hERME: KF

SCIENTIA SINICA Chimica

2011 F $F41% $F 12H3: 1784~ 1790 @
www.scichina.com chem.scichina.com SCIENCE CHINA PRESS

Pt H 22 Pd/C S8 R AL

3%, 2, Herr©

@ WAL b2 B R AU =, O
@ Pt RO T R, A0 FRftE 19716, 3EH
*HINAE#, E-mail: slchen@whu.edu.cn

, FRREA)Y, TR

c oy P RkE R B, 5 430072

WekE 1 1: 2011-06-27; 3252 H #: 2011-08-24; M8 Mk & H 1: 2011-10-24

doi: 10.1360/032011-416

WE 2RI R TR R AR R R ) T B AR A R LA (PA/C), FERF T T HxE
AL ey EE. HR TR EA L, B RAREERE PAC LR BRRER
K, BRI BT B9 AL R ML(ORR)E M Fofe . 7 Fr il &8 PA/C fEfbr| 2hal £, @3
BEHRREHVRN Cu BT HE, RET Po EGAG 8 Pd/C b7, 2 ORR 7 % Pd/C f#
el B EHRE, H54 PyC fALAIELL, WM AN B PVC # LA RERT, B

i Pt 3R (A B TE R S

1 55

BRI AR AR D AROR A B BF 1 R B B %2
BT 22 ORE, IR R TRAR
BEPM. AT, BUAE R AR H AT BT R A R, A
WIS (ORR) 3N J7 25 2 22t DA, SRR
HLL it B AR AN 15 AN T KB 0 oK B AR AR A it
5 RS I e e A 7 T SR T 0k f it i R ol R R .
L IR I, Pt EALFIAERRRE Lt 1) AR S AF 2
ARV, SR AR TEREREIR. Xk IR Tk
it £ R B,

Pd A1 Pt AbTIus FIPIRR A IR, HATRALN
WL SRR A R, (RO L P 2R 2. DAL,
Pd 04X Pt EALFIBE AL JLAEAS R RL. H AT,
TR TR )% 22 SR PR, RIKE A 700 1 iy
IRARR BT RO LA 220 i e Js b BT A 2. IR
DULBRAE T, EX AL RO ROE S 42 A5 58
WIAE. JTAEK, AMTTAIUAE 2 JUREBAT AR R A G
RG] AR SRR I AT I8 5], LB AT 42 (1 44 K
RO 5 4h, T Pd 5 POHILL ) F¥#, Pd 9K fi

K2R

4 5 R AL
1 LA
W EE M
KT

AFNTERRRL I I TAE S AF P ERER, & ) AR AT
E. AR AT & S BURE L ROR T R —
AN T 52 LA P 5 P R % A% 5 45 M AL )
(Pt/Pd) B, U L RE ] Pe e ok B2 £, Pe AR T 6
SAFBRME R O IRk, Adzic U411
KR T — PR A AR J5UE Byl 4 Pt 2 AL
M5 PRAEAEIE IR I, AN K RD) 18
IR FAGITRBNEDTRR)Z Cu, SRJGESH Pt 2h%
W B AR PR RN, I RIS Y KA
JE s AT B PR 7R B A e P P R R
ASCR WA s, Ll Pd LG B S
S HTHR AR, I i A DR AP R A% PA/C AR
TR R L FAYIRAE PA/IC _EIE R )Z Cu, SR )5 & s
F) Pt B e ah R AR (B 1), A A

. UPD Cu
—_

®rd Ccu ©@nrt

B 1 Pty @Pd/C LTI % )73

P @R




R b2 2011 4F B 413 55 12 3

FIET ORR JH PR MIFREVEA T W& 4e w.

2 I

21 RKFN S5

FALAL(PACTL, B AN AR A ), 4
1% 74 1 40 (Pd(acac),, Fe WA 480 4 @ M kLA BR 2 A,
KTk (CP, 8 24 45 P46 223X 7 A7 B A =), ¥ R (CP,
P 24 4 Ak 22 W R A PR A D), & (70%,  Aldrich),
SOV ER (HPCly, EHH STAFEN B A3 A7 B A 7)) 55K
FUI K oM all, (AT R St ai b AR EE. {4 R %
A RS AR ARAT B A F] 1) OTF-1200X FL7%
EE WG

KM Shimadzu XRD-6000 % X £ ATHHX(Cu
Ko S8k 06U Rl 2 H5E 3 i7 W B (HRTEM)
XHEAFIEAT 858 5 TESRAE.

