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Fig. S1 XRD patterns for as-prepared Pt/KB, Pt/AB, Pt/Graphene, PtUMW-CNT and Pt/CB catalysts.
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Fig. S2 Histrograms of Pt particle sizes and average particle diameters for the five as-prepared Pt/C
catalysts estimated from TEM images.
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Fig. S3 Pore volume distributions of micropore with HK method for Pt/KB, Pt/AB, Pt/Graphene,
Pt/MW-CNT and Pt/CB. The pore size distributions in the micropore region with diameters < 2 nm for
Pt/KB, Pt/AB, Pt/Graphene, Pt/MW-CNT and Pt/CB were determined by Horvath Kawazoe (HK)
method.
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Fig. S4 Size distributions and average diameters of Pt nanoparticles in MEA Pt/KB and Pt/AB catalysts

after 500 and 5000 ADT cycles estimated from TEM.

The average diameter of Pt nanoparticles in the MEA Pt/KB increased from 3.0 +0.7 nm to 6.2 £1.3 nm
by the 500 ADT cycles similar to the previous report." On the other hand, Pt nanoparticles in the MEA
Pt/AB did not grow significantly by the 500 ADT cycles (3.1 £0.5 nm to 3.7 £0.8 nm). Their average
diameter increased to 6.5 +1.5 nm after 5000 ADT cycles. These results on degradation of carbon

supports and growth of Pt nanoparticles explain the variation of the maximum power density with
increasing ADT cycles in Fig. 7.

1 H. Schulenburg, B. Schwanitz, N. Linse, G. G. Scherer and A. Wokaun, J. Phys. Chem. C, 2011,
115, 14236.
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Fig. S5 EXAFS oscillations and associated Fourier transforms for the MEA Pt/KB aging catalyst at 0.4
Vrue (A-1 and A-2) and 1.2 Vgye (B-1 and B-2), respectively and for the MEA Pt/AB aging catalyst at
1.0 VRrue (C-1 and C-2) and 1.4 Vg (D-1 and D-2), respectively in the increasing potential operation.

 Zelh (A-1) (A-2') — FTleaalh7
— e’ ’ 10.0 — FTlnlk ¥ ||
\ IHFT e KT
AMAAN £l ==
[\‘ [v\] ! l f”\l | ;;uu s .:ila,”‘ i A.'_(\'---
= ® | , ¥
AT T0)
f 100 '
5 10 15 0 1 2 3 4 5 6
k/10 nm? R/0.1nm
 RealkIK (B-l) (B-Z') — |Fm..,4'u|l’u
b LN 10.0 — [FTlamlk % ||
INFT e (KT
i A | [ﬂ \ 11” h\ _ IMFT L’
ju\ ;A ALAN LR £, -
A \e’ il i
-10.0
3 10 13 1 2 3 4 5 5
k/10 nm! R/0.1nm
- ,.;mu _ 9 — PVt e
— (C 1) 100 (C 2) —_ :FTllf.li;:: IIII
A | IN{FT b KD
( r f\ f A ' _ I{FT e b B
a AL | LY RSN Y. s
Ak
-10.0
] 10 15 1 2 3 4 5 5
k/10 nm* R/0.1nm
R _ 2 -
— e (D 1) 10.0 (D 2) - :FT::-4’::: llll
T fraee KT
_ I{FT a6 B
% 0.0 .:! l
= E
-10.0

k/10 nm!

R/0.1nm

Red lines: observed; Blue lines: fitted. Anode: H,; Cathode: Air.

The curve-fittings for the EXAFS data were performed with both oscillations and Fourier transforms. The
Fourier transform peak intensity around R = 0.2-0.3 nm due to Pt-Pt contribution reduced by increasing
voltages from 0.4 Vrye to 1.4 Vgye, While the Fourier transform peak around R = 0.15 nm due to Pt-O

contribution evolved at the higher voltages.



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics

This journal is © The Owner Societies 2013

(A)
(A)-1 PLo, 1
220t
D 6) PO .
2 wee e 2 T
.‘E (4) Pt(acac),
S o
1) ¢ (7)
Q \\©® Ou O down
e 1.0-\(11) (10) @04V (7)12v J
o Pt (2)06V (8) 1.0V
= (3)08V (9) 0.8V
= (4)1.0V (10)0.6V
G)1.2V (11)0.4V
(6) 1.4V
0.0 -
pto pt2+ pta+
Valence
(B)
(B)-1 PtO, .9
> 20} )
@ @) Ptg
2 (4) " " Pt(acac),
= // "..-"'
% (T
© (7
g— ) \%&(8) O up < down
2 10 -\<11) (20) 104V (7)12V |
2 Pt )06V (8) 1.0V
= (3)08V  (9) 0.8V
= (4)1.0V (10)0.6V
(5)1.2V (11)0.4V
6) 1.4V
0.0 .
Pto ptz+ pté4+
Valence

