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Research Progress on Pt-based Nanomaterials for ORR Electrocatalysts of PEMFC
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Abstract: Improving the activity and reducing the amount of supported precious metals play an important
role in the research of electrocatalysts for proton exchange membrane fuel cells (PEMFCs). Platinum (Pt)
based nanomaterials are one of the key parts of enhancing the activity of the cathode catalysts on oxygen
reduction reaction (ORR). Based on the analysis of 104 published papers, the influences of particle size,
crystal facets and morphologies of the Pt-based nanoparticles (NPs) on the activity and stability of
catalysts, as well as the alloy compositions and the core-shell structure on the catalytic performance, are
discussed. By analyzing the advantages and shortcomings of the existing methods and technologies, and
the research directions of designing catalysts with ordered nanostructure and optimizing the ORR process

are proposed.

Key words: PEMFC; cathode catalysts; ORR; Pt-based nanomaterials; activity; stability

S S (ORR) 1 9 Jit 1 22 48t i 4 e v it
(PEMFC) R EIEIIM S, & A R MIETT,
FeZ Frp sk, Dttt 220 Hil ¥ ORR
v EEAN AT, SR R AR S N A B 1 e
HLF5(>0.25 V), fFERIRIRERSIE . IR 54

Wche 1 393
HETiH:

2019-09-15

SEAMEALIETENL A, RBOR S AL LA P R 1)
B, L, JFREIEE. KA AR BT T
X B L AELAE R ORR HLEE . AL S N 2
HAEEEERD. LASFE )R AT BT R R
FORM, B Jm MR Sd B3 1 SR T Y

X AR A TUE (51576201); 7R H AR 2 40T 4 B1BAI H (2015A030312007);

REET 51 B RLHAHIF I AT H (201460710200034); 1 IR} B AT A= GEJ5 5 A5 5050 3= 52 4700 H (Y807j41001);

STS [X 48 & 55750 H (KFJ-STS-QYZD-2021-02-003)
&L, B, #t, BwAR, BT
EEE, 5, WL, MR,

FARHE
I RER

YRR PEMFC (RE1HE LT . E-mail: wangzd@ms.giec.ac.cn
T TT R S RE LA N A S FL . E-mail:  yancf@ms.giec.ac.cn



54

FREIEEE: BTSRRI 2K AR T 73

REZ I 2P LBk R, SEAAE RS T
BEANEARAT N, fEfIEYER, 2 H AT ORR FEARAE
AT 32 BRA RIS, (H b T4 AR B, 0% B R
DAL s AR 2 BRI A H B = (M B 1T 0.5 g/kW
PI7KF RSN 0.2 g/kW BLR) FFA R o s 1
AL TR, — B PEMFC A58 i) B k7 iR i
2z,

1R A7 R 2R AR A 7R A A i ) PEMIFC B AR fE
7], FORARE 7E S DR HE AR AL R
¥, AR mrergl mrgprt
SRR BT e LR AR B AR 3 ik . B
YPORFIAR KN, BRERSL, GOREIRRIK ORR {8
ARIE PR i BT H 25 32 2156, S 2 TR
B . HEaitieit, PR EE 1 R
He T3 M A RO B TR AT A e
PEMFC B #5401 e A 7o) R i A 7 3t e 47 2%
W, AT TR RS

1 9eREER

1.1 RHid

LR EEu b S U AN 7 04 N <L R P A QTaT 6
JRFECAL B D, i LR TR 2 3K, A
WAL BRI 2 U YRR B, RS
OB ARE AL 1 b T AR I = g T
ORR HURAETEMEANTIRTE, WERE TR HZRR
Ko PRIIORL RSk, SRTH T 7 by, o
AR TSR RIS, SR, gkAh R A
S PR RS8N RE B R B, T R AR SR AL AR
AR, TN AR RO 25 B T3 S Y PO 45
A HETT A% ORR W& 7. Wang ZHFR KRB, gk
RIARLE 2~5 nm B, I8 EiE i e BRE
(R SF o A RERS BRAETE MO S 3 50 0 A, R4
THEALIEE . Shao PV ALEHISL T 1.3~4.65 nm K
YUERHMEALT], RIGKHTR TR 2.2 nm A2 47 B
B BT R .

FRE P, RS M AR A S kAR
A e T AR A G 17T AP PR 738 A R ) 5 E
FHRSER AR, AR, hFRRES
il B SR, BT RE. TR RMYK
AT HAR, SR SHTTR . SARA B
R 2T IR IE . I I-BEI B . BRI ARG
JriEP, ki KN E SR ZEARER . AU R
FE A1 pH (09231,

TEIL 5 5 PR 28 ) iz it gt #E e,
FosE I T W0R R, AFEUR 2 [MA77E— e HE
JF71, VAR AN St R AR, T R R R —
el B Lo IS < U s 1 o R s Vo | 4 NG
— KRB T RAERPY, EEEAN(SA) P PRk
AL (TOAB)™Y . FrEIR(CA. o Bk =
L AL £ (CTAB)PY . R e (OAM)*2% ;5 4k
—RR I EEFRIEEASE S T RAY, B
B IR LR (PVP)PY . BB = 2R R R
W 52(PDDA), DU MEIE(THF) 4%,