2.2 Pd/C fEALF Ml 5

B A A& AL I R 2 B SR [4~6]. BT
T PACL % T Eh B P, ARG NN XC-72(4% il 42
JE IR 20%), 60 C N 5 it R 7 58 4 K
40 CiE i 100 °CAbPE 30 min {524 T35, JG1E
BRYPHPEASRTA T 60 CRN 2 h733] PA/C AL
FIFRICA Pdis/C).

WA IR 46 PA/C AL IR N . ¥ —
2] Pd(acac),, 1,2 TN %, MR, WIZ%E T 25 mL —
R, Ar A5 T 260 °C M1 40 min J5 FF R =, 2
JAIMAN XC-72, #EFEEm. AL FIZ R 2 g g
DR T, EEAE AP PRIAAT
400 CJMN 2 h DABR A0SR T i O 71 55 A AL
Y, a3 Pd/C AT (Brid k) Pduw/C).

2.3 Pty /Pd/C 1AL %%

H 30 pg PA/C ¥R{EBK (GC) WK, £
< (Ar) WA 0.05 M H,SO, W BL 50 mV/s 193
BATHE IR L (CV)TE AL J5 K L BOR A6 H5 21) Ar 1
M 0.05 M H,SO, + 0.05 M CuSO, ¥ F -1
0.36~0.86 V #EAT CV 14 LU 22 T il B 2 UPD Cu
MRS AR A R FF AR Y 1000 r/min I
FU30 min, B 54 AR A IRGE IO, R 2 Ar
HIFT(]0.001 M H,PtCl, + 0.05 M HoSOL W 1, &MY
30 min, JEEREFHEARLE A 1000 r/min, BCH AR

Ve T i A 2 A R B PA/IC REAL R (bR N
PtML/PdHﬂH/C Ez PtML/Pd&’;‘-}i/C).

2.4 AL HA L2 RAE

H AL # A ) CHIG60B HiAk % TAEuS (g
JRAEAEAT IR A7), 35 [E PINE /A ] ) AFMSRCE Jig
ARG, B AR e il A R AT,
K 3 WM AR R, A FAR A o 7 A e 0] 1D 3 sk PELA
(E4%2 5 mm, AL 30 pg), S it
K HLM(SCE), X LB 422, A SCHTAT 1) HL 34 R4
TR A AR L A (RHE) B 7.

AR 2 fE & AR N AT, B BRE ok
0.05~1.25 V, #1HZ 4 50 mV/s. ORR WAL #i 2k 7
AARAMP AT, BBJEEN 0.35~1.05 vV, FIHliHE
J%24'5 mV/s, WOE F41$E 2 0 fiE 4657 1) ORR #21k
k. — S Ak IR R B 3 2 R A A D 2ol v 98
0.2V, I CO S 4k 30 min {§f L H 2 [ CO ik 3|1 Al
W B 5 0 NGRS 30 min HERRE W R CO, BL0.2 V
DRI HL Y, 20 mV/s [ EEOR H AR B A
1.20 V #EAT CO [R5, MR AEE PR S
A, 0.60~1.10 V LX), 50 mV/s [FHHHEE
HEAT 1000 P8 AR 314, AR LL 0.1 M HCIO, ¥ h
HAL AR

3 HREW®R

3.0 AL R LA 5 TE S RAE

K 2 K Pdiwin/C (BE)A Pduw/C (LLEHEAFINY
XRD &, B 2T 0 B 243 il kR 7k Pd AT PAO [F)hR
HETE I JHIS XRD AT DL B AETE d 2% O HE AL 7
&4 /b PdO. FIH Scherrer 24 26 — 3 HEAT R R4S

Pd,,/C

Pd,,/C

SR U1 )

0 10 20 30 40 50 60 70O 80 90
20 (%)

B2 R[EJ7EH 1 PA/C AT XRD

1785



RO PtLR MG PA/C S AL

SR, WOHVEBIA 0 PA/C SRS, 4.6 nm, ¥
B PA/C SFEIRIAE N 2.1 nm. RSF 22 5]
AE I Ab B i FE AT 6.

