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TIRE PINi & & 9UKMER (Ptz7Ni/CO. JliE TEM X H B SR HEAT RAE, ICP-AES #AT & LMl € & /-4, XRD
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£ 3~11 nm Z 6], “F¥IKAN 6.25 nm: ERRIELMET, HHALE 0.9 V (vs. RHE) B, Pty 7Ni/C 49K 4 4k 7 1)
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R, BGYAR . L5, e R R a T,
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IFa] R oy e A RN OC BRI A . J T A R TR R
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Fig.1 Relationships between the catalytic properties and

electronic structure of PtsM alloys

HEMHF R EEEFE PENI &M F KL, Pt-Ni
W4 J A & A0 K BURE C 4% IE SEAF M iR 75 1) ORR HALfi
A R AR %, X2 BA Pt-Pt iR 1 ) FE 4 &
5. OH WIFRPTE Ni A7 55 i R4k 2 Bt BL % Pt d
W FB. sah, fERSFS o RS AH J7 I,
XF Pt-Ni 99K f (R E A7 A 2 o Y, REAEAT
TRV E AEAAT N T TR A G BME L . RIEE, 454
R 0BRSS A, A AT A
80RO S ALV P . R, &R PE-NT 4K
ZERy, IRk 2 mE AR VR gk R . £ AL e
TDGUOKTURL . GKHESS . BEEL 5h . K% S 4K R
YUKBE . GORIEFIGK &5, CEpIF KRS
ORR [ i fh 3 111121,

BT, AHEFL T K — b G B X R R AR
BT E A A AR B T 4 R HLRE KL=
2 I & L2, TR S I BT ) A R A TR 0 A Al 1
REMHE M o SR WAL 2 & Bk, & R PE-Ni &
G Y K UORL I 10 AT B8, T 1) J O s ) O 2H L &
M TS, i — R B B Ek PE-Ni A S g8k
HLME AL ] (Pt Ni/CO, HF 78 H7E Ak i ith ORR HL
A MR S5 N o B4R At — R 5 & )R B
B ORISR PN A 49K AR R
TZ, FRAFHEMRZHNIEKEEBETE. &
W, FIR R & R AR E ME AN AP ORR HLfE
.

1 % 5

1.1 EEZH#HKH

S WA R ECP (HAMW E# &), 28
P FA 1 (Pt(acac),, BB GARAFD, ZH
Pl (Ni(acac),). ik (OAM) FIRUT JlE Rk 8 L

HERT R T A B R A IR A w), = 1E ¢ B2 A Bk
(TOPO, Lz ENFEARAA), NN-—
HEH B (DMF, POREk7Bm AR 2R, JK
LW (M FERBHCAR AR, # ok (RETE
FHEY THR AR, &7 CREs i RHEA S E
BRawmD, HEEMRERRE T RS ERE R0 A R
AF, FER (70%, ERF/RAS (L) FRA
")), Nafion (5.0%, 3[E DuPont 227D, Bk Pt/C
i1k 7 (Johnson Matthey, JM, 20%Pt, i &4 %,
A, JRNEpEREEAEEGRAR), EETK. L
R RERI  r ral, Jo i E R — P AR B
1.2 $HIRKBR A H &

HY 110 mg Pt(acac),~ 36 mg Ni(acac),~ 300 mg
TOPO. 25 mL DMF 1 27 mL OAm & T 100 mL ¥
FA B, fE 40 C/AKRBEHHEHE 1 h, B2
Ve &R, TR G OERMEIRSER . KR
B 2] 100 mL 7 5 DY 5 S N A K #
RizEr, 78 180 'C THEIREPR¥F 3 he fF HARAR A5 H
WakEMIE KBRS 1:3 KRG 3 WAL
8000 r/min % i# ~ B0 H ¥ 2 IR, 53] PN 44K
ki, JEHEKCBE#ATRAE, BEIE&H.

