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Unzipping Reaction at PFSA

Unstable Polymer

End Groups
~COOH + HO"
~COF ; ey ~CF,COOH —l ~CF,CO0- e ~CF,"
e J _H20 —C-Dz
+ HD' + H20 u : :
=p ~CF,OH —p ~COF mp ~COOH nzlelng
—HF . —QF : continues
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S. Hommura et al., J. Electrochem. Soc.,155, A29 (2008) & YELE, (Author’s right),
© 2008 The Electrochemical Society.
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- + HO» — - .+ * K—IONBREOE L DREATHILF—EFHEL.
CF2SO5H + HO» — ~CF,S0; + H,0 gc—somb%—c%s%utﬁéﬁ.

—CF,S0O;* — —CF,* + SO, F. D. Coms (GM), ECS Trans., 16(2), 235 (2008).

—CF,* + HO* — —CF,OH — Unzipping & > #k4&
WR: BERICSOHILDBERDOHLSHIRFICeH (AU EEESHIES.

1. *OHS AL DI ITUF: *OH + Ce®* + H* — Ce** + H,0O
2. BiBH,IT&BCeH* DB A Ce** + ,H, — Ce® + H*

120°C. 18%RHTMDOCViER E LTU50%RHTMD0.2 Alcm2E#E N E Tit A tE 4 E5E.
E. Endoh(AGC), ECS Trans., 16(2), 1229 (2008)
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JRIE3ELEL ST M DT, F.D. Coms et al., ECS Trans., 16(2), 1735 (2008).
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M. A. Baker (LANL) et al., Appl. Polym. Mater., 2, 3642 (2020).
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s G. Shi et al., J. Mater. Chem. Chem. A, 8, 1091 (2020): open access,
Royal Society of Chemistry, CC-BY-NC.
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Innovation by Chemistry
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Table I. AST and drive cycle test protocols used in this study.

Parameter
Anode/cathode Relative Current Anode/cathode Anode/cathode
Protocol Temperature  reactant gas humidity density gas flow rate outlet pressure
ocv 90°C Hy/air 30% 0 Alem? 0.7/1.67 SLPM 2507200 kPagp
RHC 80°C air/air 2 min dry/2 min 90°C dew point 0 Alem? 2/2 SLPM 1017101 kPagps
2m/2m OCV RHC 90°C Ho/air 2 min dry/2 min 92°C dew point 0 Alem? 1/1 SLPM 1017101 kPagbs
30s/45s OCV RHC 90°C Ho/air 30 sec dry/45 sec 92°C dew point 0 Alem? 1/1 SLPM 1017101 kPagp
U.S. Drive drive cycle 80°C Ha/air Wet phase b 50% RH 30 sec 0.02 96/1.6 stoich, 1017101 kPagps
Alem?/30 sec 108/1.8 stoich
1.2 Alem?
Dry phase ©: 83°C dew point 30 sec 0.1 5/25 stoich. 1017101 kPagyg
Alem?/30 sec 5/25 stoich
1.2 AJem?
Wet U.S. Drive drive cycle 80°C Ho/air 83°C dew point* 30 sec 0.02 96/1.6 stoich. 1017101 KPaghs
Alem?/30 sec 108/1.8 stoich
1.2 AJem?

#anode and cathode inlets at 85°C.

bransition after wet phase in Hy/air with 70°C dew points, 0.6 A/cm?, for 2 minutes or until dry phase dew points are reached.

€anode and cathode inlets at 80°C.

MEAs

1. Ballard P5 (50 ym) for bus stack,
Pt 1.05 mg/cm?

(field testing from 2002, in
Germany, ca. 3,000 hours)

2. Ballard HD6 (25 um) for bus
stack, Pt 1 mg/cm?

(testing from 2007, in the lab. on
an Orange County Transit
Authority drive cycle for 6,842)

3. Nafion XL (+Ce, PTFE##38)
A: 0.2 mg/cm?, C: 0.1 mg/cm?

FUKE AL ORMRSAXS) L2 LIk ZMPRIDEM |« HERIEE(WAXSTOEXHE) : LLIZkYRL
— 8 v - 8 ! :\; 12 75 .
E _|Ballard — ,| Nafion XL itact | > |Ballard .| Nafion XL bndle
E : 2 side E E 10t [ ionome
§ 5 5 failure = 1 g
3 i p— i by pinhole E 2
g 3 3 , ©
- [
'S_ 2 2 [
° | P8
o , o
E ¢ BOL Field AirRHC OCV OCVRHC 9 BOL Drive Air ————— OCVRHC ! .g

Cycle RHC ocv : i BOL  Field OCVRHC OCV BOL g;i\ie ::c ::\C/ =

] Cle
I

OCVT®DRH cycle: field test/drive cycle test COEELEL ., F/#@E L {LER—HLTLS.