3 NARIE T4 Pd/C AL TG TEM .
MBI LU H, Pdis/C F1 Pdy/C AT R kLA 4
AR A, W R I Pdww/C BT 3RLAR N
2.06 nm, Pdyx/C ¥1°F-3J ki 454 4.95 nm, IXF1 XRD 1l
e, B4 41T Pduw/C #4711 HRTEM
Bl A4 53 BT R B, Pd JBORLIR db ks () BE 24028 0.27 nm,
5 PA(110) 4 1 1R 1) AR B

3.2 Pd/C AL A HLAL 24

5 4 Pd ws/C F1 Pd wu/C 1) CV k. W LLE
tH, Pduw/C AL IG PER A(ESA)IL K T Pdyn/C.
IX LI Pdiwu/C RLAREE/N T Pdye/C ORI, 5T T
] XRD 1 TEM 73#r 45 R—3. 54b, 5 Pduw/C A
Lb, Pduu/C AT E AR 2 it 2 b A8 A4 1) it b
U WY I AE BE R I A X U B A PP AE Pdyn/C
AT T W B 5 I 2 T IARE SR R W, R TSR
YRt Pt 5 Pd () ORR HAHHIER, P85
Wb R T Pt 5 Pd JEMEALFINT ORR AL

Bl 4 Pdi/C AT > HHE ST BT

1786

iﬁ1~¢[4,5,10~12].

Kl 6 4 Pdwis/C F1 Pdy/C [ ORR BAL 4.
A2 5 PR T RUK T Pd e/ C AR TR 28500 3% M s 1
T i A2 A PE R T AN Pdiwn/C EALFI. K 6
FRI47 1 Ay 1 o A R 0.9 V7 IR PR TS 3 P R R 3
P A A 5D 1R F AL 27 P SR T A (BS A) Al i v
SRR ) ) AR Ak 0 TG A 0 TG R R A5 ), LA A K
H:

ESA— S (1)
V x430

A, Swwe Ky B ALY IR TIAY, V T, 430 K
AL A PAO . Wil 6 4 B Bron:
Pdein/C FITHIAIE PELT A Pdi/C 11 3.5 4%, IX FN P i
TS E S A ol (1) W B s 55 A XS R

7 AR PA/C HEALFIZRIE) CO W 1 25 ih

0.4
0.3
0.2
0.1
0.0
-0.14
-0.24
-0.34

Current (mA)

——Pd,,IC

-0.41 ——Pd ;_,Frc

_0.5'

00 02 04 06 08 10 12
Potential (V vs. RHE)

B 5 Pd/C EALFILE Ar SRR P G R 2 ik, /&

W I Pd &R E R

0.29 g0,
1 o0.354
7 0.204
1= 0.254

o
o
<

o
&

e
o

)
Y]

|
e
L)

1

3

j, (A(mg Pd) ')

S 0.20
g. 0.15
1~ 0.10]
1 oo0sq
1 o.o0d

|
o
=

Current (mA)
)
o

|
o
=]

L4
N o L
P T T
e
[=%
i
5
9]

0.3 ' 0_'4 ' D.‘5 ' O_lﬁ ' D_T? ' D.‘S ' 0.9 ' 1.0 ' 1.1
Potential (V vs. RHE)

B 6 Pd/C AT FERIL M, HE N 0.9 V R

B RS



R b2 2011 4F B 413 55 12 3

Pd(110)

0.6+

054 —FPd,,/C
0a] —Pd,/C

Pd(111)
0.3

Current (mA)

0.2

014 Pd(100)

0.0+

||||||||||||||||||

04 05 06 07 08 09 10 11 12 13
Potential (V vs. RHE)

B 7 Pd/C AL CO M b 3 25 Hh 2k

2. WLUFA HH, CO 71 Pdwn/C 2 1 i B 2R I A — A
AR, 1M Pduw/C WIZHH—A 50, IR
IEM A BT CO PR3 BAR 2 1 20 %) A4 7712 1 &5
Py A H fUe, DR FRATT AT CAAS H O 4 40 ) AT 3R
S5 TTTHII 22 5. 1K PP 22 54 P AL TSR THI
X RN B CO S5 WP A 55, AR H R IR 25 3 v
ANREARH B I 28 22 S, AHFRATTIA b 1K b 2 1 &5 4
1) 22 5 42 P onn PHE AL TR EL AT 8 150 ORR 3 M AR 5 PE 1)
Ji AL