1.3 FREFIARAMNKBELTIAH &

G T PN ZR K BIORL B8 O35 Ve, 4 BUE &
Pith s . B 210 mg # S B R 58 ECP, BT
15 mL S5 H 8 7 30 min JE AT HEFE, I ) H AR
I PENG 9 K RIORE IR S0 VW, FREE i dE 24 h, B0
WCBERE T 0 BOBRUT g, B BIRES HHE 72 he
ZJe T I S5 2% B 5 K KR & W VRZE 10000 r/min
M BEOIEYE, 40 CHLAE TR, mAWERS
B PNI/C EALTUFE AL, b PtERR BT & 2> 80N
20%.,

1.4 M@z

K H & 4 B 7 B B (transmission electron
microscope, TEM, H A 7 #k X £ 4L JEM-2100)
YA AT TS R AL . RS S E TR K
% ot % 4% Cinductively coupled plasma atomic
emission spectrometer, ICP-AES, [ PE A A
OPIMA 5300DV #11 OPIMA 8300) £ fiF {§ 1k 71 17 7£
JCEKE B G E . X L ATH (X ray diffraction,
XRD, HZAH % (Rigaku) {J SmartLab 9Kw) FfiF
AL A Zi Ry . R A A% CAES (CHI760, RigR
HACER AR AR D R A R AT 96 R AR 22 ith £
(cyclic voltammetry, CV) FIZPEFH#i{k % (linear
sweep voltammetry, LSV) ik, DLFRAEARE 1L 1
SR TR N AR A 1 E
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1.5 BZEEAERENK

HU 3 mg AL FEE Sk oK, 2 BIE 600 uL 5 75
BEh, FEATJEWN 2.4 mL £ B 7 /KA 16 pL Nafion
(5.0%) ¥, VKRB 30 min, 1525 #395
f VT R ED BB K . B EL 5 pL AL FI R OK, B %
T ¥l ok v & 0 e B A A A M ( Rotating  Disk
Electrode, RDE, d=5 mm, $=0.196 35 cm?) L,
7E 700 r/min B FIZLAMT RIS T4, 2 JEE A
R ERAE 3 U, A A Ak TR S K R H A R THT 38 5T R
il R TAE Ak, AR E SRR R E
20.37 pg/em®. BRAF 7 LL Pt R 4 0N 2090 7
Ak Pt/C (IM) 4L F/E N ORR fiEfbPERES % : 3.0 mg
AL, 2B 7K. A EEA Nafion (5.0%) %14
L (0.5:2.5:0.01) Bl 3 mL ByEK, UKAK#
H A 10 min, A _FOk 5 B )k T AR B

T A0 50 ) R Ak 2 S 36 2 F =R N AT IER
R = AR R . DU 22 WV St s b, il 3 A
HLH Creversible hydrogen electrode, RHE) fE %
P LR, B AR A R R i 00 e % Al B HL A (RDED
PE N TAE M, BN 0.1 mol/L ) HCIO, ¥ ¥ -
DB, S o) £ S0 R R, 343 S0l % At 33 4T 30 miin
(IRFEEIE Ny A1 Op, A H AR 22 Pl 78 0 AT H
R R 4T, I EAL N 0.05~1.05 V, X A5
795 A JE 3R A5 R 0 BT DA TR B R AL 2 M R TR
(electrochemical active surface area, ECSA) [f] CV
2k o 2 PR A AR 2 A o 7 200 AN Y PR A I
AT, FHEFE N 0.01 V/s, ¥ 1600 r/min, 2
J TE SRS R [ H e b 4k B EE IR RT D IR, 15 5
ORR # 1t ih £k .

2 HEREWIE

2.1 Pty;Ni/C EHLFIBI B 57 E M FRAE

Bl 2 A G B ) 2 TR ik 2 PEN 491 K A £ 71
Lk Pt/C (IMD #4671 XRD K% . )\ XRD
R, B EC PN 4K 6 4b 7 1) 25 R AT U Tl DL
SRS TT (fee) dn AR 25/ B B 5 Pt ) (111D,
(200, (220). (311) FFAEUE——XF PR, K
PtNi 4 K R 0L 7 858, HAE T E Pt
B2, 54 Pt (JCPDS card No:
04-0802) AHEL, PtNi 44 K B 45 14 1) BT A 0 3 1) 15
AERET WM, HAT Pt A Ni A H & AT
(1) T S5 0 2 18], H AT B A% 7 R T 06 I R & T [A] 2R
K T-46 Pt S ERIEE, BLBA Pt JEfA 5l N T HF
AR AR X BN NI, T T FE B R U 4 D [ A
B A . PN 9K MUK I &% 8 S0 T4l Pt fngl

Pt JCPDS card No: 04-0802

—— Pt,,Ni/C
—— PY/C(IM)
iy’ T T

(200)

Intensity/a.u.

