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Fenton & i &*OH

Organics ™ HO,e

H02'+H02'9 H202+ 02 Fe3*t + Hzoze FEZ++H02-+H+

Fe2* 120

Fe?* + «OH - Fe®* + OH-
Fe2* + HO, + H* = Fe3* + H,0;
Fe3* + HO,» - Fe?* +H'+0,

3
HZO2 Fe>*

Fe2* + Hzo2 - Fe3* + ¢OH + OH~ «OH + H,0, > HO,+ + H*

eOH -+ QOrganics

Fe2'[EH,0,& D RIGHENEL. B
FFIC-OHZE R T H&EHITFed %
49 5 (Fenton R IE) o

Fe3*[EH,0,I &> TET M.
Fe2*hNEB 4T 5,
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JRDILELIEDEITT B,
OHLSMZHHO,» BERL. FEA
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%, (Fenton®RIsHA47)L)

(E° = 2.73V)

Fenton, H.J.H., Oxidation of tartaric acid in the presence of iron, Chem. Soc. J. Lond., 65, 899-910 (1894)
Fritz Haber, Joseph Weiss, The Catalytic Decomposition of Hydrogen Peroxide by Iron Salts, Proc. Roy. Soc. A, 147, 332-351 (1934)
Barb, W.G. et al., Reactions of ferrous and ferric ions with hydrogen peroxide, Nature, 163, 692—694(1949)
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Reactions in a cell

Table1 Summary of kinetic data used in this study. For each reaction (R;—Rzz), rate constant k at 25 °C (= 298.15 K) in L mol 1 s, activation energy E, in
kJ mol~" and pre-exponential factor A in L mol™ s™* are given

k (T = 298.15 K)

Reaction [L mol s 1] E, [k mol™'] A[Lmol *'s™
R, Fe’" + H,0, + H - Fe*' + *OH + H,0 = ky[Fe” [H,0,] 66 35.4"° 1.05 x 10® "
R, Fe’" + H,0, — Fe’' + *O0H + H' = k,[Fe’ [H,0,] 8.6 x 10 * 126 8.43 x 10'***
R; Fe*" +*OH + H" — Fe’" + H,0 = k;[Fe”"|[*OH] 3.6 x 10°17¢ 9'? 1.37 x 10"°
R, Fe*' + *O0H + H' — Fe’' + H,0, = k,[Fe*'][*OOH] 1.2 x 10°% 42% 2.74 x 10"
R; Fe’' + *"O0OH — Fe*' + H' + 0, = k;[Fe’'][*O0OH] 8.1 x 10*'* 331718 4.9 x 10"
Re H,0, — 2°OH = k¢[H,0,] 6.5 x 10 *[s'] 201* 10" [s '
R *OH + H,0, — *O0H + H,0 r7 = k;[*OH][H,0,] 3.0 x 1072°¢ 14°° 8.43 x 10°
Rg *OOH + H,0, — "OH + H,0 + O, rg = kg['OOH]LHZOZ] 3.7 33.5M° 2.71 x 10°
R, 2°00H — H,0, + O, ro = ko[*OOH] 9.1 x 10°**“ 20.6'° 3.70 x 10°
Rio 2°0H — H,0, o = kio[*OHJ? 5.3 x 10°%7¢ 8% 1.33 x 10**
Riq *O0OH + *OH — H,0 + 0, 11 = k11[*OOH][*OH] 1.1 x 10'°%7¢ 14.2'® 3.39 x 10"*
Ry, *OH + H, — H,0 +*H 12 = ki,[*OH][H,] 3.9 x 107%7¢ 19.2%7 9.14 x 10
Ri3 *H + 0, —» *OOH 13 = ky3[*H][O5] 2.2 x 10'°%7¢ 10.3"° 1.37 x 10"
Ri4 SC-SOzH + *OH — SC-0* + HOCF,CF,SO;H 114 = k14[SC-SO;H][*OH] 3.7 x 10°%° 70¢ 6.80 x 10'®
Ris SC-0* + 3°OH — BB-0O® + 6HF + 3CO, 715 = k15[SC-O*][*OH] 3 x 10 70¢ 5.51 x 10"
Rig BB-O* + *OH — 2-(CF,),COOH + 3HF 16 = k16[BB-O*|[*OH] 8.5 x 1073 70¢ 1.56 x 10*°
R,-R,;  —(CF,),COOH + 2°OH — Tun = kun[~(CF,),COOH][*OH] 1.0 x 10°2¢ 70¢ 1.84 x 108
—(CF,),,_1,COOH + CO, + 2HF
7<sn<1)