OCV RHC 30s/45sD FHILEEAF L.

R. Mukundan (LANL) et al., J. Electrochem. Soc., 165, F3085 (2018): open access CC-BY-NC-ND.

16




EALUEESE+BRS)ICETIREOHER D

FC-Cubic

1. W. Yoon and X. Huang (USC), “Acceleration of Chemical Degradation of Perfluorosulfonic Acid
Ionomer Membrane by Mechanical Stress: Experimental Evidence”, ECS Trans. 33 (1), 907 (2010).
StHFentonsERT . Mechanical Stress[C&DTPFSARRDIEZESB(ENIERSNE. KiEDCOOHIEM G,
2. A. Z. WeberM7" )-7°, A. Kusoglu et al., “Effect of Mechanical Compression on Chemical Degradation of
Nafion Membranes”, ECS Electrochem. Lett., 3, F33 (2014).

BT, Nafion[CCompressionZ X 3E{LFEHILIREG MPaTmax). domainiBEDZE(LICLIEDEEE.
3. M. Robert et al., “Effects of Conjoint Mechanical and Chemical Stress on Perfluorosulfonic-Acid
Membranes for Fuel Cells”, J. Power Sources, 476, 228662 (2020).

IETF{EE35{E(Fenton)iRBR T Cyclic Compression(0~5 MPa, 0.1 Hz)Z X 3 &{bLFH{L{RHE.

4. M. Robert et al., “The Impact of Chemical-Mechanical Ex Situ Aging on PFSA Membranes for Fuel
Cells”, Membranes, 11,366 (2021): open access.

No. 3¢BUEER(80°C, max. 5 or 10 MPa, 0 or 0.1 Hz)T. NRE211, Nafion XL&BIC{EFEH{bIRHEE.

5. Y-H. Lai et al., “Chemical Degradation of Fuel Cell Membranes Subjected to Mechanical Stresses in a
Hydrogen Peroxide Vapor Test”, 240th ECS Meeting, 101C-1128 (2021).

StHFentonsERT. Tensile StressZZEEICLDIRICESAFERZAIE. {EFHILDRERBIRAITN TR,
7YY

5. A. Z. Weber®D¥")-7°, A. Kusoglu et al., “Electrochemical/Mechanical Coupling in Ion-Conducting Soft
Matter”, J. Phys. Chem. Lett., 6,4547 (2015).

6. A. Z. Weber®DJ")-7°, V. M. Ethlinger, “Modeling Coupled Durability and Performance in Polymer-
Electrolyte Fuel Cells: Membrane Effects”, J. Electrochem. Soc., 166, F3255 (2019).

B2 OHINTICHIT RS EEHAT S0, (EFRIESLEOIFRA L EREERIET .

7. N. S. Khattra et al., “Estimating the Durability of Polymer Electrolyte Fuel Cell Membranes Using a
Fracture Percolation Model”, J. Electrochem. Soc., 167, 013528 (2020).

{EF%1E, WS, (EFIRIESSED3T-M TORDOEGREZRBEEIETI.

{EF %L+ EEDAST

Fuel Cell Technical Team Roadmap, p.23, U.S. DRIVE (United States Driving Research and
Innovation for Vehicle efficiency and Energy sustainability) Partnership (2017)

Membrane Combined Chemical/Mechanical Cycle and Metrics (Test Using an MEA)

Cycle 90°C, 0% RH (30 s)«>100%RH (45 s), E+JL25-50 cm?
SR ER B R H,7AA4—n"=H%15 mA/cm?2 Z#BZ 5 FE T or 20,000 cycles (> 417 h)
BREER AL F H,/air, i/ &4£40 sccm/cm?, FE (& E£L)
Metric (FE1fii%) RIS FIERAEE
Fitth = or s £ GETvEE) | DiidEd 24 hE EL(E=H4—T5B)
H, VOXA—/\— 24 h##(80°C, 100%RH, H,/N,) BlExEgsHY | < 15 mA/cm?
ocv X WHEA(E >0.95 V, FHERH< 20%iF
BRI (HFR) 24 h# @ 0.2 A/cm? ®|/L(E=4—75)
EARIER 24 h#8(0.5V, 80°C, 100%RH, H,/N,) > 1,000 ohm cm?
“Highly Accelerated Stress Test (HAST)” for the combined . E Temperature §§
chemical mechanical degradation: 265 sec HAST + 1.5 h il 5 12 o7
1 16 a 8 5
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BT E0.05-0.8-1.2—0.05 Alcm? £ o i ~
B © 01 Current 76
3MAEFH (2021 DOEAMR, FC334), 0 s
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Y-H. Lai (GM) et al., J. Electrochem. Soc., 165, F3217 (2018): open access CC-BY-NC-ND.
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REPUREHICRE(HRER)
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<BEFTHERZOEEZRIL>
‘XAFS /BRLFAE LY, PHIRICE > TEFREBNEIL T H LB (RBKRE).
-PtABRERE EEX) -PERRILYMNBZRET S EELTIEIERELEL?
-ENEEHGEHICL ST, PLREBRELICHEEZRIET. BICMEAEICPUEH