(220) (311)

30 40 50 60 70 80 90
2619

2 Pt7Ni/C Al PUC(IM)H) XRD 1
Fig.2 XRD patterns of the Pt ;Ni/C and Pt/C(JM)

Ni [R ks 3 2z i, 254 Vegard & #I(RIE Pt
Bk, BEE NI 2RI, &% E R ELMERE
fiK). 74h, XRD B EA HIF—/ Pt 50 Ni
(0 AT S5 06 A L At 2 0, 6 Pty Ni 2 R TE B T 1
— 1) PN [ 5 4R A 4 A ol i RS A S SRR
TR 6 (ICP-AES) M43 2k %k PtNi & &40
KRR A AL TR o PERT N9 5T & 4 $09r i o 17.82%
A1.98%, wEHAMEAL R Pt AT NI R A
2.708:1, X5 Pt MEIL S E (20%) DL Pt. Ni
AT OKAR BRI EE (2:0) fFEZER, FEERAMNE
GRS REWHE R Em T Pty Ni FE)E. LR
g A P G NIIC £on, A % PR E
(bR VE o
2.2 Pt,;Ni/C L FIBIF IR R

FI R 3% 553 M 7 B BB KT Pty Ni A 4 90 oK R 2.
Wl 5 TSR 5/ 34T T W9 . Bl 3a A Pty oNi
B & G K URL Bk AT 0 SO TR 3, I R R LA
Pt,/Ni & & 99 K Boki 7o b 2 e 4, BRI —,
FEAp (45 B S o0t 1] 3 I R DX P R 490 K R 3 AT
KLAR S8t BT A3 R KL A 3 A ], JORLAR 20 AT E 3~11 nm
2 18], PR 4% A 6.25 nm. & 3b Al 3¢ N4 Pty oNi
A &K BRI R TEM 1%, H AR & 75 3 52 bR
(111> A1 (200D & 5 B2 & 1 [A] 26 43 50 2 0.221
A110.191 nm, /NF 4 Pt (JCPDS card No: 04-0802)
T Xk 2 0.2265 nm((111) & T O AT 0.196 nm((200)
fn D, WU TR TR RE NN RTINS T
Pt Bk b, Sl &k m i 4, TERCT BA Pt A (1) PtNi
B ARG, SBRmMER/D, 5 XRD 4
BoR—3. B 3d N Pty ;Ni & & 91K Bk 38 2
J& Bl Pty NI/C TR TE S5, Pty /NI & <8 40 K UKL 7E
BEAE Bk BAR LTS TR 9 %A K R, AR
WA EBRAAER S HRENR, TEEE Pt NI &
SR EAH .
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\A/%Ql nm
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0.221 nm

(111)

Kl 3 Pta7Ni & &40 K BUK A Pto7Ni/C B TEM &
Fig.3 TEM images of Pt,;Ni alloy nanoparticles (a-c) and Pt,;Ni/C (d) (the inset in Fig.3a is the particle size distribution of

Pt,.7Ni/C corresponding to Fig.3a)

2.3 Pty;Ni/C EFIEIERE L ERE

A TAEREF T Pty NIi/C FEBR A B 4 1F T 1Y
BA A% 00 B fE AL vE e, JFTEMRSCR &M T, K
H 5% Pt/C (IM, 20% Pt) #47 T b . K&l 4a
N Pty ;Ni/C FE Mk Pt/C (IM) JE 3R R 22 il 2, AR
I S0 B0 R B e T AR B O Pto o NT/C HLAK ST PR R
M (ECSA, m?/ge), ECSA EI$EZ 5 HiiL ¥
JS7 [ A AT B, A 3R AT H A TR b i G BB
bRz — TS R VAl e A A R 6 AT 0 T
P AR BCE o SR APt JE AL AL S, ECSA 1Y
A DR