A FE 5 A1 B M B AR ORI O PR 2R
2 FEE A KR R s AR A, T
W73 R A FRUAORE HH RS () [ 5 W PR R TR R F&
DB RS 40 A i B R i Y, 7 SR BGE iR
FEVEH . N T HAERBR R SEAE 5 nm BAR, I8 IE
A8 A 751 Ak PR, VS R £ 700°C AT

pH ABEAEAN R A KRBT 6 B g K R R~
P I BURE A [FPY, Fang 20T % 7 —FhE
P AR GORAR IR B ST UTRE AR, DL I8 48 n
ARKAR R pH ESZEH/N B35 B R SF . 241
TRIGEHT IR pH PR SOEET g e, AL
SORL P RS 2 DA AR & 4K o 7 Bl B 75
L 1) 23 TR) VAL 448 258 80 LA B i Fi kT A FH T R %
KimP ] _ER 7732, 78 pH 9 9~10 KITE I 3545 T
BRI A S50k . Rusnaeni 25802 FH £ ol
HWEIAEKEAR, DRFKE NaOH i EKAR
pH(pH=7. 10, 12, 13), 343 T Kl R
~HEAR S R
1.2 REEE

T IRINRTH R AR I R B RE, g
b A K SE RS R 2 78 0 dt i o T A 3 A T (100)
T (11PN i 24500 UL 5870 — AN 38 SR Bk T 847
BB v A 5t T 3 o B, 40 (hkO)(PU /S THIA) . (hkk)
Fi(hhk)(=/\THE), HT =R REH. &4
%, T A AR B R T AR, AR
P B 2 TR AT . Wang 25 P4 ToRR
2) 8 nm [EASL TR, S T A2 F I B LR
YRR 2 £, MBI R NGRS T 2
TR SEJT R B A ST TR 4R, IR T 3L ORR
AL IEE,

SEA B SRR, BmAl. EEG. Ao
IHIFISE SR, AR, TR RS e ST YN
KAEAURL R B s ), L DAt R ORI AL B o
2o B A WU AL R 2,



74 i

41 %

0 df i Jir BAE ) S [) 4600 o T PR 650 DA S D -
AANTR], B i T X s o R B i AN TR, 3t T
B i AR K AR B A e R R %=
PR B B T RORLERTE, RO RO ) v o TR B
WepsH, H A BB e RE A PSS R
2G-S - TR LIRS, oLt s 77 2 2
AL B2 T LA /N T45), Tian 2514758 5 fh 2
W5, FERRTE AR T LAPUAR AR (A A) v w7,
H 8 I T ALE(730). (210). (520) =K =505
THT 1) 24 THIA, DA Z A 2 o0 B A 3R T PR B 2 3
FiZE G RN R; Ma 558 £ ul
HEhAERKEAR, BLHCL AR, FET =2, Y
JE 7SR DU\ R BN REUR A B, S AN Ak
& HC A Z b AT 4% ) SRAS AN ) 4 S8 2
JERIRL,  FR T 43 S AT 1Y) e 2 B T 6 o DA% o
T AT A I  Z AR B A E AL AT AR
R T R H PYC 47 10 £ LA B IRvE 1

XU U AN ] S R R AR, ik
PEME (2 S LR T TR R, AT 25038 T AR
MEACVERE o 5 TV T 10 J v T B 25 440 R THT B
HHReE s, 25 18 ) SOt R o= A= Jows [ SR 5E
R, it AMEAREE . ST AIE RS, 5T
TR BN KR T B AR HRIE IR D, Xia 20
I Ak 22 ) 4 T B A (740) v R S T P 114N
KERL -, Z3d 5000 P FIFHE ), SEPETIA LT
o
1.3 TESAEE

Bl % = AR A T UK BRURL A1, — SRRERR )
il L B A, REAAIE HA R AR B B K
AT VE FIRFIR GO RO 546 o TSR B By B T DA
SEILGRRERORL R B ], AR AR K R R 3
RSBk ThEeA B EE kB, Sui P =AM
F(AAO AR, dId AP EOR, 3R/18 T4
RGN KA G5 Cheng 2D E B A 205 - R4
8 b A 2208 )50 B TR B R IR AA,  3RAS T IR
FIEAL S50 . AR, Koh PR =B = 40
TFIRWTEA NG -/KAE B 4% T 40Kk
AR, BRI GHRASIAR 1) 8] 2 T 6 2 4
AT ORISR 20 e e, B JERT IRk IS, 738 T %
DGR Chen 255056 PN, 442K £ T 4
RLHEAT T IEFEME LB h, 153 T 422 SAESE S5 1 1)
3D GUERMEATIEURL, B A EE, ZEEMESE -
5 7 UL Pe(1 1 1) v R B A 2 o FH TR S AR R
M2, g R)E R HEE R PyC T 22

fE1#) ORR ¥ 14 .
2 GeREAEEME

2.1 &4

R AR &R SHIR A H & & S, 2H
AT SR BUR AR R B B it IR s seit, I H
AT A AT O A AT LU
B B PR AT BOAR GRS 5 L S AR [ 30%
£ 40%)", EEREIRIS 2 B 4 15 TASA LS
PP, DRSS R S AR S 1S, e
MERA TR, ik, SERLSERLEAS
Wk . S48, SRR TIRER 3 MR
e BN, B, gFX, muaFRRE
BEARALAI AL PERERY . & AR @ AR I3 —
FRE B, gglO0O [ pRl6al ISl g (64 A les]
BRLOOL ARIOTOSIE DG B BRR SN A &
WHEMERED . FRRY, A48T HE LT
ALLFIURRE: BHEM PPt R T45 A 8E 3 S5
s 46 AR St I 4 TR 4 A SR B e LR £ T
700, 22 41 4 ) %2 B e A 285 I 3 B A1 B 7 d
Fo FRETER d A B (e JE st e R R TR R
B4 FEH) ORR AR =M BHHE R, X s lR]
ZEEMA PO S5iGRE, BURMINETE AL AL
&, ooRMEATTREE, SRR, HE RSk
FHERE Pt AR, W Wang ZMHFR T
PIM/P(111) (M=% HR)FRI)ZHIETEAL, KA
[ i P AV 1 B2 L3 2 F AR TR ) A8 SR ML B
BT, DU A 3R 4 R T O R T A4 SR T 52
B FLAL BN B BE T ORR 376 s B fig 22 M,
T 84 5 24 0 R T B T DA SE B Ak 5 P A 3 T