“ Rate constants were recalculated for 7' = 298.15 K. ? Activation energy is estimated between 6 and 10 kcal mol *. ¢ Average activation energy
found in various degradation experiments.*'**® ¢ Upper limit for the attack of *OH on CF;COOH.**

Philipp Frithwirt et al., Holistic approach to chemical degradationof Nafion membranes in fuel cells: modellingand predictions, Phys. Chem.
Chem. Phys., 2020, 22, 5647—5666.
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NafionfE Dt F L1t &K It

K.H Wong, E.Kleang, J. Electrochem.161 (9) F823-F832 (2014)

(CF,),COOH+20H+ ——> (CF,);,COOH + CO, +@

End group
—(CF; = CFp)y, — ((iF = CFp) - ~(CF; — CFp),, — (ch —CF,) —
o on —s
. ' ’ +HOCF,CF,S03
Side chain FCCF, . 2CF,503
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\ . y, v
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N 0- y,
v
R(BO -
Main chain RO - +2H,0+ OH: —>  2(CF,),,COOH +@
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Selected reactions

[M-s1] (25 °C) E,, [kJ mol']

1. Fe?*+ H,0, — Fe3*+ -:OH + OH- k; = 66 35.4
2. Fe¥+ H,0, »Fe2*+HO,-+H* k, = 8.6 %104 129
3. Fe?*+ -OH +H* — Fed*+ H,0O ky = 3.6 x 108 9
4. Fe?*+HO,-+H*— Fed*+ H,0, k, =1.2x10° 42
5. Fe3+ HO,'—Fe2*+0, +H* ks = 8.1 104 33
6. -OH + H,0,— HO, -+ H,0O ks =3.0x107 14
/. HO,+H,0,— -OH + O, +H,0 k, =37 33.5
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DFEDTTHOHTE: FFEX

r : Scission rate of the whole membrane [mol L~! min']

= k|[+OH] [2803 H] [-SO,H] : Concentration of the unit [mol L!]
N
[ SO H] EW r. - Scission rate of fraction i molecules [mol L' min!]

r... - Scission rate of fraction i molecules [g L' min™']

ri- =kl OH] TAr fw(l)

Tim— = k[’OH] W fW(l)MW(l) EW : Equivalent weight [g mol-']

Mw(i) : Molar mass of fraction i [g mol ]

dy : Density of Nafion membrane [g L]

£ (@) : Weight ratio of fraction i [—]

P, : Probability of the generation of fraction i from fraction j

de ) max .
dy dt & = ~Tim- 1 Tim+ = ~Tim- Tt Zl—l+1 | X 5 X Vim-
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C/DC converter

Coolant system Hydrogen (H,) system
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Coolant pump (CP) >
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separator (LVS)
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valve | &~ 1 Air H Purge
: (ASV) regulation valve (PV)
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Meso-scale Simulation

Detailed information on the
catalyst in Toyota MIRAI

Pt particle size distribution

Simulated structure of
catalyst layer

MIRAI with
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System performance results

® System performance can be evaluated on the basis of the detailed
measurements of the catalyst.
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1 . Input about new materials from 2 . Calculation of I-V data (cell

material researchers (ex. material  performance), which is interface of 4. Calculation of dynamic system
properties of CL and 3D-structure of the meso and the macro scale behavior by the macro scale simulator.
simulators.
cL). 3. Parameter
Meso scale ) determination for Macro scale Dynamic system
simulator FV data macro scale simulator behavior
N/ simulation. (FC-DynaMo) R
Experimental }\ N r—— .
data \ > Parameter "_ ‘ A
determination —)W o B >
=g —— TS
L - | o Lillh
s —
] Simulation / e ] =
A~ rescarchers .
€ fs };x;
P
Matenal . .
rescarchers T 6-2. Simulator improvement
x )
_\ \ "

5. Obtain new insight about new materials

and future plans for material
design/development and simulator

improvement through gap analysis.