(BEEX, REAZFEKX. BE. RITX).
-PHRZEZRHIA N ITOstwald BB A I H S T, ECSARAZ MM (ILFXK).

RREITHICKBECSAF A EZETILIEAEE (ZEESH: PRIME2008, Abstract#800) .

<BE-DUA)THROEERL>
- EAEHEER(~0.7 V)T, RICEBIEHERICET 5.
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- (PHHIEZRIANIR) h—RUBAREREBREICIYBERESEZIMH (LFX).

<WAZETER>

AAERTHh—

ARBEIZEYPUPA/ICHOECSATE A (REHL K. BEERE).

‘Pt/Pd/CxyaxyyDADT LR Eii% F(F5&. ECSA, ORREME Tl (AE4t k. BELE).

MEEIO>TLANT., TNTINICHRHBE.

PtF/HlFiiE DL LS

(a) OstwaldZa sk

FAXIT— Pt™ + ne"— Pt

—R stk
(b) Pt”**f?]'/O)PEMEFV\G)#ﬁ&

€ o
S & 7/_'~1EIJ
e H, P HEB

"Ne 88 /Ne : Pt*+(n/2)H, — Pt + n H*

(c) Pt*i?@*%i)] HREE

(d) h—RABRDEEIC J:%;Ptd)ﬂﬂé&?ﬁ%
KHR% 5

960

BEHLTON— ‘I‘/O)F*Fﬁ(ﬁ‘&*ﬂ:)c +2H20—>C02+4H++4e

£% Y. Shao-Homn
et al., Top. Catal., 46,
285 (2007).

WNE#BZ, CSIALUIE1—SF4EEE) T AEMDIEZQ22ERTIKY
SFAI %15 TERSEL, ©The Chemical Society of Japan 2022.

19




EXAFSICEWitEEN /=Pt LR

HEDEN LSBT s BAEED ATV FALH

AL SRR

—o— 1.5nm

BN AIILIZKYEREL, KEGHIE
DNHLOITEDIL. BRY AL DELIETR
IZBLTPAERL., ChAETRTRIC

—e—1.5nm
15 —A—2.6nm
1 —o—4.6nm

10

FT/a.u.

BWTEHTHT 3F AT IILERRIZEY
PIOHIE RIS EEZOND.

Carbon substrate
Pt nanoparticle

Oxidation Reduction
process process
Dissolution; Pt"* Deposition

el . o B ' ::: ‘
Potentiak ' =/ (” B =
1.2V A
/ \ L= 10,000 cycles ===, / \
06V . R
300 mV sec!

Time

AAERES (RBXE), TR19EENEDORM RHES (20075F6H23~26H).

EXAFSIC&K2PtEHEORT

tZ* in

afior\

Pt-OH, Pt-Cl

l / H,[PtCI]

H,[Pt(OH),]
1M HCIO,
——0.9M HCIO,
+0.1M TFMSA
—0— 1M TFMSA
—&— Nafion

P
N

15

FTIK (k)]

3.0

2.5

1.0

Fig. Radial structure functions obtained by Fourier
transform of Pt-L,, edge EXAFS of PtZ* in Nafion117 and

references.
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BNiGW=B2EEZLNS.

RAEREDS (FEBKRP), FRI19FEENEDORRBE S (20075FE6H23~268).
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M. Wakisaka, S. Ashizawa, H. Uchida, and M. Watanabe, Phys. Chem. Chem. Phys. 12, 4184 (2010)&YERE (Author’s right),

©2010 Royal Society of Chemistry.