TX P T 45 44 1) 22 5 hTRE S AR R SE ) 2 S
IR WFALJTO S Pd &8, g K0 i
FOE MIRAR I R 7 5 )4k, Rl (111), (100)
d T A5 (110) 17T T00 )2 Dt 45 44 SR80 1 2 i - 1
RO B R R SF BRI CRESIE 3 nm LR, LR
THE 2 BORIE B T, 53T, Kondo 5 AWFST £
B, Pd B HI AR THI ) ORR 5 PR Pd(110) <
Pd(111) < PA(100) (M FEIT. 2% e 3] 4 2K Jiokr 2 1 121
SR A S (L10) [ T2 1 25 R 2RA8h, FRATTmT LA
M Pd 9K B0k e i _F2 7 1) ORR 3 Bk, X
FE, Pd wu/C AR TR O BRI R AR TS ARG T B A2
TR EAEZ MR R4

Kl 8 M Fh PA/C fEALFRITE 1000 Rl A e M T
JG ) CV Fl ORR HiZk. Pd/C fEALFIZERE 1000 RElHT
)G, BASEIE TR N PE T 90%, ORR -3 LAy
G185 T 110 mV. 117 Pdwn/C fEA P R AR 257 355 428 T AR
R T 20%, ORR iy HA 155 T 20 mV. HItH]
DL, VBAHVE 5 1) PA/C AR AR s 1k 7 T A S 2
P R A A AR TR, X AR T R _F A )
AT RLAE DL SR TR 0%, BATTIE A6 % e b 47
RN R 5T R AL

— s
0 — 100085
06 00 02 04 06 08 10 1
U Potential (V vs. RHE)

Current (mA)
S
o

I
-
o
PR U

=

1(a) ——1000@/5

— T T T T T T T T

05 06 07 08 09 10 11
Potential (V vs. RHE)

N
]

—
03 04

—E

06 — 10008/
00 02 04 06 08 10 12
Potential (V' vs. RHE)

Current (mA)

O.IS .D.I4 .O.IE IU.IG .D.I'.-’ .O.IB IU.IQ . 1_I0 '1_I1 .
Potential (V' vs. RHE)

B8 Pdi/C(a)Fl Pduu/C(b)HEALTIAE 1000 P&l F& 2 Ml

JE H ORR AL 2k Ccvs B (FE )

3.3 Pty @Pd/C fEALF Y AL RAT

PL Pd wi/C HEALTN I, B 9 451 T Cu ) UPD
k. BISEEE o T RS mwne)f R Cu K ADIRIT
B, AR L nT AT B R AL TR v Pe i . T
/N Wy TR

m, = s %195 )
V x2x96486

P VORI EE, 2 AR N Cu® i S5 PS5
96486 A2 2B K, 195 g Pt I BE R i

K10 45 T HFRD Pd/C HEALFIEE Pt BTG
ORR Ak he Al Cvs B (G, TATEN 4T
Johnson-Matthey 20wt% Pt/C (145 S 4F Jy Lhige. mr LA
F i, ARl PA/C 3R Il #% 1) Pe S 2 A0 R 1R 4
AW B U 250 PA/C B IH W IE RS, HLUEE A X AR 58,
L5 PyC AL N BT, PO Pt B2 S A R
ORR JE AL PA/C A3 T 2 35 4 . e il A il

1787



TR Pt HZ B PA/C I8 AL 5

Current (mA)

— H,SO,DEICY
-0.4+ — H,S0,+CuSO,DfUPD

00 02 04 06 08 10 1.2
Potential (V vs. RHE)

E 9 Pd/C AL Cu K HLRGTRR 2k

0.29 oa
| as i
02
0.09 o3 ‘\\
fese
02 | SN
R | 2
£ ] -g-g — Pt /Pd__IC
E -0.64 o7 it
ﬂl_J 4 D‘.ﬂ 02 04 06 08 10 12
‘3 ~0.8 Potential (W vs. RHE)
1 —Pd_,IC
101 — P, /Pd,,IC
2@ EllPYC
03 04 05 06 07 08 09 10 14
Potential (V vs. RHE)
024 04
4 0.3
0.04 o2 r \
4 01 | P
~0.2-E 00 |
{501 I'
:g _0'4-_5_3'2 ! —Pd, JC
£ — P, /P4, IC
1= _0'6'_ 'E': ' ELPYC
g _ogd 00 02 o4 08 08 10 12
(] ) Potential (V vs. RHE) F'd_a,nfC
1.0 — Pt /Pd, /C
1 2-(b)~"‘4'r—'-" A PtC

