTERA IR T 1 .

Zih FIRRAEL R, PAPINiBiCoMo /STnA MMM T = Ko dithss: H—, @i 2o
RBARGIEIEAAR R FEE, SCHL T diks N AR KRS TEDLAL ,  SRAS 1 SR AH VA R 45 7 5 i 4 iR R
R AR E S i faE e, =, TR T @ B 4t RADK S5, SRR R T T R f
PSP, 5, A0 T FL AR R A BT 5 AR R AR, R AT ARG PR L AR T K R B3R
Ostwald 244; =, SCIL T AP &8 o= B35 04, Toongw MW, PRIE T EYEAL sy —H. k-
R EEFIRFAIE S PAPINIBiCoMo AL I 5 ) FEAE AL PERE BE5E 1 I8 SI2 IR AE RUOG ZR Bk Al

3.2. PAPtNiBiCoMo BYE {5 i FAE

TEWME KA RGVEAL 1 PAPINIBiCoMo /8 J6 & S A0 70 4B A0 S B (EOR) T Fa (AL PE R, F 5
Al PYC Bk PA/C B R AU LA AT T AT Rt L.

ARSI 1.0 M KOH HLEE R, LA 50 mV-s™ [ 43538@E S MR 2 CV)RAE T AL 71
HAL 24T N 5 AL S PR T A(ECSA), 45 A 3(a)~(c)fm. AT A Sh 2 B 7R 1) Pd 3 FL ik
FURFE: ARALALIX (—0.9~-0.4 V vs. Hg/HgO) WA MWL ML 72, 8 HL Az X (—0.2~0.3 V vs. Hg/HgO) A& &
I A I RS 36 SR 72 o Ho i, PAPENiBiCoMo {1 71 (1 S8 A4 i J5 06 v 7 2% 185 45 35 1 Tl PY/C
ik Pd/C (14 3(a)), HE T PAPtNiBi. PdPtNiBiRh. PAPtNiBiRu Z5A[A15 2 443 %t L RE(E] 3(b) AN
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RN HRH AR A ARE S, FEOSMESAEAKE. [, PAPINiBiCoMo ] EOR #ZifHL
PR R LU R AR B3 ke, R B L AT E SEAR A ik B 7 3R Bh Z BRSO, B TR FLA S
N5

DOI: 10.12677/ms.2026.165127 349 PR R


https://doi.org/10.12677/ms.2026.165127

N %

a b c
—— PdPtNiBiCoM —— PdPtNiBiCoM —— PdPtNiBiCoM
"o 021" e it = 0.2 —PdPtN;B;Rz ° . 0'2'—W(c0)'sl one
£ ——PdIC £ —— PdPtNiBiRh £ glucos+Fi i M
< < —— PdPtNiBi <
2 2 2
s 0.0 = 0.0 0.0
c c c
() [ [
© © T
€ € €
2 e L
5-0.2 5-0.2 5-0.2
o (5] (5]
-0.6 -0.3 0.0 0.3 -0.6 -0.3 0.0 0.3 -0.6 -0.3 0.0 0.3
d Potential (V vs. Hg/HgO) Potential (V vs. Hg/HgO) f Potential (V vs. Hg/HgO)
e
- i EOR | _ ST —rermisiooms EOR| _ 5 —— PdPNiBiCoMo L
f ——PtiC [ —— PdPtNiBiRu . —— W(CO)6
g’ 4] —parc g’ 4{ ——PdPiNiBIRh E’ 41 glf.cos'm'fiﬁiws
< < —— PdPtNiBi <
-3 -3 - 3
2 2 2
=2 22 2 2
° ° °
© © ©
o 1 o 1 o 11
I ) )
© © ©
=0 =0 = 01
09 -06 -03 0.0 0.3 09 -06 -03 0.0 0.3 09 06 -03 0.0 0.3
Potential (V vs. Hg/HgO) Potential (V vs. Hg/HgO) Potential (V vs. Hg/HgO)
g120 = @
[=] o i
3 S &
< 90 Q E
o N z z
o Z & &
£ e o <]
~ & g o o
< 60 z
[}
(&}
w 30
0 .

Catalysts

Figure 3. Electrochemical performance of PAPtNiBiCoMo towards ethanol oxidation reaction (EOR): (a) CV curves of PdPt-
NiBiCoMo compared with commercial Pt/C and Pd/C; (b) CV curves of PdPtNiBiCoMo compared with PdPtNiBi, PdPtNiBiRh,
and PdPtNiBiRu; (c) CV curves of PdPtNiBiCoMo compared with catalysts synthesized using W(CO)s and Glucose + Sodium
Citrate; (d) Mass activity comparison map of PdPtNiBiCoMo with commercial Pt/C and Pd/C in 1.0 M KOH + 1.0 M ethanol
solution; (¢) Mass activity comparison map of PdPtNiBiCoMo with PdPtNiBi, PdPtNiBiRh, and PdPtNiBiRu in 1.0 M KOH
+ 1.0 M ethanol solution; (f) Mass activity comparison map of PdPtNiBiCoMo with catalysts synthesized using W(CO)s and
Glucose + Sodium Citrate in 1.0 M KOH + 1.0 M ethanol solution; (g) ECSA values of the nine catalysts