BTN A i 2% o g IR 7 VR VA TR
P, MEFRRRSE TRyl 2 A m 2 o il.
JEF 5 HAth 4 8 JE AR T P % s LA [ e S
JEAZ A o T TRV T T A AR 4 i K Ak LA
SERRIE SR AR, R R 5 B R A SR, 40 NaBH,.
i AR P RS S LT e — 5, SEE
B4 B TR LA Ed R AN SR . Liu 27514
SE W CEER R, RO R T A S ik
T PtygCoso HEALT: Lee LA J 4T I LR
Ay I % N RVAY <t /552 b i | 1. S =
SR, R R SRS RS S s
FIRZAER, /15T PtRu &4 . AN, BRER
R RSB IR G, WkEA R TR



54

FREIEEE: BTSRRI 2K AR T 75

HHEETY, A SRR ELE A AL
PERGEIT. Wang %Pl H,PCleH,0 CoCLH,0
NETIRAR, A AT 1A ) PtCo sl
A INARRIRL . DLV R 4 0 781200 B 73 W
T S PR AR, B\ D9 e SEB AT RN
Ry AN IR P S VA TR AR S
2.2 RS

et et —2 kR, ot PtM(H
PtNi,. PtCo,. PtCu, %) RAEME AL, EREL
FL Y BB S B — g BT 1], B A S ) g iy ik A
brERERTERERICRE, EEAEE TR
K, TR 2 H0U2 #1140 78 )2 (Pt-monolayer. Pt-skin
8 Pt-skeleton){J#%-7%(Core-Shell) 45 #4®4. DLy
<R S5 AL 16 K A AL IR CRAE VS L TR A
A A 20k T HEEE, IRl R S5 iH5R =
(8] ) B R FHAOLAK T 32 Z A0 S 4 B 70 (OHLg) R
B, Zhang Z5PR 1, ORR A faj S F AR — A
o TIRINTEREAL IR S O-O BRI O-H
AR, R TR d PUEREE RO E SR
B IR B BE B IAH G . ) RO B AR AE B
Z AR, e e TS SRR MR, ez Il
RIS Fk, A AR RS R d
IR O AL BRI IS T

I BI85 50 i) LT 5 4 RS B R/ E F
S, REZ-T RGP BARRE ) SN i AR AME
7& H AT ORR AL FRIRTE 70 1) 2 f e, HL 32 00
AR R . Stamenkovic 205 PINi fEZE R A 4
SEBIFCJE R e, ORR B ) A A8 T HAAE LRI R
3, Y50 AR50 2 s th dse i A TS 7
AW D BB L S A Z T oAk PR S &
RS Pt-O W B RERE I, B FT7 0] NAH 25 5)
IR 2] 5 B0 70 S 4 R 3 H TR ARG B
BT R R A, I n) T I R S R -
F4ER] . Shao SR A K AT ARAE 3 nm
B 4B A K SURL R RS E d ThD B DTAR 7B R, 4T
T I SRR T = A R SR R, TS
fHEAL T ORR W12 [/ RO NI Y 1.6 5. Xie
ST ) ) T T 1~6 N ET R AT
Pd-Pt 3Ly AA%-5e 45K, R T REON 1 IR
2 LU 1 (mass activity) s, A 2 8E 3 BFRAR LGS
P (specific activity)ft&r. Vukmirovic 285 %K
W, FERATE R B N oAb R 5 — 2 AR AL LA
OH YRk i, Biibaihas. Adzic %MW 4. 4.
B KL HRL BRESEBAREmIch s, B

131 Pd-PtRe GG ERTH PYC 1)
445 1% K-S S AR o T 4 8 1E) 1 IR 1 0,
JEULH T R & R AU R A e . IR L
TR A 53 B AR A FRIE A s I3k 7 LA R 2 I
LY, (0% & R gk AR Z R ohaE, W]
DASEHLE 42 8 A TR BT AR AL 2 5L T B2 15
R

FAXT T 572 2 3 AN G B BOE R . 28
P FRE e, B ARG, RERD R
PRI FIBURL K 4%, FERRRARE. AR
B AR R R B — e A &L, b
J 4B TN REE I L R SRS R, Lt
B AR TR % 20RE 6 Pt-O W BH Ag Fry 42 3 ) B
R o (A% e A MR A S 2 DS &N
¥, #1457 NE R AT AR KA S HA,
1 PACoP?. PANi®, PdFeP¥. pdcu®. Pdrr®®,
PAAU®T%% . Xia 258 % AOTRAK S 130 ) PAd@Pt
WFEMEALT, B EEEIE R PYC AL 7~9
£, RS RN 0.148%(HH LTk Pr/C i
LFIFEAR T 85.9%); Shao 2% *M % (] PACu@Pt
AT 2AH 24T PYC AL 14 £ ORR & .

