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W BERITCHUS (ORR) {E1EE EHMERRO PtD d- Ny Fe vy — L OBRERRL 72012, H—FKr 7
7 v 7 112 PtCo. PtFe. PtNi @B HALGWF 2 RF 2 G L7z, GlE et ¥ 7 VIFE LA 2L 2§ 2
&T, PtX (X : Co. Fe. Ni) B2 X LHEABRICHIBE S E72, @7z X TROBBEAS VA AT S PtX F/
Kf% ORRIGHEHEB L OF /R FRHDO Pt D d- N> Kt v ¥y —DREZIT-72. TRODOHETHELNfEZ
AWT, d- NV FEe v =% ORRIEEOMBEA 7T Yy M &N, TS50 7y MIKIIBOEZRL, §XTO
TEAIE, -3.7eVAHET1.0-1.5 mAem™® (at 0.9V vs. RHE) Th o720 TNHDREREDNS, PX I2BIF 5 X i#%
BERERICRBE S B2 v 7BV T, Ko 7a v + (volcano plot) 235N n 2 & 2R L 72,

Abstract : In order to discuss the relationship between ORR activity and d-band center of Pt in electrocatalysts,
PtCo, PtFe and PtNi ordered intermetallic compound nanoparticles (NPs) deposited on carbon black (CB) were
synthesized. The samples were electrochemically treated by potential cycling to dissolve the second elements
X from PtX (X : Co, Fe and Ni) NP surfaces. The PtX/CB samples having different degree of dissolution of X
elements in the PtX were applied to measurements of ORR activity and d-band center of Pt on the PtX surfaces.
With the values obtained in the measurements, the relationship between the d-band center of Pt and ORR activity
were plotted. The plots exhibited volcano shapes and their tops were located around -3.7eV. The ORR activities
at the tops were 1.0-1.5 mAcm * (at 0.9 V vs. RHE). The position of the tops of the volcano plots almost matched
among three PtX/CB samples tested. From the results, it was confirmed that the volcano shape could be observed
even in the PtX NPs in which X elements were electrochemically dissolved stepwise.

Key Words : Electrocatalysis, Oxygen Reduction Reaction (ORR), Ordered Intermetallic Compounds, Pt-Based
Nanoparticle, d-Band center, Volcano Plot
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LM CTH LA, FOPtEEEL L2PtREED
ORR BB L L CoOBMAICHET 2028504 < B o h,
Pt X D EWIEMEAHE SR TWE T, Th5DN—2Z
»HBE 21T, PtEMICEEFES T (0) 1 FMWEAE L, 0,D
RICHE O BEERRSIROHEIC > TB Y. THANEE
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2. RBRAE

2.1 PXEEBLSYMDEHK

PtCo B X U'PtFe @ & B 121X, E-TEK # 20wt % {1
FePt/ #—K> 75 v 2 (CB, Vulcan-XC72R) % H:#x
MEE LTHW, Pt /2R FICX i xR ELE
Wb EE5 2 LI2L D, PIX KT % CB LIZEK EE7,
PtCo &RV + — IV ik& W CTEB %17\, PtFe 13KFEL
) ZFVATFE)F 724 (1.0 M lithium triethylboro-
hydride in THF, Sigma-Aldrich). 7 bS5k Fa75

(THF. 99.5%. AOGHIE) % 2hZhEinH, BUSE S
WZH W7z, PtNi O A, Pt B X O°Ni FAE %2 THF 1I2%
fRSERFAT ) ZFVERTE)F Y AORITCICE ) B
WaER7z. & PtX OFBEMNFZ TR T,
2.1.1 PtCoDAK

50mg ® Pt/CB % 30mL ®TF L > 7 1) a—)b (99.5%
FGAESE) (B0 HEs (2510-MT. AS ONE #H#) %
VT 20 A S 872, EDH%. Pt & Co DENID]
xt 3127 % X9 ICHEERE 23V R IUKFIY ((CH3COO0) ,Co
© 4H,0. 99.0%. FOLHSER) 2xFL 7)) a—)h
WA, RSB 72002 20 45 S W0 &2 4T - 720
KAL) 7 A (99.5%, FDGHIEE) 20mg 2z 5L v 7
Y a— VERICIAZ, E5I200MAY —5—%HWwT
B EIT o720 AV =7 —THEZITVAREL <A 7 1k
A EEE (Discover” SP, CEM) # HHWTCo® 414+ v D
WL T/, TF VL Y7 ) a—VIEHEOE%Z 270 C
WD LD IC= A 7 a i 300W 2 Bg /5124 0k L
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Z )= VERWTHLN Y TV ERE LIz, Dk,
P TNET VT YEMHKTTT700 T, 3RHOSMTH
W AT o 720
2.1.2 PiFeDAK

