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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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ZHEHDTWE?, PEMFC OB BB WTHEL 2o TW
Z—0hhV— FHUTELLERREICKE (ORR) @I
BICREVHEEETH LY, ZOMEORRICINTF THA
RRAITDLRTWSE Y Y, B4 (P)ix ORR DILER
LEEBMETHEI, TOPtEZLBL LEZPLREED
ORR M L L<OMMICETIMESL L Abh,
Pt L) BWIESHREShTWE, ThbDR—-2I2
HAHE AL PLEREICERS T (0,) I3 EAH L. 0,0
RICHEOBHERSENICOEEICZ - TE), ThiEE
FEORERICEoTWA, 0Pt EHDBEA ZERT S
eI Ptz eHk (X) #MA 72 PtX IZBWTORR D
REZERLL) LTE2RATHSLY, BMENE X T
FOLPINETHG AN 57720 Pt OB TFIREIZEL
L. Pt EH~D O, DA XK 2., ORR &A% L
T4, LRLPtNOBFOREOEFVWHARETESL L,
LSBT O, Pt EMIZWAT LD 5K &b 72 ORR {E#IX
KT45, COBBRERTDHIDOLLTPtDS4dHLEDH
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BE Tk PIX @RELE 2 VT, PtX 5 5 X 2R,
BERLZEWICBEHR S IV ERARL, 20307
WD d-37 Pty —OfiE L ORR FEEOWE Z 4T\,
PIX DIBEDEAEWIZL o TPIXHOPLD d-287 Fk
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2. REBHE

2.1 PXEERBILEMDEK

PtCo B X UFPtFe @ & W 12 13, E-TEK # 20wt % 48
¥Pt/A—K»75 v s (CB Vulcan-XCT72R) % #L:#z
MHRELTHWA Pt 7R FICX T2 & RMLE
P sZ&i2X Y, PtXHF%CB EICEREE,
PtCo i¥R V) F — WiEEHWTHBEZ TV, PtFe i3KFIL
PYZFNFRYFEYF A (1.0 M lithium triethylboro-
hydride in THF, Sigma-Aldrich), ¥ 5 e Faz s »

(THF. 99.5%. fIt#i3E) % Ehen@uHl, RISEsH
IZHW 72, PtINi @& mid, Pt B XU Ni 5k % THF 123
BEEKRFEA D) ZFRTRE)FTLAOFITIZL Y HEY
Wz, &PtX OFHEHEUTIIRT .
2.1.1 PiCod&H

50mg @ Pt/CB % 30mL #TFL ¥ 1) 32— (9.5%
FIOEHESE) T W ikd: (2510-MT. AS ONE ##) %
FAWT 20 7l s€/z, €D, Pt & Co DEIVHD]
W31 B k) ICEERR TV kS ((CH;CO0) ,Co
- 4H,0, 99.0%. FIAMER) 2=FL 7)) I—NHh
WA, BFREEL7:01220 5 HBE RSB E T 7
KEE{EA V7 A (99.5%. Fit#idE) 20mg 2xF1L 7
YIa—UERICMA, E51C205MAY—5—%HWT
WBHEfTole AF—9—THBEETVANELYL 70k
&3 (Discover® SP, CEM) Z#HWTCo* 4+ v ®
BILEfTDE/ze TF LY 7Y I—VIERDRESL 270 T
W2 XHIC< A4 20 300W 2 RE/ 220 EL
Too XA Z 0P OBREREMIX, 905k Liz. 0 7BEE
EICX D, FUSBEISER LIy TNV EFHEL 7z, X
¥ —=NVEHWTHLNEY Y T2kl Lz, £,
FrINETVIVEHATTIOC. 3EMOLMTBE
W EAT o720
2.1.2 PtFe DR