3 SEARHE

Zi b, H RTARBHRORLAE A0 )72 i 4% T B T
MIwE e, BRI R, SORRERTHIA A
FANENE . WRSE S i AR5 F 1R R EORE
IR AN ECYA I 2 LI E Rl DN 42 i e i)
THEAT . OO SE . 2 S S AT P 1] A
WRORER, BHUEA RIS R34 H7E ORR
AR AR, LS s AL ORR
PERIFRI 2 B TRk G, R0 H R
SEAORAEAL TR % T LERL R I —38, D
R R EAEGUOR AR TR, DAAR S & Jm v
B AR, AT DK B2 BRI A4 2
A AR, AT UEE AR St R S R
IR, DEALEA e E T AR T b, e e 2k
AR S MRS VE s (H TR ST B R AR
B2, MEENFERRESR, ORI
Bid, St @ EocR (k. L BREE)I R Tk
PEANEE, DRI AR Dt R A% T SR AR AL 7RI £E
T AR} R It S FE TR TS TR e K I Bk o

UEAk,  BLE R R T BOE A T AR K A
AT B — ORGP KA ST (/N RS 28 3R TR )



76

pal

&

41 %

SAEATE 1 o T MR AR TR TE Jof 52 F60 B AR P 9 A
KB, 2 N RISt 2 R B A K AR 7 R
ST S TR AR AR B (gl oK
M 2L BAREIRT R YRR, (FEE AR
TV T A, MSE FEE M=, MRSk
AT 2 8] B A 7R ORI R AR o 2 [D BE 4
JR AL AN AR B I IE R HPA A AE s 7RG
JSAESIWAL: B W= 62 2Y 3 VAR Rt SE A P S A ol
TR ARAG R NI AR, 33— 25 B AR o [R) 44 dn S 2 T
(Oaa)~ FEHE TG (OH, ) 55 75 fhe A0 77 R THI G HEAL (1)
W B, PR B AR (0 77 3 TH 45 #06T ORR 3R (520

VR W 90 2H 0 Bk B S SR B AL 6 Tk
BB RO, P AL AR T AR 45 BR,
W AT, W R R gk A S R . S
W IR BHEER S T SRIREY RN 4N A
PR RN, 28 BIERY EARR T A T 9K A R
FIERSE. AR, TR EfEsdt, gtk T
B 7 B B AL75#E PEMEC HLi 1 /) ORR HLfEAL,
PERE, WFFE T BAZESEL BARIESITES S H L
FeREL I RE = F A R R, gE R, B
FEF SR FIAE PEMFC B FH A B30,
it B D Re A0 B 368 7 45 0 H R I TR 3 454
ZH, NPT ORR HLEERFFUHRAL 7 —T %
fFo BRACTIE R K md . mfeEtE, ik
MNP ARRERE, TERRRL AR A0 7 ) &
B W R T 8 2 S ANME -

SRR
[1] YANG T, PUKAZHSELVAN D, DA SILVA E L, et al.
Highly branched Pt-Cu nanodandelion with high activity

for oxygen reduction reaction[J]. International Journal
of Hydrogen Energy, 2019, 44(1): 174-179.

[21 YILMAZ M S, KAPLAN B Y, GURSEL S A, et al.
Binary CuPt alloy nanoparticles assembled on reduced
graphene oxide-carbon black hybrid as efficient and cost-
effective electrocatalyst for PEMFC[J].
Journal of Hydrogen Energy, 2019, 44(27): 14184-14192.

[3] WONJE, KWAK D H, HAN S B, et al. Ptlr/Ti,O; as a

bifunctional

International

electrocatalyst for improved oxygen
reduction and oxygen evolution reactions[J]. Journal of
Catalysis, 2018, 358: 287-294.

[4] MAO L C, FU K, JIN J H, et al. PtFe alloy catalyst
supported on porous carbon nanofiber with high activity
and durability for oxygen reduction reaction[J].

International Journal of Hydrogen Energy, 2019, 44(33):

18083-18092.

[3]

[7]

(8]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

LI B, WANG J, GAO X, et al. High performance
octahedral PtNi/C catalysts investigated from rotating
disk electrode to membrane electrode assembly[J]. Nano
Research, 2019, 12(2): 281-287.

APPLEBY A J. Electrocatalysis and fuel cells[J].
Catalysis Reviews, 1970, 4(2): 221-287.

ZHANG J, SASAKI K, SUTTER E, et al. Stabilization of
platinum oxygen-reduction electrocatalysts using gold
clusters[J]. Science, 2007, 315(5809): 220-222.

LIU Q B, DU L, FU G T, et al. Structurally ordered Fe;Pt
nanoparticles on robust nitride support as a high
performance catalyst for the oxygen reduction reaction[J].
Advanced Energy Materials, 2019, 9(3): 1803040.

BEUK, XUEE, Begt, S5, BT ACHAOR A R H A 2
sk R SRR D). $2 4R, 2019, 40(2): 73-82.

BAO B, LIU F, DUAN X, et al. Review on progress of
membrane electrode assembly
membrane Fuel cell[J]. Precious Metals, 2019, 40(2):
73-82.

TANG Y F, ZHANG H M, ZHONG H X, et al. Carbon-
supported Pd-Pt cathode electrocatalysts for proton

in proton-exchange

exchange membrane fuel cell[J]. Journal of Power
Sources, 2011, 196(7): 3523-3529.

JIANG Y, ZHANG J, QIN Y H, et al. Ultrasonic synthesis
of nitrogen-doped carbon nanofibers as platinum catalyst
support for oxygen reduction[J]. Journal of Power
Sources, 2011, 196(22): 9356-9360.

MURATA S, IMANISHI M, HASEGAWA S, et al.
Vertically aligned carbon nanotube electrodes for high
current density operating proton exchange membrane fuel
cell[J]. Journal of Power Sources, 2014, 253: 104-113.
RAO C V,REDDY AL M, ISHIKAWAY, et al. Synthesis
and electrocatalytic oxygen reduction activity of
graphene-supported Pt;Co and Pt;Cr alloy nanoparticles
[J]. Carbon, 2011, 49(3): 931-936.