03 04 05 06 07 08 09 10 1.1
Potential / V vs. RHE

Bl 10  Pdu/C(a)Fl Pdun/C(b)fHEALFIEN Pe AT S Y ORR
thh g Fn Ccvs B (3EE)

%11 Pty /Pd/C #EALF], JL ORR y&PEE 4 #:0E PUC
(7K. AR AL D P25, Pe B 2 AL R 1 5T
HEIHTECL Pt IR & PUC [ 4~5 5. % EF] Pt
MITA& 21 Pd 0 4 %, 5548 0ot iE M (2L

1 oa
0.0
. 02
{E
E 0.0
_ 034 302
"é E —EE
< 04 — 10005
5 06 00 02 04 06 08 10 12
S Potential (W vs. RHE)
[&]
_0.9'
— el
124 —— 100085
T T T T T T !
04 0.6 0.8 1.0

Potential (V vs. RHE)

B 11 Pty /Pdin/C HEALFIZE 1000 B R EMEHRRT R 1
ORR WAk & A1 Cvs B (dE &)

Pt+0.25Pd 5 & 1T) & PYUC [ 1.5 5.

Tiak, BATWAT Pe R RIS S HEEAT T
AR, 459 R Pty /Pd swe/C EALFIZE 1000 RIS e v
FAHG TS I H AL 2T PR IR AR T 10%, 1 L7
FBAE 3mV (B 11). 11 PYC HEALFIAEA [F &A1 T
HAL AR ME T A A T 20% LA B, 3k v 3 ) 4 %
10 mV BA_F A SRR R i AR e Pk A 1E— 5T
ZH.

4 g

53 SR FH R 35002 R A PR & T R4S o A
YIS PA/C AT, HorpoRifeieoR, AL EIE R
T AR ZIN PR P e/ C REAX T 2 T HA B 1 1) ORR 3% 12 1
FasE k. WS FIRT CO TR b 3 B AR 22w 1, Fk,
AT 0] V55 A 4 A T AN RS P 1 2 S nT g RS
Ak G R R 45 M 22 A . LABIRE PA/C AL
HFEJE, FIH UPD Cu B #eikxt it 4T Pr s 21541,
BT R PSR Fe AR AT, s R Al
PUC ALFIAE Y, AR e P W P . Bl 2% 1
Pt ﬁéﬂa?‘ﬂ (1) PR P H AT R A PUC fiE 45
1) 4~5 %, Soié | aiE e PUC M 1.5 1%, H
T AL, P B A TR EE RS SR ) F s [ R A £ 7
) —AN HE LT

o KIEGEREFREARFE4020973131), ZF I H L1 F AL LH 1T X (NCET-06-0612)F0 §1 2t &A% kA

R % % £ T &V B, s BOAt

1788



R b2 2011 4F B 413 55 12 3

S 3k

10

11

12

13

14

15

16
17

Steele BCH, Heinzel AH. Materials for fuel-cell technologies. Nature, 2001, 414: 345-352

Dam VAT, Brujn FA. The stability of PEMFC electrodes—Platinum dissolution vs. potential and temperature investigated by quartz crystal
microbalance. J Electrochem Soc, 2007, 154: B494-B499

Wang XP, Kumar R, Myers DJ. Effect of voltage on platinum dissolution relevance to polymer electrolyte fuel cells. Electrochem Solid
State Lett, 2006, 9: A225-A227

Dai Y, Ou LH, Liang W, Yang F, Liu YW, Chen SL. Efficient and superiorly durable Pt-Lean electrocatalysts of Pt-W alloys for the oxygen
reduction reaction. J Phys Chem C, 2011, 115: 2162-216

Suo YG, Zhuang L, Lu JT. First-principles considerations in the design of Pd-alloy catalysts for oxygen reduction. Angew Chem Int Ed,
2007, 46: 2862-2864