[& 3. PAPtNiBiCoMo HIZEEE LR P : (a) PAPtNiBiCoMo 5l Pv/C Figl Pd/C BITBIMA ZBEZE]; (b) PdPt-
NiBiCoMo 5 PdPtNiBi. PdPtNiBiRh #1 PdPtNiBiRu HIfEIFRZHZE[E; (c) PAPtNiBiCoMo 57<#kE$5 i &ML FIF0
HEFESITERANM S EATINBETHMRARELZE; (d) PAPINIBiCoMo 7 1.0 M EE L + 1.0 M ZER&ET 5/l
Pt/C Fnrgl Pd/C BURESEMESTELE]; (e) PAPtNiBiCoMo 7£ 1.0 M S84 + 1.0 M ZEEA&R+ 5 PdPiNiBi, PdPt-
NiBiRh #1 PdPtNiBiRu B R E5EMXTEEE; (f) PAPNiBiCoMo 7E 1.0M S48 +1.0M ZEEA R P 5AHREERES
XTI FEETE SRR N S LTI REF L E; (2) 9 MEXFIXTEA ECSA

NP AT PR R RS ) S I TR e, 75-0.3 V vs. Hg/HgO [ 52 TAE AL FHET T 2000
s HIT1 B HL it (chronoamperometry, i-t) MR, 45 R0 4()Fras. MRWIGER B, AT A AL B FE 7 2 FE 15
HILPUE R, X R BT LR AR AR SO EE I R R (T CO*)EE AL i b AN R i B 5 A
R BEE N A IEK, PAPINiBiCoMo [ HELL % 5 S 0l 22 2 2 i S%, 2000 s G U31R%F 0.2 A-mg™! (i
=g, éj\ﬁlJEFw Pt/C (0.018 A-mg ™) 11 f% 57k Pd/C (0.02 A-mg i 10 %, EILHALRHIHT CO
HHEERE ) SR IS TR E I .

BB ES: CV EIAR MRS T AR I KAE AR 1, 45 R 4(c). Bl 4(d)FR. £ 1000
RS CV G )5, PAPINIBiCoMo A 77 IR B &2 75 7D R BE W AR AE Y 65% (2.11 A-mg™), TRk
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Figure 4. (a) Chronoamperometry (CA) curves of PdPtNiBiCoMo in 1.0 M KOH + 1.0 M ethanol solution; (b) Comparison
map of the peak mass activity and peak specific activity for different catalysts for EOR; (c) Cycling stability test of PdAPtNiBiCoMo
over 1000 cycles in 1.0 M KOH + 1.0 M ethanol solution; (d) Comparison map of mass activity during cycling tests between
PdPtNiBiCoMo, commercial Pt/C, and commercial Pd/C; (¢) Comparison map of EOR mass activity with other recently re-
ported catalysts under identical testing conditions

4. (a) PAPINiBiCoMo 7£ L.OM S8 + 1.0 M ZEEFRPAITIEFUEANER; (b) FEHELTI EOR RERE
SEMERMREFFHEEMIEEE; (o) PAPNIBiCoMo £ 1.0 M SR + 1.0 M ZEZARHHTEER 1000 BIMIKE; (d)
HEZI2PREFME SR PyC Ak Pd/C BIXTELE; (o) R EREMTEELFIZEAERIMIX S TH EOR
FRE A REXTLL &

DOI: 10.12677/ms.2026.165127

351 FoBLRL


https://doi.org/10.12677/ms.2026.165127

N %

Table 1. Comparison of peak current densities for the ethanol oxidation reaction using different Pd-based nanocatalysts in alkaline

media

= 1. AESEEGUERELTIERME SR T B R R R RIS E R R L

Catalyst Electrolyte Mass activity (A-mg™") Ref.
PdPtNiBiCoRu 1 M ethanol + 1 M KOH 3.21 This work
Au/PdHo43-HPs 1 M ethanol + 1 M KOH 2.65 [19]

PdAg NPs 1 M ethanol + 1 M KOH 2.40 [20]
Pd20Sn24 1 M ethanol + 1 M KOH 2.01 [21]
PdssPbas 1 M ethanol + 1 M KOH 2.29 [22]
PdZn NSs 1 M NaOH + 1 M KOH 2.73 [23]

Pd2Agi sSNWs 1 M ethanol + 1 M KOH 2.84 [24]
PdCu NSAs 1 M ethanol + 1 M KOH 2.53 [25]
Pd-Te-2 NCs 1 M ethanol + 1 M KOH 1.20 [26]
PdAg-acac-4 1 M ethanol + 1 M KOH 2.24 [27]
PdsAui/PDIL-CNTs 1 M ethanol + 1 M KOH 2.10 [28]
PdRhTe NTs/C 1 M ethanol + 1 M KOH 2.03 [29]
Pd3NiP/N-rGO 1 M ethanol + 1 M KOH 222 [30]
Au@Pt-Pd H-Ss 1 M ethanol + 1 M KOH 3.18 [31]
Rh7Bil-NDs 1 M ethanol + 1 M KOH 2.44 [32]