CHEN M J, HE Y H, SPENDELOW J S, et al. Atomically
dispersed metal catalysts for oxygen reduction[J]. ACS
Energy Letters, 2019, 4(7): 1619-1633.

CHEN W, HUANG J, WEI J, et al. Origins of high onset
overpotential of oxygen reduction reaction at Pt-based
electrocatalysts: A mini review[J].
Communications, 2018, 96: 71-76.
WANG C, MARKOVIC N M, STAMENKOVIC V R.
Advanced platinum alloy electrocatalysts for the oxygen

ACS Catalysis, 2012, 2(5):

Electrochemistry

reduction
891-898.
GAN Y, WANG Z D, SHI Y, et al. Effective size-

reaction[J].



54

FREIEEE: BTSRRI 2K AR T 77

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

controlled synthesis and electrochemical characterization
of ordered Pt nanopattern arrays from self-assembling
block copolymer template[J]. Journal of Materials
Science, 2018, 53(6): 4089-4102.

STACY J, REGMI Y N, LEONARD B, et al. The recent

progress and future of oxygen reduction reaction catalysis:

A review[J]. Renewable & Sustainable Energy Reviews,
2017, 69: 401-414.

WANG Y J, ZHAO N N, FANG B Z, et al. Carbon-
supported Pt-based alloy electrocatalysts for the oxygen
reduction reaction in polymer electrolyte membrane fuel
cell: Particle size, shape, and composition manipulation
and their impact to activity[J]. Chemical Reviews, 2015,
115(9): 3433-3467.
SHAO M H, PELES A, SHOEMAKER K.
Electrocatalysis on platinum nanoparticles: particle size
effect on oxygen reduction reaction activity[J]. Nano
Letters, 2011, 11(9): 3714-3719.

EE, SEE, WA, & BT A BRI A
SRR FURE ], b TR, 2018, 32(9): 52-55.
WANG H H, FENG J, XIE Z Y, et al. Research
progresses of platinum-based catalysts for proton
exchange membrane Fuel cells[J]. Chemical Engineer,
2018, 32(9): 52-55.

ROLDAN CUENYA B. Synthesis and catalytic properties
of metal nanoparticles: Size, shape, support, composition,
and oxidation state effects[J]. Thin Solid Films, 2010,
518(12): 3127-3150.

FANG B Z, KIM M S, KIM J H, et al. High Pt loading on
functionalized multiwall carbon nanotubes as a highly
efficient cathode electrocatalyst for proton exchange
membrane fuel cell[J]. Journal of Materials Chemistry,
2011, 21(22): 8066-8073.

OZKAR S, FINKE R G. Nanocluster formation and
stabilization fundamental studies: Ranking commonly
employed anionic stabilizers via the development, then
application, of five comparative criteria[J]. Journal of the
American Chemical Society, 2002, 124(20): 5796-5810.
YU G Y, CHEN W X, ZHAO J, et al. Synthesis of highly
dispersed Pt/C electrocatalysts in ethylene glycol using
acetate stabilizer for methanol electrooxidation[J]. Journal
of Applied Electrochemistry, 2006, 36(9): 1021-1025.
WANG Y J, ZHAO N, FANG B Z, et al. A highly
efficient PtCo/C electrocatalyst for the oxygen reduction
reaction[J]. RSC Advances, 2016, 6(41): 34484-34491.
GUO J W, ZHAO T S, PRABHURAM J,

Preparation and the physical/electrochemical properties of

et al.

[28]

[29]

[31]

[33]

[34]

[36]

[38]

a Pt/C nanocatalyst stabilized by citric acid for polymer
electrolyte fuel cell[J]. Electrochimica Acta, 2005, 50(10):
1973-1983.

KANG W J, LI R, WEI D H, et al. CTAB-reduced
synthesis of urchin-like Pt-Cu alloy nanostructures and
catalysis study towards the methanol oxidation reaction[J].
RSC Advances, 2015, 5(114): 94210-94215.

CHOI S I. Facile synthesis of platinum octahedra and
cubes through the manipulation of reduction kinetics[J].
Advanced Powder Technology, 2016, 27(4): 1862-1867.
EL-DEEB H, BRON M. Microwave-assisted polyol
synthesis of PtCu/carbon nanotube catalysts for
electrocatalytic oxygen reduction[J]. Journal of Power
Sources, 2015, 275: 893-900.

DU L, ZHANG S, CHEN G Y, et al. Polyelectrolyte
assisted synthesis and enhanced oxygen reduction activity
of Pt nanocrystals with controllable shape and size[J].
ACS Applied Materials & Interfaces, 2014, 6(16):
14043-14049.

WANG D L, LU S F, JIANG S P. Tetrahydrofuran-
functionalized multi-walled carbon nanotubes as effective
support for Pt and PtSn electrocatalysts of fuel cell[J].
Electrochimica Acta, 2010, 55(8): 2964-2971.

BEZERRA C W B, ZHANG L, LIU H S, et al. A review
of heat-treatment effects on activity and stability of PEM
fuel cell catalysts for oxygen reduction reaction[J].
Journal of Power Sources, 2007, 173(2): 891-908.
CHANDAN A, HATTENBERGER M, EL-KHAROUF A,
High electrolyte
membrane fuel cell (PEMFC) - A review[J]. Journal of
Power Sources, 2013, 231: 264-278.

ABEDINI A, DAUD AR, HAMID M A A, et al. A review

on radiation-induced nucleation and growth of colloidal

et al temperature(HT) polymer

metallic nanoparticles[J]. Nanoscale Research Letters,
2013, 8: 474.