Valence

Valence

15

10

05}

0.0

15

10

05

0.0

r(A)-2

0 0.5 1 15
Potential / Vgue

r(B)-2

0 0.5 1 15

Potential / Vgue

Fig. S6 The linear relationship of Pt valences for Pt foil, PtO, Pt(acac), and PtO, with their white line
peak intensities (A-1 and B-1), and plots of the white line peak intensities at each poteneial vs RHE for
the Pt/KB (A-1) and Pt/AB (B-1) after ADT-triangle 1000 cycles and 5000 cycles, respectively on the
linear relationship line, and the variation of the estimated Pt valences with the increasing and decreasing
operating potentials (A-2 and B-2). The white line peak intensities are taken as the values when the edge

height was normalized to the unity.
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Table S1  Curve-fitting results of the Pt L,,,-edge EXAFS data for Pt/KB after the aging treatment

Wo. Polential /Y ScatAt CH (esd) | R/0Anm  fesd) | o /10%0m®  (esd) | aE, /e (esd) | R-factor! %
1 0.4 Pt 9.1 or 274 0.00 T2 0.3 34 0.9 0.78
2 08 Pt 26 12 T4 00 75 0.5 ia 18 i)
3 oa Pt 9.3 1.1 T4 o0 T3 0.5 28 13 1.85
4 1.0 Pt TE 0.5 .74 000 73 0.3 g 09 0.44
=] 02 0.1 202 o0z 34 15 7 E1
5 1.2 Pt 8.1 0& 274 0.00 Te 0.5 4.9 1.2 n.az
o] 1.0 0z 203 00 -0.2 0.8 94 2.2
L] 14 Pt 57 1.1 275 oo a7 1.0 6.2 28 242
o] 14 03 202 001 0.1 0.9 Ba 30
T 12 Pt 50 06 276 001 8.1 23 BT 24 454
4] 1.7 0.4 203 0.01 i3 1.0 BT 24
& 1.0 Pt 4.8 0.a 276 0.01 77 1.9 76 25 477
o] 1.7 0.8 203 001 1.0 1.0 T& 25
a 0a Pt 54 0.4 275 0.01 =¥ 1.8 T2 1.5 258
o 12 0.3 203 o0 03 1.2 T2 15
10 08 Pt 549 0.3 274 0,00 G.d 0.6 4.4 1.4 1.1
[s] [ 0.z 204 0.01 -1.3 1.1 110 4.2
1 04 Pt 7T na 278 .o 71 0.5 6.3 1.2 naz
Q 0.5 0z 203 oo 1.4 1.8 27 &0

k-range = 30 - 150 nm', k-weigl

ht = 3, R-range = 014 - 0.31 nm

Coordination nurmber (CN), Debye-Waler factor (o). &5 d, = Estrated slandard devigtion
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Table S2  Curve-fitting results of the Pt L,,,-edge EXAFS data for Pt/AB after the aging treatment

Mo, Polential /' ScatAb CN (esd) | Ri0imm (esd) | & /10*nm® ({esd) | AE,/eV (esd) | R-factor/ %

i 0.4 Pt 98 15 275 0.01 73 0.8 33 14 1.87

2 0E Pt a9 15 A 0.0 T2 1.0 75 2.2 2.08

na Pt 88 0.5 275 0.00 70 0.2 36 or 044

4 10 Pt 24 na 275 0.o0 T4 04 40 1.2 157

5 1.2 Pt G4 o7 275 0.00 a1 0.5 4.0 12 0.95
o 12 0.3 2m 0.0z 4.1 19 4.7 a5

[ 14 Pt 56 0.8 276 0.01 7T 0§ T 18 1.0
L+ i8 0.4 200 0.01 32 1.2 2 34

7 12 Pt 49 0.5 275 0.01 e 0.8 57 16 247
o 22 0.3 2m 0.01 47 1.0 57 16

] 1.0 Bt 50 0.4 275 0.01 74 0.7 57 14 23
o 18 0.3 2oz 0.01 4.1 1.2 57 14

] 08 Pt 57 0.2 275 0.00 T3 0.5 4.3 0.8 088
o 16 0.2 2nz 0.0 45 1.2 4.3 0B

10 0E Pt 6B na A 0.0 70 0.5 37 14 073
o 06 03 206 003 36 3.2 130 &0

177 04 Pt 96 16 275 0.0 72 07 40 33 349

k-range = 20 - 150 nm™, k-weig|

ht = 3, R-range = 0.14- 0.31 nm ("' k-range = 30 - 130 nm ", k-weight = 3, R-range = 0.14 - 0.31 nm, ™" k-

range = 30 - 130 e, k-welght = 3, R-range = 0.18 - 0,31 nm, " k-range = 30 - 150nm”’, k-weight = 3, R-range = 0.18 - 0.31 nm}.