KIglEy2abv vy 2954 v EHWUTolze TVIT V5
P4 T I8 C, 30mL @ THF |2 50mg @ Pt/CB % #8
HWTO0 5 Mo H S 7z, D, THF & O Pt
EFeDENVIANLINL.5 L% D X ) THEESILKY
(Fe(NOj) 5+ 9H,0. 99.9%. FGHIIRE) % 3R S22,
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BESEIC X0 BUSTE D S ER L7 v 7V & 5L 72,
Ay )= VERWTHEONIZY Y TIVE G LT €Dk,
P TNETVTVFEFAKTTT00TC. 3REH OS5 THhE
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2.1.3 PiNiOEH

FIgiEy 2y 2794 v EHWTTo 720 7T V5
A FICBWT, 30mL @ THF ~50mg ® CB Zjnz T
FWTO0 Mot sd7, 23.98mg Y7o (1,5- &
rut sy yxrr) A4 (D) (99.9% , Sigma-Aldrich)
& 18.25mg il = v 7 ANKFH (Ni(NOj) 5 - 6 H,0,
99.0%. BIHALA:) % THF WIS Z T, BHE WK T60
S E . TOBEBRTOPtE NIDOENVILA 1 X
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2.2 ABELEYTVOXFYyS7421)E—
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HEX L7 Y 7V CB EAofi 8 B X 0 PtX
IZBITS Pt & X OLRIELWET 5 720IFEHST
5 X G RoHEE (ICP-MS, Agilent, 7700x) % H\ 720
T2, PIX YU IV OGS R MERRT 5720 10Hh K X
HAEHT (pXRD) #ll % % RINT-Ultima I (Rigaku %) %
WTAT o 720 X #1E CuKa (1 =0.1548nm) ThH %o F
72y PtX ORFEIRZE: EOBIEITIE, AV F -G8 X
oM (EDX) & 2675 L 728 A8 8 B - SR (TEM/
STEM-EDX, JEM-2100F, JED-2300T, JEOL) % 7z,
KT AT & 100 B Ok T- 2% VTR L 720 AL
7oty TN B EOBEBLRAFICHAESLL L7290 > T
Dd-NY Ry —OEOREITE, X HOEE 50
% (HAXPES, SPring8 BL46XU) # i\:7z. PtX/CB ®
T2V ILRVEFEDARY MVENEL? 0.1eV I
ETMEZITV, FHOWERHIZ1s THo720 -1.5D
5 10eV OIS A 10 MM EEZ#EYERTZ LI2k), 7—
5% 7:.Cls DE—=27 Z W T Y — 7 L EOHRIEZTT -
720 N—2AF 4 ¥iZ Shirley #E12 X » THIIE 2417 - 72
d- NV Frery—id, Bohizaxsz vz et
EHCTERE LY,

d- NV K% —
= [ {(binding energy (E)) x ( ¥'— 27l (F))} dE/
J (binding energy (E)) dE o))

2.3 EEREHRH LU ORRIEHAIE

995 uL K, 250uL AV 7uaxXx) —VvBEL5 ul DF
Tak v/ Ay Tan ) =i (5% w/w, EW:1,100,
Sigma-Aldrich) Z{EETREBHEMHE L. ZORE
BHICAM L7 PtX/CB5mg MM A. BEWICL) 1H
Wi Sz, Bohey— 2 BEERZEE6 mm D
79y ==Ky (GC) 74 A2 EMITWHF L, HZE
WS E5 I LICR ), GC B FIZH— 20 il RE % TR
7z, GC B ~D Pt LR OHFFR L TR TOFERRIC