Chen YM, Yang F, Dai Y, Wang WQ, Chen SL. Ni@Pt core—shell nanoparticles: Synthesis, structural and electrochemical properties. J
Phys Chem C, 2008, 112: 1645-1649

Wu JB, Zhang JL, Peng ZM, Yang S, Wagner FT, Yang H. Truncated octahedral Pt;Ni oxygen reduction reaction electrocatalysts. J Am
Chem Soc, 2010, 132, 4984-4985

Lim B, Jiang M, Pedro HCC, Eun CC, Tao J, Lu X, Zhu Y, Xia YN. Pd-Pt bimetallic nanodendrites with high activity for oxygen reduction.
Science, 2009, 324: 1302-1305

Peng ZM, Yang H. Synthesis and oxygen reduction electrocatalytic property of Pt-on-Pd bimetallic heteronanostructures. J Am Chem Soc,
2009, 131: 7542-7543

Chen JG, Menning CA, Zellner MB. Monolayer bimetallic surfaces: Experimental and theoretical studies of trends in the electronic and
chemical rroperties. Surf Sci Rep, 2008, 63: 201-254

Norskov JK, Abild-Pedersen F, Studt F, Bligaard T. Density functional theory in surface chemistry and catalysis. Proc Nat Acad Sci USA,
2011, 108: 937-943

Zhang J, Vukmirovic MB, Xu Y, Mavrikakis M, Adzic RR. Controlling the catalytic activity of platinum-monolayer electrocatalysts for
oxygen reduction with different substrates. Angew Chem Int Ed, 2005, 44: 2132-2135

Sasaki K, Naohara H, Cai Y, Choi YM, Liu P, Vukmirovic MB, Wang JX, Adizc RR. Core-protected platinum monolayer shell
high-stability electrocatalysts for fuel-cell cathodes. Angew Chem Int Ed, 2010, 49: 1-7

Luo J, Li H, Kariuki NN, Wang LY, Mott D, Zhong CJ, He T. Synthesis and characterization of monolayer-capped PtVFe nanoparticles
with controllable sizes and composition. Chem Mater, 2005, 17: 5285-5290

Hardeveld, RV, Montfoort AV. The influence of crystallite size on the adsorption of molecular nitrogen on nickel, palladium and platinum:
An infrared and electron-microscopic study. Surf Sci, 1966, 4: 396-430

Hardeveld RV, Hartog F, The statistics of surface atoms and surface sites on metal crystals, Surf Sci, 1969, 7: 189-320

Kondo S, Nakamura M, Maki N, Hoshi N. Active sites for the oxygen reduction reaction on the low and high index planes of palladium. J
Phys Chem C, 113: 12625-12628

1789



TR Pt HZ B PA/C I8 AL 5

Pt monolayer on Pd/C as electrocatalyst for oxygen reduction reaction

ZHANG Huan', DAI Yu', HU XiaoHong', CHEN ShengLi1 & CHEN Jingguang G

1 Hubei Key Laboratory of Electrochemical Power Sources, Department of Chemistry, Wuhan University, Wuhan 430072, China
2 Department of Chemical Engineering, University of Delaware, Newark, Delaware 19716, USA

Abstract: Carbon supported Pd nanoparticle catalysts (Pd/C) for oxygen reduction reaction (ORR) were synthesized by
using the liquid-phase pyrolysis method and the impregnation method respectively. Although the Pd/C catalysts produced
in liquid phase method possessed larger particle sizes, they exhibited higher activity for ORR and much better durability as
compared with Pd/C prepared by the impregnation-reduction method. By galvanic displacement of the monolayer Cu
formed on Pd nanoparticle surface through under potential deposition, Pt monolayer decorated Pd/C catalysts (Pt /Pd/C)
were fabricated. The thus prepared Pt monolayer catalysts exhibited ORR activity close and durability superior to the
state-of-the-art commercial Pt/C. The Pt mass activity of the Pty /Pd/C catalyst for ORR was more than 4 times higher
than that given by the Pt/C, showing a great perspective of the Pt monolayer electrocatalysts in fuel cells applications.

Keywords: oxygen reduction reaction, Pt monolayer catalyst, Pd catalysts, core-shell, under potential deposition
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