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Abstract — We analyze the effects of CO poisoning and air bleeding on the performance of a PEM (polymer electro-
lyte membrane) fuel cell stack fabricated using commercial MEA (membrane electrode assembly). Dynamic response
data from the experiments on the performance of a stack are identified by obtaining steady-state gains and time-con-
stants of the first-order system model expressed as a first-order differential equation. It is found that the cell voltage of
the stack decreases by 1.3-1.6 mV as the CO concentration rises by 1 ppm. The time elapsed to reach a new steady state
after a change in the CO concentration is shortened as the magnitude of the change in the CO concentration increases. In
general, the steady-state gain becomes bigger and the time-constant gets smaller with increasing the air concentration
(air-bleeding level) in the reformate gas to restore the cell voltage. However, it is possible to recover 87%-96% of the
original cell voltages, which are measured with free of CO, within 1-30 min by introducing the bleed air as much as 1%
of the reformate gas into the stack.
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WA BEE o83t mAkded Az ~8e] CO Poisoning 2 Air Bleeding &7} 4] 371

Fsto] A=A AR AAYS F438] ASHAIZITH2].
Pt+ CO < Pt-CO Q)]
2Pt + H, <> 2(Pt-H) Q)
Pt-H < Pt+ H + ¢ 3)

o] 2} Z-& Fwll 3] 5 (poisoning)el] s 2819 A5 Ash= 714 ¥}
“d (reversible process)OF AEI) FHEE F4A T CO7F SA
AAE 75, 5ol Gl FAIRE Yl i 3EHTH34].
Anky © 2 FHF(Ru)S T3 Pt-Ru AL 2] Ful|E ARSI 2]
@k (5)2] HIAUZeN 2Jste] FAksE A4S FXA71aL covt
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Ru + H,0 <> Ru-OH + H" + ¢ “

Pt-CO + Ru-OH <> CO, + Pt + Ru+ H" + ¢~ %)

T e R ARAA Y] FHERE A Thel v 7] B
= AAE 37 FF38R= air bleeding 71Holl 2J3le] A (6)~(8)%
YRR wA L) whe} wig Sojel] F2kE COE AlSAF o2 M

A St AskE v WAE = 3k
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Pt-O + Pt-CO <> 2Pt + CO, 0]
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g A 0 7 gHE = UxA] B2 (first-order system model)yS %
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%, membrane 77| 5ol wjgl SR, #A, NE SR80 o
oA o] AR-El= GoreAl2] PRIMEA 56 SeriesE A 815} A~
eof| tff$k CO poisoning 2! air bleeding B35 23131t} WA, 5
AR TAE 150WH AR sub-stack)yS AIZF8I3ITH MEAE 71
FAELEE T GoreAl2] Al E membrane®| 1= 35 pm,
anode Zvijgle 4! £H+= 0.45 mg cm 2 (Pt-Ru), cathode:= 0.4 mg
em™? (Pte]H, 7}~8A1(GDL: Gas Diffusion Layer)S SGLARS]
35BC™E ARESISITE el St oA vely EekiEs
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#o] el AEE A4S AMgSl] 7] 7S X3 §- ocv
(Open Circuit Voltage)9} 0.6 V Afololl 71212 0 2 WiEslo] ARE

WHEA7]= cycling 71W& A &3l 2 & H](anode= 1.5,
cathode™= 2.5)°141 &F 20 h 53t §-8f HE S XPste] &3}
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o Azt w235 WisF A §le wizkA] 45 AclA A AR &
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2810 B4 A5 E Axeh w3t A8 SasIeit). 8] ¥
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P WAk AIZ $ ARt e et AR Ws) HlolElE Sus)
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F7hd AA A Fdsict.
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Fig. 1= 2~84e]| 355 simulated 7112 7F2el] 323k CO9 &
EE 0 ppmollA 5, 10, 20, 50 ppm O 2 Z47F WA RS v A7t
upE AEo] ot A A9t ATS =AISE e zolot. /A shael
COE F7I8HA] &2 0 ppm “JENolX] 28] 5t AU 0.765 V
2ol A fAEHTPE 3EEE €O 5 Fato] o=k 10~80
min®l] A% A3lE= @S Bk olw, §7kE= CO 57t %
S5yt ASte] Al mEe 1A A- AlRte] Aok
ok 5, CO &5 71l wheh ARV AR, A 7k2el 32
e CO 557t =555 CO7H mh=A| Erle]o] Fuljside) =g
sh= o] TV onlsitt. 53], CO w57t 5= A

{F % T3 A CO F57F 50 ppmell ©1231S w= At W
°F 0.02 V 8 I o) ANFA 0 2 vhgol] AdrgEl wiel
¥:}01 Zuf oA co2l S 9l Aks) HEEF o2 dofuf= 9l
Qo7 2 5 9rh,7].