BUTA0ugem & 725 &) BB OM T & ZHE L
720 ORRIGMEDMZEIZB W TIE, bk U 7 fili it g A5 hlk 5
S N7z GC M & v T A X 0 57l 2 47 - 72,
T [ i K 1k, 1600rpm. FEA W HIEEE I 10mVs
W VA MR A AN 0.1M HCIO, KB &2 Fl v 7z =
BV E v, RBICH S, SR Ag/AgCl
(3M NaCl) BEi%x A7z, BIH% E X GC B O M
(0.3 0.3 x 3.14cm®) ZHWTEHE L7z, PXH DX
JTCEOBLEE T v 21, PtX il g 258 8 S /- i %
HwT, 7V Ty FZHAT 0.1M HCIO KRB IZB W
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BAHEHPA T E DRI TEMEI 2T 2L TXTH
Z PIX OEi &7, Bk o v A%, BRFEMM0.1M
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25 £ 1 CTlTo 7z, BHOBMOBRELXHAT LYY TNV
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Dx+7742)E—-ar
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OMFEFIF10-12wt% TH ). Pt & X O ILHE L H L,
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Fig. 1 12 PtX/CB ® &I v 72 (A)Pt/CB B X UG K
L 7z (B)PtCo/CB. (C)PtFe/CB. (D)PtNi/CB ® pXRD
N F — v & RT, [AKFIZ, Pt(JCPDS 87-0646). PtCo
(JCPDS 29-0499). PtFe(JCPDS 43-1359) ¥ X U PtNi
(JCPDS 65-2797) &E LG ORREY — 7 8y — 0 %
RLTW5h,
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E—-7%&RLTWV3

Fig. 1 pXRD patterns of as-prepared (A)Pt/CB, (B)PtCo/

CB, (C)PtFe/CB, (D)PtNi/CB electrocatalysts. The
solid bars in the XRD patterns are reference XRD pat-
terns of Pt(JCPDS 87-0646), PtCo (JCPDS 29-0499),
PtFe (JCPDS 43-1359) and PtNi(JCPDS 65-2797),
respectively.

(A)

S
20 nm

E2 4ABL7(A) PtCo/CB, (B) PtFe/CBH LU (C) PtNi/CB
Y2 TIVDTEME
Fig. 2 TEM images of as—prepared (A) PtCo/CB, (B) PtFe/
CB and (C) PtNi/CB.
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A% Fig.3 D ZNENORHPITIRT, GRS 7
FF1E CB RICHREEEIC /L CB D, PR3 -
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Fig. 3 Histograms of particle diameter of as-prepared (A)
PtCo/CB, (B)PtFe/CB and (C)PtNi/CB samples.
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X4 T Y 1 L% D(A)PtCo. (B) PtFe. (C)PINifL F D
STEM&H LV Zh S DRFOTRSHEYVvE> T, TF
<y EJIISTEMGHR D =RISA-> TRIE S
Fig. 4 STEM images of (A)PtCo, (B)PtFe and (C)PtNi na-
noparticles on CB after potential cycles and EDS line
profiles of Pt and Fe. The line profiles are obtained
along the dotted white lines shown in STEM images.

BOILANF—MEBIAD S (Fig.6)o #iRkE LT, eV
DFEIRIZB VT, 5d BB T 5 HAXPES AX7 bV
BEIAVEF—METT I Y7 b F5E92%b, 2D
S5AWMBEOFLOMEERT d-/NV FEry—ik, 20
Bt M A VF—MIALET S X9 12% %, PtFe/CB
(B-F) ¥ 7nicBwT, BY A 7 Vst llft-> T
ARG PVERPMEZ AN T I LT o8B LT b
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5 HAXPES#% H\\7-PtFe/CB(B-F) & L U'Pt/CB(A) ¥ > 7
VD 5JEEICEET 2 AT ML
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(C) PtFe/CB 5001 1 7 JL 1%, (D) PtFe/CB 10004 1 7 Jb
#%. (E) PtFe/CB 2000 1 77 JL#%. (F) PtFe/CB 100004 4
7k
Fig. 5 HAXPES spectrum of the 5d band for PtFe/CB and
Pt/CB.
(A) Pt/CB without potential cycles, (B)PtFe/CB after
1 cycle, (C)PtFe/CB after 500 cycles, (D)PtFe/CB
after 1000 cycles, (E)PtFe/CB after 2000 cycles, (F)
PtFe/CB after 10000 cycles.
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Kt 2 —DZ{OEXR"™ "
Fig. 6 Schematic representation of a change to the Pt d-
ban)d ():enter in PtX due to electron transfer from X to
Pt15 , 16 .
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7 (A)PtCo/CB. (B) PtFe/CB. (C) PtNi/CB# L U'Pt/CB (=
%) ZEEL/-GCEEBICH T 2EEZEERILZET T L,
PIXEIEGCE (L 1 -30000EIDERM Y 1 VIVICL D ER
EZWEREBZT> e RPISRUABOBRLY 1 7V E
1T- 7=, BE3RAEFN0.1M HCIO,KiBRPICH WV T, BN
WEIEE10mVs™ ' & & U EIERE R E1600rpm TORRAK L
BETILERAEL -

Fig. 7 Rotating disk electrode voltammograms for ORR on (A)
PtCo/CB, (B)PtFe/CB, (C)PtNi/CB and Pt/CB (dot-
ted lines) —coated GC electrodes. The PtX-coated GC
electrodes were electrochemically treated by potential
cycling of 1-30000. After potential cycles of the num-
ber shown in the figures, ORR voltammograms were
measured in O,-saturated 0.1 M HCIO, aqueous solu-
tion with a potential scan rate of 10 mV s™ ' and rota-
tion rate of 1600 rpm.