PdPbAg 1 M ethanol + 1 M KOH 2.94 [33]

TS-Pd/C 1 M ethanol + 1 M KOH 1.86 [34]

Pd/SNC 1 M ethanol + 1 M KOH 1.07 [35]

PdPt/C 1 M ethanol + 1 M KOH 1.05 [36]

4(b) A F AL T ) EOR 5t i it 2037 P2 5 Fyd Mot LA AR, 45 SRR B PAPtNiBiCoMo i &
WEE S HOE PR R E AL T A X Le AR . Dt I LR RE R FS . % PAPtNiBiCoMo (1) EOR Jii &
T I 5 0T SRR AR TE ) TR A AT T RGN HL(E 4(e)RTILEE 1), 45 R SR HBETEE T K25
CRIE ) Pd 2. Pt HE& S A K s i & G M), RS AR £ B AU fE A0 SR A B35 K PR R
Gty

R T PAPINiBiCoMo AL AL & 1, 33— B PPAh 7 HAE & A 1.0 M KOH + 1.0 M H
. EL A T F PR B4R AL S S (MOR) PR BE, 45 BRI IS 5 e 18] 5(a) ALY MOR EIRR 22 2k 5 i &
WEPEXTEG, PAPtNiBiCoMo I IE I F (A i G PEiA 3] 1.22 A-mg !, 23 A&k PY/C (0.49 A-mg )
2.4 57 PA/C (1.04 Amg )P 1.2 5. T ERIE(E 5b)ER, &t 2000 s FIESNR)E,
PdPtNiBiCoMo /3fRFF 0.45 A-mg™! {5 & &Pk, 12t 5 T’k Pt/C (0.05 A-mg )5 &k Pd/C (0.01 A-mg™"),
IR MOR $irhERe /. KIGHFE (B 5(c)~(d)FRH, £id 1000 KIELS: CV B G,
PAPtNiBiCoMo HJR B AT R B HIUAE K 77% (0.9 4A-mg™), TiRIL PY/C 5k PA/C 3 A4 B AL
N 65%5 37%. 14 5(e) WA RIMMHEAL ) MOR i & it 53 148 5 EiE TR b, 2F—2IESE PAPINiIBiCoMo fE
PR 4A A s B T R R S 3 I RE A 35 o
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Figure 5. MOR performance of PAPtNiBiCoMo: (a) Mass activity comparison map of PdPtNiBiCoMo with commercial Pt/C
and commercial Pd/C in 1.0 M KOH + 1.0 M methanol solution; (b) Chronoamperometry curves; (c) 1000-cycle CV stability
test; (d) Comparison map of mass activity retention during cycling between PdPtNiBiCoMo, commercial Pt/C and commercial
Pd/C; (e) Comparison map of peak mass activity and peak specific activity of different catalysts for MOR

5. PAPtNiBiCoMo HIFREEE LR R : (a) PAPtNiBiCoMo 7E 1.0 M & L$F + 1.0 M FREER T 555 Py/C F0
Al Pd/C BIRETEMXIELE; (b) WRTHERAMERE; (o) 1B 1000 EMIAE; (d) HEFIEFPREEESHL
Py/C Ffl PA/C BIXTELE; (o) AR MOR &= R EFEM &S FHEEEXTLLE

4% |-, PAPINIBICoMo 757G £ 4 HEALFITE 2L fh 5 P AR 0 S P R B L R M AL L 11 57
HoBoh R AE 05 KRR AR I, HR A MRS B0 TRk PUC. Bk PA/C L R AR EL AL, 76 PR
SR TR A 0 TR LA T B P 5

4. &5ig

gr BRTIR, AR W I — B A G R EE . BL Mo(CO)e R ERES 1 T M50, il 4% 1
PdPtNiBiCoMo 7S TG & AN K HEA ] o 12 AN TR T B AR T Co 32T (VA AR S5 46 s[RI TR B v 2 H PR — 4
FORGUK G, NI @ o R BA S I 50 A, oo R mtr SAH 8, AR IAHSERE . 454
BISI M 5T R

HLAL 2P BRIAIIE S,  PAPENIBiCoMo A 1AL R A 5 r Fe 300 e P e S A e A 1 Rl 5 I
e OB EA R B, I R REMIA 3.21 Amg!, w2k PyC Al PA/C 1 3.6 £5F1 2.3 5, HEAF
B AR SN EC R FLAT S TR IR ONEB) F125 2000 s I RIS V3R FE 0.2 A-mg ! IR, 1000
U SLG IR 225 i MR B 0k 65%, iR TRk PYC (22%)F1 PA/C (29%). 7E H B4 AL N H
ZMEA I BT RS IS 1.22 A-mg™!, 1000 XIEFR G IGTEOR B 280K 77%, [EIFEREILH AR R dt b #8268 /)
HRAFHFRE
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GG 7] RAEYERL R, EIR O RIS IE S AR R g TR ShETE, AR 1R IS AR Rk
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