ECSA = o o (Eé)c?mpt (1)
X, Q(C)y CV il 2w & 11 W5t B DX 1 W% B i i
&, A8 mC, Rkt T8 CV 4 | 0.05 vV
% 0.4V (vs. RHE) ZAHBRXEZHRRZ G, B
W5 HE RS QAC) MR M Pt 5 J2 IR Fff
SBEESEE, BAEKMEAN 021 mCom?; me
4 RDE L AR Pt #&E. REN (LD HHEE
Pt,,Ni/C #E1L 7 ) ECSA N 22.14 m* g%, K TRk
Pt/C (JM) [f] 63.05 m? g™, XEERE N Pt,,Ni/C
i Ak 7 B K42 B LR A PYC (OMD AL KL A2 K,
TE B SR AR L R RE TH AR 5% 1 T BT g o 8 10 935 A7 B3
ARy Ak Pty NI/C R Ak 751 PR B 3 1 35 1T AS 58 4 2
Pt, JEASH Pt o5 405 1086 20 3% PE AL SR RE A NI BT o5

W, T B B AR Ay A N

Bl 4b S & ) ORR WAk i 2, M il 25 o ] LA
G, Pty NI/C A 4k 751 1A A% BR FL 9 25 B g LA X7 0.9
V Ab B2 OW L R AR EE LR PY/C (IMD EE .
Bl )12 R i A Koutecky Levich (K-L)
Jr RN AR, K-L RN

L @)

) I P 1
i (2) AN ORR IEh 1 2 IR % i
J& A AT TS A B H AL 7R 1R B AR 5T & LGS PE Cmass
activity, M) MIHA LI P (specific activity, S,),
M, il S, & 7 &t i AL R HE ALV M 2 S 4, ok
T A P

M, = e 3)
mPt
S, =— 3 (4)
m,, - ECSA

B (3) Ml (4) 515 3] Pty Ni/C i AL
(5T & & My 796.08 mA mg e, &R Pt/C
(IM) %] 4.0 £ (M,=200.76 mA mg™p); ML LL
WM 3.60 mA <m?, 2Rk PYC (M) (4] 11.3
% (S,=0.32 mA <m™), 2 5256 fir il %% 1) Pty,Ni/C
AL EE R L PYC CIMD A A7) XoF 9 Al A 3 4 4L
hEHEE AR, 3 BUESE T Pty Ni/C {67
HA B E K ORR & 14 o
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Fig.4 CV curves (a) and ORR polarization curves (b) of the Pt,;Ni/C and Pt/C

Jit— DA Pty ,Ni/C 4L 7] ORR 1k 1) Fa
€ VEFIN A%, 7EMFD O, [ HCIO, ¥ ', 0.6~1.0
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5a fIE 5b), XN A ECSA [IREAK, 1A% BR H I 2%
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Fig.5 ORR performance curves of the Pt,7Ni/C and Pt/C(JM) catalysts after accelerated durability test (ADT): CV curves of the
Pt,7Ni/C (a) and Pt/C(JM) (b); ORR polarization curves of the Pt,;Ni/C (c) and Pt/C(JM) (d); mass activity (e) and

specific activity (f) bar graphs of Pt,7Ni/C and Pt/C(JM)



+ 1350 -

Wit @A RS TR

%52 %

FE UL AE 0.9V Ab i 26 W HL i 25 B 3 BT R PR (I
5¢ fil 5d), -, Pt,;Ni/C k7)1 & g i
AR LE G PE 4 W M & 466.58 mA gty
3.59 mA <m™® (& 5e fI [ 5f). 4L 10 000 K 1§
WG, Pty oNi/C i 4 75 9 A BR A IR %5 B LA &L 7E 0.9
VKb )RR R BN B, [R5
B S M B & 430.52 mA -mg e, AT 5000 &
118 20 J5 M e A 3 0 7.7 %, 15 1 AR LGOS T A TR
N 5.13 mA<m?, X ECSA [A I B % B AR B
FER . X UL TE 5000 RPE M 2 J5, Pty ,Ni/C fi#
L7 ORR A A4 3 M 1) 32 98 O & 08 55, P A6 1%
T Fa g . 7 4h Pty Ni/C £ 4 7 5000 WK 18 34 o H
Jo & BUVE PR ORI TH AR BLE M T R PYC (UMD 1Y
111.84 mA mg s« 0.40 mA <m®; 7EZ [ 10 000
AR G & T Rk Pt/C (IM) ) 96.55 mA -mg e
0.37 mA <m?. £ Pt,;Ni/C 1k 7 B A 18 1 i
K 8 e M A1 .