RELT, S5dMBEDMWIKL Y, d- Ny FEy s —
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3.2 ¥ 7)v®ORRAIE

B LYY TIVR X IGHEOBEED 7= OB A
IV aATo 72 Y TV @ ORR T 4 BIEREM ARV & »
A M) —OFERE Fig 71287, §XTORLVY » A b
J—IZBWTP/CBZ W/ ORRICHTARNVYES T
L% EMTRLTWS, ORRIZHT A HLEBR A ERIE T
RTOHBAWTBWT, 5 -5.5mAem > TH 72, D
X ORR ® 4 B RICHUBICH LT HHTH 5. BisED7-
DOBMAA 7 VSHEELIHE- T, ORRIZET 5 RV ¥
EZ T AIEBRBMMAICT 7 P L. ORRIGEMEAM ELTw
LI EVIHD, TD%R. TNODRVYET T HIE, —
Hin L CHBEMMIZS 7 L. ORR WEHIZRA L7z ORR
WPEZ R THEEE LT0.9V (vs. RHE) I2381F % Wik %
#Hwb &, PtCo. PtFe B & U PtNi B) % e Kifi Pk 1%
ZFNZFN 1.04(10000 %1 7 W H ).1.40(1000 %1 7 W H)
B LO1.39(1000 %4 7 VH )mAem > TH - 72, Pt/CB
2B BiEEIE. 0.59mAcm 2 TH o 720

3.3 Volcano plot ICH I 3THRDHIE & &
KEEICEHTIER

X HEEBEALFLIHEE S 72 7 Vo d- NV K
bty —oftiEFDY Y7o ORRIIEM (0.9VICBLT
5 BILHE) % Table1 12, ZOMRE 7oy LB D
% Fig.8IImTo d- NV FEy 7y —ofild, 7= V3V
NUPHLDIANF =L LTERRLTWAETD, ¥4 F
ZDMHER S, £2TOPX/CBOY Y T NMIZBWT, d-
Ny Rt ry—LORRICHT 2ERKEOHMBIL L
i L 7z volcano plot ® Bt % /R3 2 & AR S L7z Pt.
Co. Fe. NiBiFDR—1) ¥ 7FOBEBLELEIZ. ZAEFh
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KBRS v Cov Fe ldPLICK D ETZ XY
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K1 XTREETRLENCHBES ALY TIVDI-IN FE>
2—NDEEZDOYH > TIVOORREM (0.9 V vs. RHEIZH

T 2EREE)
Table 1 Summary of d-band center and current density at 0.9
V (vs. RHE) for ORR of PtCo/CB, PtFe/CB, PtNi/
CB and Pt/CB which were treated by potential cy-

cling.

Current density/ d-band

Sample Cycle number -

mAcm center / eV
1 0.10 -4.04
1000 0.27 -3.93
5000 0.50 -3.87
PtCo/CB 10000 1.04 ~3.69
20000 0.90 -3.63
30000 0.51 -3.45
1 0.39 -4.00
500 1.20 -3.83
PtFe/CB 1000 1.40 -3.72
10000 1.07 -3.64
20000 0.99 -3.57
1 0.30 -3.83
100 1.11 -3.80
PtNi/CB 1000 1.39 -3.73
10000 0.94 -3.61
20000 0.82 -3.59
Pt/CB 1 0.59 -3.39
F':g 1.6

—_
1%
T

=
]
T

Current density at 0.9 V
=
=

38 36 34 32
d-band center / eV

&~
=)
I

X8 PtCo/CB(@).PtFe/CB (H).PiNi (a) 3 KXUPt/CB (X)
Dd-IN> K> 52— EORRICEAT %09 V (vs. RHE)
BT H2ERBEDER
Fig. 8 Relationship between d-band center and current den-
sity at 0.9 V (vs. RHE) for the ORR on PtCo/CB (@),
PtFe/CB (O), PtNi/CB (£) and Pt/CB (X).
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