iy 2y 234 Y 2HWTTo72e TVIVE
BATICBWT, 30mL @ THF i2 50mg ® Pt/CB # #&
FHRTE05 MG E® TDHE, THE E# D Pt
LFeDENEILIMNLE L 25 L) ICHBEHEAKNY
(Fe(NO3) 3+ 9H20, 99.9%. FGHSER) 25 S/,
BRZET S5 DIIBERTOSEE 30 5H1To 70
50 T oK%= HWTRINER%Z 20 MR L7z, 7T
VEHATObE, AmL OKFLPIZFVETRIF
T A% NMARICMA, RSREZ0TCOT ., £0OH
W 12RM R ¥ — 7 — T Lt 72 FUSH. i
BERIEIC XD BB ER LIz Tk 558 L7z,
AF )= VEHAWTELNLEY Y IVEREE LI ZD%,
B INETVIVERHATTTIOC. 3BMOLMA TR
W% AT o720
2.1.3 PiNiOAH

Bty a2y 294 YW TTolze TIVT Y FH
ATFIEBWT, 30mL ®» THF ~50mg ®» CB 2Nz T
FHETOSM I X 23.98mg V7o (1,6-
yutsyIxy) A& (1) (99.9% , Sigma-Aldrich)
& 18.26mg M = v 7 AKFM (Ni(NO3) , - 6H,0,
99.0%. B§HALEE) % THF H#icmz T, ®F¥T60
SHEGHERE, TOBWETOPLE NiDEVHD LN
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1.22%oTWwa, 50 COKEZEHV TRISIFRZ 20 5
FMRL7ze 7TVIT Y FEHATOD &, 4mL OREL B
VZFNFTHRYF T LAEUSFRICMA . RSk E%
S50CHTE, FOBEWZ 12 A Y — 9 — CHHE LT
Tzo FUGHE, MLLTHERIMEICE D, OSBRI OER L7
B TINEGHE LIz AF ) —NVEHWTEOAY YT
WEEG Lze £OH, #ohizHrTINE TN T FH
A FT500T, 12 RO T Z T2 72

2.2 BRLEYTLOXFYF752)E—
varv

B LYY T DCB EAoiitHER B X U PtX
B2 Pt & X OLFELELWET 720 IFESEET
5 X2 BEoHEE (ICP-MS, Agilent, 7700x) % Hw:7=,
T PXH U IV OREMEE R T H-0ICh KX
# a3 (pXRD) Ml % # RINT-Ultima II (Rigaku %) % H
WTHTo 7z, X #iFlx CuKa (A =0.1548nm) TH 5, %
7z PtX O FIRE EOBICIE, AV F— A X
#oriras (EDX) % 364 L 7o 8 %8 B 7 W iss (TEM/
STEM-EDX, JEM-2100F, JED-2300T, JEOL) % Hw:7=
PF S 100 B ORFEE AW TER L. &L
ey VB LUCERKEFENICHRESL LY Y T um
Dd-3Y Py ¥ —OEOFEIIE, X HEEF5%
#: (HAXPES, SPring8 BL46XU) # Hiw/z, PtX/CB ®
FzIWIVURVEHEDARZ PVEIELTz, 0.1eV T
LICHEZTY, EROWERMIX1s Tholz -1.5%
5 10eV OFEE 0 EWEER I ETLICE), 7
Y %172.Cls DE—2 ZHWTE -2 [BEDORIEZTo
72o N— A5 4 Y% Shirley #12 X o THEZTo 2%,
d-"Y Fers—id, Bohiaxs vviEAvTR(1)
ERHVWCHELREY,

d-3v Ftr¥%—
= [ {(binding energy(E)) x ( ¥ — 25 (F))} dE/
J (binding energy(E)) dF (1)

2.3 BERFHS LU ORREHAE

Q5 ul K, 250ulL Ay 7Fax/)—-VvBIUF5 ul ®F
TAFv /4y Tan) =gl (5% w/w, EW:1,100,
Sigma-Aldrich) Z{BE€CRABRLAR L. CORE
BHWICAR LA PtX/CB5mg /A, BEEICIY 1K
MMM EErz, BohH—2BEBERELEE6 mm O
FIyvv—h—%r (GC) F4+ A7 BWHITHT L, HZE
W EEAZ 21250, GCEMEIZY— R MlifE % Bk
&7z, GC WM L~ Pt TEOHRFE I T TOERIC