Coordination number (M), Debye-Waler factor (o). 8.5.d. = Esbmated standard deviation
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Table S3  Curve-fitting results of the Pt L,,;-edge EXAFS data for Pt/KB after 1000 triangle ADT cycles

Wo. Polential /Y ScatAtd CN (esd) | R/01nm (esd) | o/ 10°nm’ (esd) | AE;/eV (esd) | R-factor/ %
1 0.4 Pt a7 L 275 0.00 T4 0.2 38 or 0.4%
2 08 Pt ar oT 275 0.00 T.3 0.3 4.2 0.8 0T
3 na Pt R og 275 0.00 T3 03 4.7 13 1.39
4 10 Pt gB 0E 275 0.00 T4 e 45 08 045
o 0.6 U] 2.04 0.04 4.8 36 36 6T

5 12 Pt T2 08 2.76 0.00 T4 05 5.0 14 1.18
o 1.7 or 2m 0.03 T2 36 20 4.4

[ 1.4 Pt T.0 0& 276 0.00 T4 0.4 T 1.3 0.95
o 15 L 2m 0.0z 57 ar 3T 4.3

7 12 Pt TE 0E 275 0.00 T4 03 36 11 063
o 0g 0.3 204 n.0z2 4.1 2.2 B3 42

8 10 Pt 78 05 275 0.00 7.2 03 4.6 08 034
o 08 02 203 0o 31 16 40 7]

] 048 Pt g8 1.0 275 0.01 TE 0.4 5.0 1.7 1.40
o 04 0.3 204 0.03 0.8 24 7.5 103

1] 08 Pt g0 12 275 0.01 T4 0.6 4.7 1.7 1.55
o 0.8 0.5 204 0.08 4.3 3B 6.3 ar

1 04 Pt B2 or 275 0.00 TE D4 419 10 0.&2
o 0a ar 2.02 0.06 BT TH 28 20

k-range = 30 - 150 nm"', k-weight = 3, R-range = 0.14 - 3.21 nm
Coordnation number (CN), Debye-Waler factor (o°), &.5.d. = Estimated standard deviation
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Table S4 Curve-fitting results of the Pt L,,;-edge EXAFS data for Pt/AB after 5000 triangle ADT cycles

Mo. Polential /Y Scat At CN (esd) | R/01imm (esd) | of/10%nm? (asd) | aE;/eV (esd) | R-factor/ %
1 0.4 Pt 108 16 2.76 0.0 6.8 0.7 4.8 16 1.09
2 08 Pt 10.0 16 2.78 0.00Q 6.8 or 47 12 1.44
3 na Pt a7 12 275 0.00 6.4 0.5 40 14 127
4 1.0 Pt 98 18 275 0.01 6.6 0.8 T 18 196
5 12 Pt B2 23 2.78 0.01 6.8 11 5.4 2.3 16
o 1.7 1.5 1.99 0.08 102 103 1.3 1.7

& 1.4 Pt 71 16 2.76 0.0 6.7 0.8 BT 18 1.43
s} 1.0 0.4 2.06 0.02 26 33 10.7 52

T 1.2 Pt TH 11 2.76 0.0 B.8 0.5 &0 1.7 1.44
o 16 1.1 2.02 0.08 T7 6.0 24 a0

8 1.0 Pt 70 12 .78 0.01 6.5 0.6 58 16 142
o 1.2 0& 2.04 0.04 57 4.2 T3 68

9 na Pt 78 1.0 2.78 0.00 6.6 0.6 56 16 122
o 1.2 06 2.03 0.05 7.2 5.1 4.0 8.1

10 08 Pt 2 1.3 276 0.00 6.8 0.6 5.1 1.3 1.75
11 0.4 Pt 108 1.3 275 0.0 75 0.6 4.1 1.5 1.68

k-range = 30 - 150 Am", k-weight = 3, R-range = 0.14- 0.31 nm
Coordination number {CM), Debye-Waller factor (o”), e.5.d. = Esfimated standard deviation