g5 b, SR AR A Ik BT i 4 1 Pty o Ni/C fiE 4L
FTE B B 58008 J i AL 3E P AR ik PYC (UMD,
KT NI fsIN, BT PINI E RS 4,
W T PR UE AL, T Pt Ni 5T 2 8 [ P [F
RN, 28T PR TIPSR d O E,
P PR ELL, AT Pt FIRMBERSR,
AR R PRI = R P&-N A& &4 80 &
S B T AL TR R T (0 45 A RERRAR, (R EESEE Pt
FT B AR, $E R T Pty Ni/C HEAL ) 1 AL 3%
PE, N T ORR 3 /1%, MIifi#& T ORR 4L iE
PEL R R A .

3 & it

1) EIVE R RGE GRAEAE RS AR —HR
UF 1) Pty o Ni & & 90K PR, FLAR /3 A 7E 3~11 nm 2
|, PR 6.25 nm,

2) Bt SRR E ECP HHT fE, Hl&H
ORR ML E M« & e v A0 o 0 8 & £ ol
Pt/C(IM) [ Pt Ni/C M 4L 51 , BT & W& 1 A
796.08 mAmglp, R PUCAM) K 4.0 1%
(M;=200.76 mA mgp); TR LLIFHTE A 3.60 mA cm™?,
R PYCIM)IZ) 11.3 1% (S,=0.32 mA <m?).

3) TE M A MWK 2 J5 , Pty /Ni/C i 67K
IHAE0 (R 3F R 4719 ORR L&, Z—FILREM
ORR AL 71 -
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Preparation, Characterization and Oxygen Reduction Reaction Catalytic
Performance of Carbon Loaded PtNi Alloy Catalysts

Li Hongpeng, Jiang Yunbo, He Jianyun
(State Key Laboratory of Advanced Technologies for Comprehensive Utilization of Platinum Metals,

Kunming Institute of Precious Metals, Kunming 650106, China)

Abstract: Carbon loaded PtNi alloy nanocatalysts (Pt.7Ni/C) were prepared by liquid phase synthesis using platinum
acetylacetonate (Pt(acac).) and nickel acetylacetonate (Ni(acac),) as precursors, tri-n-octylphosphine oxide (TOPO) as surface
modifier, oleylamine (OAm) as reducing agent, N,N-dimethylformamide (DMF) as auxiliary, and superconducting carbon kochen
black ECP as carrier. The morphology of Pt,;Ni/C was characterized by TEM, the qualitative and quantitative analysis by
ICP-AES, the structural characterization by XRD, and the electrochemical cathodic oxygen reduction catalytic performance was
further investigated. The results show that the particle size of the prepared Pt,7Ni/C nanocatalysts are in range of 3-11 nm with an
average size of 6.25 nm. The mass activity of Pt,;Ni/C nanocatalysts is 796.08 mA mg™'p (~4.0 times as effective as the
commercial Pt/C(JM) catalysts) and the specific activity is 3.60 mA <m™? (~11.3 times as effective as the commercial Pt/C(JM)
catalysts) under acidic conditions when the potential is 0.9 V (vs. RHE). The catalytic activity of the Pt,;Ni/C nanocatalysts
remain higher than that of the commercial Pt/C(JM) catalysts after 5000 and 10 000 cycles of accelerated endurance experiments,
showing excellent oxygen reduction catalytic performance of the Pt, ;Ni/C nanocatalysts.

Key words: liquid-phase synthesis; PtNi alloy; electrocatalyst; oxygen reduction reaction
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