BOTOugem 2L 2o L) ICBBHOBTEZHAML
7zo ORRIEHDOPEIZBVTIZ, Lk L7-mlt/ErueE
Eh7: GCEMEZE AV TREREBIEIC L ) 3l 21T o 720
76 B 1] iz 3% B i3, 1600rpm. EAI4E5(#EEE 10mVs ',
58 B I3 R F A 0.1M HCIO, RiBHZ AWz =
BEAEVE AW, HBICAESHE,. SEMIC Ag/AgCl
(3M NaCl) Ef% H\ 7z, Bt % E 1k GC Bl o fit
(0.3 x 0.3 X 3.14cm?) ZHWTHHE L/ PtIXHD X
TEOBE 7O LR 3, PIXMEBAREIWL-EEZ
HwT, VI YERAT0.1M HCIO, KB PIZBW
TEMIF5|EE 100mVs ' Ty 0.05-1.1V (vs. RHE) @
BALAEPR CRTE DB 2T EBRT 2T 2L TX ok
ZPtX Ol s, Bl o X%, BEREMN0.1M
HCIO KB HTICBWT ORRETAENVY EY T L%
L. BEEREZZRE. d- NV Fery—fllEni=o
DRy TNV BBEEAIPHIZER -7z ThbDERIT
25+ 1 CToTo7=. HEROHBOREZET LYY T
ZHAT B 7200, FEAHA 7 VHOEME Z A L7z,

3. BRESUVUEER

3.1 RV TLELIVUBEEELY T
DFx+798)VE—-3

ERENTPIX/CBY Y T NVIZBIT 5 PtXDCB~
DPFRIFI0-12wt% TH Y, Pt X DT LI,
1-1.02%0.98-1 TH B Z & % ICP-MS CHEFE L 7=
Fig.1 I2PtX/CB ® & micH W7z (A)P/CB B X IF& 1K
L 7= (B)PtCo/CB. (C)PtFe/CB, (D)PtNi/CB @ pXRD
NE =y ERT. FEIZ, Pt(JCPDS 87-0646), PtCo
(JCPDS 29-0499), PtFe(JCPDS 43-1359) £ X U PtNi
(JCPDS 65-2797) &RHALEPOREHEE -2 N5 -V %
RLTWwA,

Pt/CBIZ B v Tlx, 39.2, 46.2, 68.2° I2 ¥ — 7 3§
#ah, B fHEO7o—-FEE¥—271XCBIZH®ET 5,
PtCo, PtFe, PtNi D6, Pt & <5 & 24, 35°fiLic
= W{harZ i, E—20MENF 75
DATH b,

22°OE—7 I ZCBILHETAE—- S LERDLOT, &
DE—- 7 OFEIIBRTELV, B FEDE—-2 X
PtCo. PtFe. PtNi IZBWTHET A LN TE L, Th
LO¥—7F, BEY—-71I—-FLTWHDT, gHLIE
FrTNVEPtE XOTEENLN 1 OERMILEDTH
A E#ELTz.

(A)PtCo/CB, (B) PtFe/CB 8 X ¢ (C) PtNi/CB % »
TWIZBIFS CB EANDOPX /R TFOFHEAVER
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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 pattemns are reference XRD pat-
terns of Pt(JCPDS 87-0646), PtCo (JCPDS 29-0499),
PtFe(JCPDS 43-1359) and PiNi(JCPDS 65-2797),
respectively.

20 nm

H2 &L 7%=(A) PtCo/CB, (B) PtFe/CBH LUF(C) PINI/CB
B2 FIDOTEME
Fig. 2 TEM images of as-prepared (A) PiCo/CB, (B) PtFe/
CB and (C) PtNi/CB.