FANG B, CHAUDHARI N K, KIM M S, et al
Homogeneous deposition of platinum nanoparticles on
carbon black for proton exchange membrane fuel cell[J].
Journal of the American Chemical Society, 2009, 131(42):
15330-15338.

KIM M S, LIM S, CHAUDHARI N K, et al. Effect of pH
on electrocatalytic property of supported PtRu catalysts in
proton exchange membrane fuel cell[J]. Catalysis Today,
2010, 158(3/4): 354-360.

RUSNAENI N, PURWANTO W, NASIKIN M, et al. The
Effect of NaOH in the formation PtNi/C nanocatalyst for
cathode of PEMFCJ[J]. Journal of Applied Sciences, 2010,



78 B & R Ha1%
10(22): 2899-2904. platinum nanoframes with high-index facets and

[39] YANG S C, PENG Z M, YANG H. Platinum lead enhanced electrocatalytic properties[J]. Angewandte
nanostructures: Formation, phase behavior, and electro- Chemie - International Edition, 2013, 52(47): 12337-
catalytic properties[J]. Advanced Functional Materials, 12340.

2008, 18(18): 2745-2753. [S1] GU D, SCHUTH F. Synthesis of non-siliceous

[40] CHEN Q S, VIDAL-IGLESIAS F J, SOLLA-GULLON J, mesoporous oxides[J]. Chemical Society Reviews, 2014,
et al. Role of surface defect sites: From Pt model surfaces 43(1): 313-344.
to shape-controlled nanoparticles[J]. Chemical Science, [52] SUI Y C, SKOMSKI R, SORGE K D, et al. Nanotube
2012, 3(1): 136-147. magnetism[J]. Applied Physics Letters, 2004, 84(9):

[41] ZENG X M, HUANG R, SHAO G F, et al 1525-1527.

High-index-faceted platinum nanoparticles: Insights into [S3] CHENG F Y, MA H, LI Y M, et al. Nij_Pt, (x=0~0.12)
structural and thermal stabilities and shape evolution from hollow spheres as catalysts for hydrogen generation from
atomistic simulations[J]. Journal of Materials Chemistry ammonia borane[J]. Inorganic Chemistry, 2007, 46(3):
A, 2014, 2(29): 11480-11489. 788-794.

[42] WANG C, DAIMON H, LEE Y, et al. Synthesis of [54] KOH H D, PARK S, RUSSELL T P. Fabrication of Pt/Au
monodisperse Pt nanocubes and their enhanced catalysis concentric spheres from triblock copolymer[J]. ACS
for oxygen reduction[J]. Journal of the American Nano, 2010, 4(2): 1124-1130.

Chemical Society, 2007, 129(22): 6974-6975. [55] CHEN C, KANG Y J, HUO Z Y, et al. Highly crystalline

[43] WANG C, DAIMON H, ONODERA T, et al. A general multimetallic nanoframes with three-dimensional electro-
approach to the size- and shape-controlled synthesis of catalytic surfaces[J]. Science, 2014, 343(6177): 1339-
platinum nanoparticles and their catalytic reduction of 1343.
oxygen[J]. Angewandte Chemie - International Edition, [56] S, BRAR, Z5REN, 5. HHAEE A S MK T
2008, 47(19): 3588-3591. WAL ED]. 54 A, 2015, 36(S1): 129-137.

[44] TAO A R, HABAS S, YANG P D. Shape control of FENG Y, CHEN D, LI C Y, et al. Platinum-based
colloidal metal nanocrystals[J]. Small, 2008, 4(3): electrocatalysts ~with  composite  nanostructures[J].
310-325. Precious Metals, 2015, 36(S1): 129-137.

[45] YIN Y, ALIVISATOS A P. Colloidal nanocrystal [57] CHOI J, CHO J, ROH C W, et al. Au-doped PtCo/C
synthesis and the organic-inorganic interface[J]. Nature, catalyst preventing Co leaching for proton exchange
2005, 437(7059): 664-670. membrane fuel cell[J]. Applied Catalysis B -

[46] LIUM M, ZHANG R Z, CHEN W. Graphene-supported Environmental, 2019, 247: 142-149.
nanoelectrocatalysts for fuel cell: Synthesis, properties, [58] PENG Z M, YANG H. Designer platinum nanoparticles:
and applications[J]. Chemical Reviews, 2014, 114(10): Control of shape, composition in alloy, nanostructure and
5117-5160. electrocatalytic property[J]. Nano Today, 2009, 4(2):

[47] TIAN N, ZHOU Z Y, SUN S G, et al. Synthesis of 143-164.
tetrahexahedral platinum nanocrystals with high-index [59] LV H, WANG J, YAN Z, et al. Carbon-supported Pt-Co
facets and high electro-oxidation activity[J]. Science, nanowires as a novel cathode catalyst for proton exchange
2007, 316(5825): 732-735. membrane fuel cells[J]. Fuel Cells, 2017, 17(5): 635-642.

[48] MA L, WANG C M, GONG M, et al. Control over the [60] LIM J, SHIN H, KIM M, et al. Ga-doped Pt-Ni octahedral
branched structures of platinum nanocrystals for electro- nanoparticles as a highly active and durable electro-
catalytic applications[J]. ACS Nano, 2012, 6(11): 9797- catalyst for oxygen reduction reaction[J]. Nano Letters,
9806. 2018, 18(4): 2450-2458.