21
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Table 1. Summary of the Total Pt Loss over One Potential
Cycle up to 1.05 V for Distinct Pt Surface Morphologies,
Indicating the Stability Trend Follows the Coordination
Number of the Surface Sites

surface
Pt(111) Pt(100) Pt(110) Pt(Poly) Pt(Nano)
Ope.ais”/ HML 2+1 7x1 8+4 36+3 10310

cycle™
“Calculated on the basis of average surface atomic densities and Pt
molecular mass, giving 487, 422, 298, and 425 ng cm™ for (111),
(100), (110), (Poly), and (Nano). Poly and Nano were assumed to
have the same average surface atomic densities.
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— 20}
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Crz& 3Pt EfE:

B. R. Shrestha et al., Electrochim. Acta, 143, 161
(2014).

S. Geiger et al., Electrochim. Acta, 179, 24 (2015).

P. P. Lopes et al., ACS Catal., 6, 2536 (2016)&Y ¥ A %8 TERE, ©2016 American Chemical Society

PtRIZE NI —FI#lIlc Xk D0stwald =g DM F]

INIVERSITY

YAMANA

@
E2T797 N BES0.1 M HCIO,, 65 °C,
150 chznn&l”mi SRERAE i N
194 5 )L=68 g
_ 2 nm B 1.0V E
S 100 N [ 1=
£ >
< | 2
B 50 1 ®
[ i O
- c-Pt/CB 5
[ (2nm) g
0 . 1 1 1 (%))
0 10000\ 20000 30000
_ 800 : —
& THE
<
< 600 1
> 0.85V, 65 °C
s
— 400 .
L S e . 2
3
& 200 §
[72]
&
P 0 (2nm) , | !
0 10000 20000 30000

Number of potential step cycles, N

ORR;E 14 3 : 0,83%10.1 M HCIO,, 65 °C

10 T T T T T
i 0.85V, 65 °C;j
0.8+ E
0.6 3 nm 2 nm i
Q@ o— 1
0_4%"-7 > —l— 7 _
- c-Pt/CB 4 nm 1
0.2+ (2 nm) e

0 1 1 1

0 10000 N 20000 30000

*1-Ptr,/CB D #) EAMA, [En-Ptyy,,/CB
DF2E N=BBETOHME. ZEELY
EEEEICHE
RFREH—FIEL=F /AT
il bE (X, c-P/CBAIE (R R {RZE B2
B ICLERTIEE LR AEERLT-.
- MAD iF A (FECSAD F /> N EF
(Ostwald#pk & £F5).
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©2016 Elsevier Ltd.
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C. Takei et al., J. Power Sources, 324,729 (2016): open access CC-BY.
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H. Daimon, Y. Sakai, W. Nishio, T. Doi, and M. Inaba, "Electrochemical Properties and Cell Performance of Pd Core-Pt Shell
Structured Catalyst Synthesized by Direct Displacement Reaction Method", PRiME 2020, # 101D-2309 (Oct. 4-9, 2020, Hawaii, USA).
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layer edge [29,36,37]

D2 ca. 1610cm™! Disordered graphitic lattice-surface
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D3 ca. 1495cm-! Amorphous carbon [30,34-37]
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Relative band area ratios of the D1-D4 bands to the G band, Apy_pand/Ag-pand (x=1-4),
calculated from the Raman spectra for the c-Pt/CB, c-Pt/GCB, Pt/GCB-HT, and n-
Pt/GCB catalysts obtained before and after the durability testing (N = 10,000, except

N=3000 for c-Pt/CB).

Pt/CB c-Pt/GCB Pt/GCB-HT n-Pt/GCB

Ap1-band/Ac-band

Before 4.170 2.143 2328 2274

After 4.112 3.916 2.526 3.264

Ratio change 0.986 1.827 1.085 1.435
Ap2-band/AG-band

Before 0.693 0.362 0.387 0323

After 0.589 0.555 0.350 0.424

Ratio change 0.851 1.535 0.904 1312
A3-band/AG-band

Before 0314 0.145 0.214 0.136

After 1.256 0.290 0.202 0.164

Ratio change 3.997 2.006 0.942 1.209
Ap4-band/Ac-bana

Before 0.435 0.261 0.254 0410

After 1.106 0.582 0.398 0.774

Ratio change 2.543 2.229 1.566 1.886

Ratio change =after/before. FRFREEIZLYD3, D4/ RIREEA D,
M. Hara et al., Electrochim. Acta, 70, 171 (2012) &KYEF A% 5 TER#], © 2012 Elsevier Ltd.
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Figure 3. Carbon dioxide emissions from the fuel cell cathode with Pt/V during potential cycling operation varying the upper potential limit (0.95 V and 0.60 V
(0.90, 0.85,0.80, 0.75, 0.70, 0.65 V — not shown)) and constant lower potential of 0.4 V. Figure 3a has 0.5 min. hold times at both upper and lower potential, while
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observed, with the trend in corrosion following HSAC > V > LSAC.

N. Macauley (R. L. Borup, LANL) et al., J. Electrochem. Soc., 165, F3148 (2018): open access CC-BY.
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