3 TEM %% Fig. 212" ¥. F72, CB LTONT DR T
FZoMA%E Fig.3 DFNFhORBIZRT, AlEhi:
PFIXCB LICHEEICGHLTEY., PR FEIXS3 -
Anm OWHEMIIZH o7z O DS PtX/CB I, [
BEORTE, CB EANOGTHESVERFOH YTV THY,
PtX/CBIZBVTHlEEh 2 ORR {EHD#EVE, Thbd
DHEFTIER W L &R L. 72, STEM-EDX Ol
ESH1KNTHOPtE X OmERER, BBXE1M1
ThAZLZMHAL TS, BUFA 7 VIZEE X THK
DB % 1T 2 72(1)PtCo. (2) PtFe. (3)PtNikiT @
STEM %4 £% Fig. 4 123, A WETHFPtTHD .,
BOWEHTFP X TETH S, BUFA 7 VA TIE, Pt
X AHAMICEATWA Z B39 h b, —F, BAHARTIH
AT NWHEERLIE - THFORAMETIXPLY v F42
FEIZ 5T %, ORRIEHEDE WEE T Pt OFIG23
FEHITHL o TVE, ThHRHIVWITERARY FIE
CRONBZENLHIERATE S,

BTRTBERFUETCHONIZPIX F /R TICB
7% ORR B AIEHREOY > S VOERTHREEIZ, +h
FNPt:Co=9.1:1, Pt:Fe=5:1, Pt:Ni=38:1
EhoTwnh,

Fig51%. fEFENLZ Db D E L TPitFe/CBIZBIT 5 i
BEMMBAEToHF Y TVD T = VI LRVEFED
HAXPES A2 P VORMEHRERL TS, /2, Pt/
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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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FeZMAAZ LI TANRYZ FPIHE IR NVF—HI~
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STEM&H LU Fhs ONFOTREFH Y vE> Y. TFH
Ty ELJIISTEMGh DO ERISHE-> TRE S hiz
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.
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5dMEOHLOMEERT d- NV FEyy—ik, 20O
Ba. B ANVF—MICMET S L 9% b, PtFe/CB
(B-F) #¥7nicBVT, BH A 2 VAL IS T
AR PVEFEIMEZANVF IS LToORE L TWw5

Intensity/ a.u.
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Binding energy / eV

5 HAXPES# H\/-PtFe/CB(B-F)& L U'Pt/CB(A) % >
D ESJEEICET 5 AT ML
(A)Pt/CB Bfit 1 7 )& L. (B)PitFe/CB 1 ¥4 7114,
(C) PtFe/CB 5001 1 77 Ju#%. (D) PtFe/CB 10008 1 7 JL
#. (E) PtFe/CB 200041 27 J1i%. (F) PtFe/CB 10000# 1
7%
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.

& &
d-r 3R B
——_ _

E6 PIXiCHEWTBXTELSPINOBEFHEICL BPIOI-/8
Nt 42— DZE{EDERE"
Fig. 6 Schematic representation of a change to the Pt d-

band center in PtX due to electron transfer from X to
P115].TBJ.
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CEHGH B TOfRKIE, B A 7 VveERAZ &I
Lo TFe THEDOBRBESVWAE L LRD, Fedr b Pt~E
TP ENABEITBEREINTNEILIZLE, ZOH
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30CHH]
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7 (A)PtCo/CB. (B) PtFe/CB. (C) PiNi/CB& L U*Pt/CB (&
) #BEEL/-GCEEICH I ZRGEEHERILITT T L.
PIXE EGCEE (L 1 -30000EIDERI Y 1 7 IIC LB ER
LR HENIBEIT > oo RBPICRUAEBOERY A 70 E
To/-#, EFEEF0.1M HCIO, KBHERICHBWV T, BEfL
@WEEEIOMVs ' H LV EHEEEEE1600rpm TORRAIL
AETILEBIEL .