6-1. New experiments

Resource ‘ ’

(human, facility, budget) New materials, products, services
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The heat exchanger for coolant is air-cooled type. Mainly intended for use in passenger vehicles. Validated with product FC system.
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Mode (@ Normal () 1+1D [ ) Degradation Load pattern | SAMPLE

Edit chart layout Chart height | 300

1D charts | 10 < rows
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Mode (@ Normal () 1+1D (] Degradation Load pattern [SAMPLE

REECAGIVON@ Chart height | 300

Edit chart layout

1D charts | 10

Degradation | Load pattern | Execute FC-DynaMo | Performance

- rows
- o
X axis Time
Y axis | FC system net power

Plot type (@ Line () Dot
100
90
80
70
60
50
40
30
20

FC system net power [kW]

10
0

=Jur==—

D — Y0

M [ Display reference data

S TILATI NDEE

2| columns

-

Delete row Insert row

0

100

X axis [ Time

Y axis | FC-coolant outlet temperatur '

Plot type (@ Line [ ) Dot
95

90
85

80

~
(=]

(=2l
a

FC-coolant outlet temperature [degC]

(=2}
=]

200

300

400

Time [s]

500

600

700

800

1

- | columns

Delete row Insert row

100

200

300

400

Time [s]

500

600

700

800



VRO

B FC-DynaMo - CAUsers\miho\OneDrive - Kyota Universit\F A - F\FC-DynaMo3.3 Cases\original = [m] X

File(F) View(V) Setting(s) Help(H)

Application | FC stack | FC system | Controllers | Degradation | Load pattern | Execute FC-DynaMo | Performance

Mode (@ Normal () 141D () Degradation Load pattern | SAMPLE m [[] Display reference data
[ Specify time range to display
[ Edit chart layout Chart height | 300 px
10 charts | 10 2 rows -
Xaxis | Time . Xaxis | Time . Xaxis | Time .
Y axis FC system net power . Y axis Alr-compressor power . Y axis Overall heat generation rate -
Plot type (@ Line Dot Plot type @ Line Dot Plot type (@ Line Dot
100 5 180
E
90 £ 160
80 0 7
g B O 140
= 70 = ®
s g5 s 120
g o0 g [
g e £ < 100
g 50 g -10 H
E w0 £ o
g a
:: E .
) §-15 60
< < 40
20 0
10 20
0 -25 0
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 00 800
Time [s] Time [s] Time [s]
Xaxis | Time . Xaxis | Time . Xaxis | FC-stack current .
Yaxis | FC-coolant outlet mmporatm' Yaxis [ H2 partial pressure at anode . Yaxis | Voltage of single fuel cell '
Plot type (@ Line Dot Plot type @ Line Dot Plot type (@ Line Dot
95 09
;:;- 90 _oss
= =
L 3 08
) T 3 % columns
E £ 075
s E
- 207
ER) H
5o Eoss
g <
< 60 06
55 055
0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600
Time [s] Time [s] FC-stack current [A]
Xaxis | Time . Xaxis | Time . X anis .
Yaxis | Average H20 activity at PEM . Yaxis | Accumulative H2 consumptic . ¥ ais -
Plot type (@ Line Dot Plot type @) Line [ Dot Plot type (@ Line Dot
1
095
s 09
= 085 o
® 3 - columns
Z 08
:
Z 075
g o7
05
0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 -




ApplicationDUI N B Z

B FC-DynaMo - C:¥Users¥5092457¥Desktop¥new case

File{F) View(V) Setting(5) Help(H)

Application JFC stack | FC system | Controllers | Degradation | Load pattern | Pt particle diameter | Execute FC-DynaMo | Performance

(@ Application 1 (Reference) [ ] Application 2
The heat exchanger for coolant is air-cooled type. Minly intended for use in passenger vehicles. Validated with product FC system.