[49] LI D G WANG C, STRMCNIK D 8§, et al. Functional [61] ASSET T, GOMMES C J, DRNEC J, et al. Disentangling
links between Pt single crystal morphology and the degradation pathways of highly defective PtNi/C
nanoparticles with different size and shape: The oxygen nanostructures - An operando wide and small angle X-ray
reduction reaction case[J]. Energy & Environmental scattering study[J]. ACS Catalysis, 2019, 9(1): 160-167.
Science, 2014, 7(12): 4061-4069. [62] WANG N N, LI Y Q, GUO Z L, et al. Minute quantities

[50] XIA B Y, WU H B, WANG X, et al. Highly concave of hexagonal nanoplates PtFe alloy with facile operating



54

FREIEEE: BTSRRI 2K AR T 79

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

conditions enhanced electrocatalytic —activity —and
durability for oxygen reduction reaction[J]. Journal of
Alloys and Compounds, 2018, 752: 23-31.

LIANG Y T, LIN S P, LIU C W, et al. The performance
and stability of the oxygen reduction reaction on Pt-M
(M=Pd, Ag and Au) nanorods: An experimental and
computational study[J]. Chemical Communications, 2015,
51(30): 6605-6608.

JEON M K, ZHANG Y A, MCGINN P J. A comparative
study of PtCo, PtCr, and PtCoCr catalysts for oxygen
electro-reduction reaction[J]. Electrochimica Acta, 2010,
55(19): 5318-5325.

NGUYEN V T, NGUYEN N A, ALI Y, et al. Graphene
dot armored PtMo nanosponge as a highly efficient and
stable electrocatalyst for hydrogen evolution reactions in
both acidic and alkaline media[J]. Carbon, 2019, 146:
116-124.

GRINBERG V A, MAYOROVA N A, PASYNSKY A A,
et al. Nanosized catalysts of oxygen reduction reaction
prepared on the base of bimetallic cluster compounds[J].
Electrochimica Acta, 2019, 299: 886-893.

LANG X Y, HAN G F, XIAO B B, et al. Mesostructured
intermetallic compounds of platinum and non-transition
metals for enhanced electrocatalysis of oxygen reduction
reaction[J]. Advanced Functional Materials, 2015, 25(2):
230-237.

XIONG Y, XIN P Y, CHEN W X, et al. PtAl truncated
octahedron nanocrystals for improved formic acid electro-
oxidation[J]. Chemical Communications, 2018, 54(32):
3951-3954.

STEPHENS I E L, BONDARENKO A S, GRONBJERG
U, et al. Understanding the electrocatalysis of oxygen
reduction on platinum and its alloys[J]. Energy &
Environmental Science, 2012, 5(5): 6744-6762.
JEONTY, YOO S J, CHO Y H, et al. Influence of oxide
on the oxygen reduction reaction of carbon-supported
Pt-Ni alloy nanoparticles[J].
Chemistry C, 2009, 113(45): 19732-19739.
STAMENKOVIC V R, MUN B S, ARENZ M, et al.

Journal of Physical

Trends in electrocatalysis on extended and nanoscale
Pt-bimetallic alloy surfaces[J]. Nature Materials, 2007,
6(3): 241-247.

HWANG S J, KIM S K, LEE J G, et al. Role of electronic
perturbation in stability and activity of Pt-based alloy
nanocatalysts for oxygen reduction[J]. Journal of the
American Chemical Society, 2012, 134(48): 19508-
19511.

[73]

[75]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

ZHANG J L, VUKMIROVIC M B, SASAKI K, et al.
Mixed-metal Pt monolayer electrocatalysts for enhanced
oxygen reduction kinetics[J]. Journal of the American
Chemical Society, 2005, 127(36): 12480-12481.

WANG J, LIU D F, LI L, et al. Origin of the enhanced
catalytic activity of PtM/Pd (111) with doped atoms
changing from chemically inert Au to active Os[J].
Journal of Physical Chemistry C, 2017, 121(16):
8781-8786.

MAKSIMUK S, YANG S C, PENG Z M, et al. Synthesis
and characterization of ordered intermetallic PtPb
nanorods[J]. Journal of the American Chemical Society,
2007, 129(28): 8684.

LIU Z F, ADAE T, SHAMSUZZOHA M, et al. Synthesis
and activation of PtRu alloyed nanoparticles with
controlled size and composition[J].
Materials, 2006, 18(20): 4946-4951.

LEE Y H, LEE G, SHIM J H, et al. Monodisperse PtRu

Chemistry of

nanoalloy on carbon as a high-performance DMFC
catalyst[J]. 2006, 18(18):
4209-4211.

ZHAO W Y, NI B, YUAN Q, et al. Highly active and

durable Pt;;Ru,gs porous nanoalloy assembled with

Chemistry of Materials,

sub-4.0 nm particles for methanol oxidation[J]. Advanced
Energy Materials, 2017, 7(8): 593.

WANG D L, XIN H L L, HOVDEN R, et al. Structurally
ordered intermetallic platinum-cobalt core-shell nano-
particles with enhanced activity and stability as oxygen
reduction electrocatalysts[J]. Nature Materials, 2013,
12(1): 81-87.

JI X L, LEE K T, HOLDEN R, et al. Nanocrystalline
intermetallics on mesoporous carbon for direct formic
acid fuel cell anodes[J]. Nature Chemistry, 2010, 2(4):
286-293.

LIU Z F, JACKSON G S, EICHHORN B W. PtSn
intermetallic, core-shell, and alloy nanoparticles as CO-
tolerant electrocatalysts for H, oxidation[J]. Angewandte
Chemie - International Edition, 2010, 49(18): 3173-3176.
WaE, BIEDG, EKE, & BT AR AR L
PEEAFL AL TR TSR T]. $R&JR, 2016, 37(4): 71-77.
YANG J F, Bl X G WANG H Y, et al. Research progress
in modified Pt-based catalysts for proton exchange
membrane fuel cell[J]. Precious Metals, 2016, 37(4):
71-77.