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 PiX-coated GC
electrodes were elecirochemically 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, SdMEDHRIELRY, d-NV FEyF—
DEAEZANF—HIZT 7 F 55, TRTOPX H
TVIZBWT, BEED D, BRIV A 7D ICiEo
TXAHKOBEHESVHEREL LY, AT PR
BIANVEF—-L_XNVHFIZA LT 2B L, d-/tV F
VI —DEPEZ A NF N T ML L RFERLT
Wb,

3.2 H o710 ORRBIE

EHRLIY Yy IV R T X LEORED /2D DB A
Y NELTo12H Y 7 V® ORR IZET 5 iz BRI & >~
A M) —DO#REE Fig 7SR T. TRTOEVF Y R b
Y —I2BWVTPt/CB #HW7- ORR ICHF A XNV T ES S
LEEMTRLTWAS, ORR ICET A8 AERIZT
RTOBPEIBWT, 5 -5.5mAcm > ThHot=. DMl
(ZORR ® 4 BT RITHSICH YT A TH 5. BiEED7
OB A 7 WML IZHE-> T, ORRICET ARV S
T FLZEBMMIZT 7 F L. ORRERAHHEL TW
BIEBGhDB, TOH TROLDENVYET T A, —
L THEEMICY 7 ML, ORR EMIZ#A L7z ORR
WHEERTHRIEL LTO0.9V(vs. RHE) 2B 2 BREE
ZMHw5 &, PtCo. PtFe B X UFPINi B\ 5 Kiftk iz
ZFh2h 1.04(10000 %4 2 W H ),1.40(1000 %4 7 W H)
FXU1.39(1000 %4 # VH )mAcm > Tdh o 7=, Pt/CB
BT 5ERIE. 0.59mAcm 2 TH o 7=

3.3 Volcano plot icE T3 [ERDIB LR
AEHEICHATIER

X uHEL2ERIEZNIIHESELY S TVD d- 3V F
LY —DEE FOH IV ORREHE 0.9V 2B
LEIEE) = Tablel iz, TOEHRETTy LD D
% Fig8lZmd. d-23Y FE ¥ —Dfix, 7=V3I L
NRUPLDIANF—FEE LTERLTVRLED, ¥4 T
ADEZER D, ZETHOPX/CBOF ¥ 7 NMIZBVT, d-
NYFE¥y¥—CLORRICHTI2ERBFEOBMRIZ. L
#h L7z volcano plot D% Rd 2 2R S iz, Pt,
Co. Fe, Ni EFDE— v FOBRIEEEILX, FhFh
2.28, 1.88, 1.83, 1.91TH» 5 ", X THA'Pt & &R
iLEwibd A &I2X Y, Pt & X OMOBETFOMEIEH
TXH6 PEANEF»MELG ENhs b0k, BEREEEAPt
IVNEREERLTVWELDTH D, 1AL 7 VED
PIXH > IND d-)3v FEery—DfizllThbrE, &
KB/ E v Co. FeldPtICXVETFE2LD
AT B2 d-NV FE vy —DENFKE RH (d- 3
YFEY I —DIERYAFADEERALDT, TITH
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F1 XFrERLEMICHBES LY T LDI-N P>
A—DiEEFDOY T ILOORREM (0.9 Vvs. RHEICE

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

cling.
Sample Cycle number Current der_l;s fty/ d-band
mAcm center / eV
1 0.10 -4.04
1000 0.27 -3.93
5000 0.50 -3.87
PIcaICE 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
'jé 16
z e
12t [ ] 2

08 F

04 }

Current density at 0.9V

-42 -4 38 36 34 32
d-band center eV

8 PitCo/CB(@®).PtFe/CB (H).PtNi (a) £ XUPt/CB (X)
Dd-/1NFt>4—EORRICE$ %09V (vs. RHE) (<
B 2EREEOMRE
Fig. 8 Relationship between d-band center and current den-
sity at 0.9 V (vs. RHE) for the ORR on PiCo/CB (@),
PtFe/CB (O), PiNi/CB (£) and Pt/CB (X).
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