3. FC-Dymaba - CWoersVSOSRESTADechiop ISAMPLEZ
Fielf) View(V) Setting(5)  Helpi

Application 1:ZEaR AR (ElSS) o ——

SAMPLEZ

Application 2: /KSR HZ: (iLfA) i

e Pt particle dameter | Execute FC-OynaMa | Performance.

I — g (O T o e e \}

Ambient pressure Ambient temperature Ambient air speed

_;T_E/_.l__\én%/ ff%—@ 73 Td:% [Pa] a [m/s]

00 s sdasssissisng

00w 5 sasssseissssng L

2000 o sasssseissssng "o 100 20 0 0 500 ]
2000 050 2 sssssssss T

FisF) V) Seting'S

Appleson | KCseack| 5 spstem  Comodens | Degraseion | Load paers |t parscie amess | Eseune 1€ Dyrab | Perod

oo ol st 8 0eton s speced
3 2 s - o x

Fiel) View(V) Settingis)  HelpH)

ppbeaticn, | £ stack | FC sysem | Controlers | Degradation Loss pattern P partice dismeter | Exzcute FC Dynshdo | Performance

» SAMPLE
SAMPLEZ
SAMPLES
SampLe

T PR Tb T

Gl e

Ambient temperature Ambient water Water pump
w] ra temperature ['C] flow rate [L/min]

Ready




FCHRDIND X =5 —525E

Saaag
File(F) View(V) Setting(S) Help(H) @FC stackﬂ 7 IE?R
Applicationf FC stack ystem | Controllers | Degradation | Load pattern | Pt particle diameter | Execute FC-DynaMo | Performance
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Application

FC stack | FC system | Controllers | Degradation | Load pattern

EITRT>

Execute FC-DynaMo Performance

Mode (@) Normal () 1+1D () Degradation oad pattern [ samPpLE [] Display reference data
Edit chart layout ERCIE e RO Chl KGart height | 300 px

1D charts | 10 *| rows

Xaxis | Time . Normal: EEAmEd1D

Yaxis | Radiator-fan power ' 1+1D: B +Rig A mOEA T H

Plot type (@) Line [ ) Dot

Radiator-fan power [kW]

X axis | Time '
| FC-stack gross power '

Plot type (@) Line [ ] Dot
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k gross power [kW)]
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Load pattern: SAMPLE4
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File(F) View(V) Setting(S) Help(H)

Application | FCstack | FC system | Controllers | Degradation | Load pattern | Execute FC-DynaMo

PEM thickness Default (@) User specified
Cathode GDL } @ Default value
pm .
— @ User specified
o 7 < & 7
Cathode CL pm
“ Dry density of PEM @) Default User specified
kg/m3
Anode CL
Equivalent weight of PEM (Polymer @) Default User specified
weight per mole of sulfonic ion
Anode MPL gnt pt ) kg/mol-503-
Anode GDL 02 diffusivity through PEM Reference value Default User specified
Humidity dependency factor Default User specified
Cathode )
Channel
Activation energy Default User specified
GDL J/mol
MPL [
cL Reference temperature Default User specified
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C
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MpL o .
GDL H2 diffusivity through PEM Reference value Default User specified
m2/s
Channel Humidity dependency factor Default User specified
Anode -
Activation energy Default User specified
J/mol
Reference temperature Default User specified

°C
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Mode: Normal
Load pattern: SAMPLE4

File(F) View(V) Setting(S) Help(H)

Application | FC stack | FC system | Controllers | Degradation | Load pattern | Execute FC-DynaMo
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Application | FC stack | FC system | Controllers | Degradation | Load pattern | Pt particle diameter | Execute FC-DynaMo  Performance

Mode () Normal () 1+1D @ Degradation Load pattem | SAMPLE ' Pt particle diameter | SAMPLE ' 1 cycles [02 h

[] Display reference data

[ Edit chart layout
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