BRANKOVIC S R, WANG J X, ADZIC R R. Metal
monolayer deposition by replacement of metal adlayers
on electrode surfaces[J]. Surface Science, 2001, 474(1/3):



il b G R B4 %
L173-L179. American ~ Chemical  Society, 2009, 131(35):

[84] ZHANG J L, VUKMIROVIC M B, XU Y, et al 12755-12762.

Controlling the catalytic activity of platinum-monolayer [95] SHAO M H, SHOEMAKER K, PELES A, et al. Pt mono
electrocatalysts for oxygen reduction with different layer on porous Pd-Cu alloys as oxygen reduction electro-
substrates[J]. Angewandte Chemie - International Edition, catalysts[J]. Journal of the American Chemical Society,
2005, 44(14): 2132-2135. 2010, 132(27): 9253-9255.

[85] STAMENKOVIC V R, FOWLER B, MUN B S, et al. [96] KARAN H I, SASAKI K, KUTTIYIEL K, et al. Catalytic
Improved oxygen reduction activity on Pt;Ni(111) via activity of platinum mono layer on iridium and rhenium
increased surface site availability[J]. Science, 2007, alloy nanoparticles for the oxygen reduction reaction[J].
315(5811): 493-497. ACS Catalysis, 2012, 2(5): 817-824.

[86] SHAO M H, PELES A, SHOEMAKER K, et al [97] ZHANG L, IYYAMPERUMAL R, YANCEY D F, et al.
Enhanced oxygen reduction activity of platinum Design of Pt-shell nanoparticles with alloy cores for the
monolayer on gold nanoparticles[J]. Journal of Physical oxygen reduction reaction[J]. ACS Nano, 2013, 7(10):
Chemistry Letters, 2011, 2(2): 67-72. 9168-9172.

[87] XIE S F, CHOI S I, LU N, et al. Atomic layer-by-layer [98] XIA M R, LIU Y, WEI Z D, et al. Pd-induced Pt(IV)
deposition of Pt on Pd nanocubes for catalysts with reduction to form Pd@Pt/CNT core@shell catalyst for a
enhanced activity and durability toward oxygen more complete oxygen reduction[J]. Journal of Materials
reduction[J]. Nano Letters, 2014, 14(6): 3570-3576. Chemistry A, 2013, 1(46): 14443-14448.

[88] VUKMIROVIC M B, ZHANG J, SASAKI K, et al. [99] Z=#R, MRk, ZLTHR. BISEPRH At S0 iR I B R A7)
Platinum monolayer electrocatalysts for oxygen reduction AL D). HAk, 2018, 24(6): 589-601.

[J]. Electrochimica Acta, 2007, 52(6): 2257-2263. LI J, FENG X, WEI Z D. Recent progress in Pt-based

[89] ADZIC R R, ZHANG J, SASAKI K, et al. Platinum catalysts for oxygen reduction reaction[J]. Journal of
monolayer fuel cell electrocatalysts[J]. Topics in Catalysis, Electrochemistry, 2018, 24(6): 589-601.

2007, 46(3/4): 249-262. [100] K 73, SEtE, SHAZ, . R i b AR A

[90] XIE Y'Y, WANG H, XU G L, et al. In operando XRD and e R 3R [T]. Bt4)8, 2014, 35(2): 89-97.

TXM study on the metastable structure change of GUY W, MABH, LI YY, et al. Research progress of
NaNi;sFe;sMn; 30, under electrochemical sodium-ion Pt-based electro-catalyst for automotive fuel cell[J].
intercalation[J]. Advanced Energy Materials, 2016, 6(24). Precious Metals, 2014, 35(2): 89-97.

[91] WANG C, CHI M F, LI D G et al. Design and synthesis [T01]GAN Y A, WANG Z D, LU Z X, et al. Control on the
of bimetallic electrocatalyst with multilayered Pt-skin morphology of ABA amphiphilic triblock copolymer
surfaces[J]. Journal of the American Chemical Society, micelles in dioxane/water mixture solvent[J]. Chinese
2011, 133(36): 14396-14403. Journal of Polymer Science, 2018, 36(6): 728-735.

[92] ZHOU W P, SASAKI K, SU D, et al. Gram-scale- [102]DENG Z Y, YUAN S, XU R X, et al. Reduction-triggered
synthesized Pd,Co-supported Pt monolayer electro- transformation of disulfide-containing micelles at
catalysts for oxygen reduction reaction[J]. Journal of chemically tunable rates[J]. Angewandte Chemie-
Physical Chemistry C, 2010, 114(19): 8950-8957. International Edition, 2018, 57(29): 8896-8900.

[93] SHAO M H, SMITH B H, GUERRERO S, et al. Core- [103] WANG Z D, GUO C Q, GAN Y, et al. Patterning of Au
shell catalysts consisting of nanoporous cores for oxygen nanoparticles via secondary phase-separation of large-
reduction reaction[J]. Physical Chemistry Chemical sized compound micelles of amphiphilic block copolymer
Physics, 2013, 15(36): 15078-15090. [J]. Materials Letters, 2017, 194: 135-137.

[94] ZHOU W P, YANG X F, VUKMIROVIC M B, et al. [104]GAN Y, WANG Z D, SHI Y, et al. Synthesis of

Improving electrocatalysts for O, reduction by fine-tuning
the Pt-support interaction: Pt monolayer on the surfaces

of a Pd;Fe(111) single-crystal alloy[J]. Journal of the

density-multiplied Pt-NP arrays and their application in
fuel cell by self-assembly of di-block copolymer[J].
Electrochimica Acta, 2018, 283: 1-10.