1.2 (1ell glete] co F2Fe] 7ol whet Zujl 3231<] o A
FrEo] olAH, 40 F3F 9 Aksl vhE(2] (2) B ) Eslste]
anode®] #FH¢to] Hx} Sttt

2. Anode®] #3%t T7h= CO H2 g oFA7]aL, 4] (4)sh
(5l &ztod cogl 2kt vk At ~7P\17J:}

3. CO¢ kst F7istell what ol 3292 CO Af-&o] 015

7l ¥]o] anode®] ¥5ke- ThA] ZRAEITE

4. 018} 22 Co9l F2, ALs), @3 Alo)Fo] A& WHEA o7 o
ojupe, AR o7 Aol Q%S et Hrk

Fig. 2= simulated 7} 7}~ COE Z+7} 5, 15, 30 ppme] E=%
Frrete] AAsto] A el Bt & Co dus THES Ul

Alzhol| whE AEe] ot WA S AES EASE 1Erol) 11
Helld & 7 3l mlsl 2Zo] co ¥go] T F Aol wE
e ilifd % z7)e) 718 co FE2 #AIRIe] 15~30 minoll
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Fig. 1. Dynamic responses of the average cell voltage of the stack
when the CO concentration in the simulated reformate-gas
was jumped up to 5-50 ppm from 0 ppm.
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Fig. 2. Dynamic responses of the average cell voltage of the stack
when the CO concentration in the simulated reformate-gas
was set to 0 ppm.
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T WA Zhzel H718E €09l wEt EEE Azie] SEy =
R =

T Hgle] wE A8 UKt B4 wigkE Ao
28171 9ell Fig. 13} 201 viehdl wllofElol 2] (9)~(11)2 E3 % °1x}7ﬂl
TS A3zl FAE oS3 AI7EE 5199t} Simulated
MZ 7120l COE F7IIAY CO & T4t 217+e] 79l o
3to], Fig. 32 CO2l 5% Wislel] wke e o5& =t
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Fig. 3. Steady-state gains of the first-order system model obtained
for the data shown in Figs. 1 and 2 with respect to the CO
concentration in the reformate gas.
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Fig. 4. Time-constants of the first-order system model obtained for
the data shown in Figs. 1 and 2 with respect to the CO con-
centration in the reformate gas.

PP o152 71 COsEe) 2n| Qs A 24| oo,
-0.0013~-0.0016 V (ppm)'2] HejollA Hlwd AHT ghe Helrh
CO AA ACIH2] CO removalPll = el 0152 0.0014~0.0017 V
(ppm) "= CO AA A A 7k~ F2] €O ol A JTE A
¥ v A DS gk Kol A o5 v 4L #UhE Co
Sl npE AR ~ge) Al Mahs A¥A AFHHE Hel
ok 23 Fig. 40 221 ulel o] AP+ €O s ulet A
A 850 e 2480 €O H71e] 9= 1= 16917Cap
(R*=0.996)21 0%, CO AI719] -9+ 1=12489C " (R>=0.997)
2102 vEehd 4= itk 91714, C e WA 7R2ell 3K co9l 5
S(ppm)E HERACE 7 71el COZ VR A9, AR
CO 57} E7V8PE 4,223 5 (C =5 ppm)°llA 625 s (C=50 ppm)
F ZolA ™, COF AHER= 749+ 1,886 s (Cor=5 ppm)ellAl 134 s
(Cer™50 ppm) ZHAsict. A7V CO % wigle] upet =4
2o 7Rz ol H|Fo] B uf CO FEol nE Aule] AHeke A
PAJ v AsS HYS & 7 Utk Fig 404 & = &
uke} o], ARV CO7F 7= 97t CO7F AlASR= 45
BT} CO sl wh 2.280(Cey=5 ppm)ellA 4.681(C =50 ppm)
A Yepdt}, Z, /A 7holl co7F B7FE o) F- AlAgto] Akt
gloll 2eel7|714] A Azl o7t AAE T A deel] ket
717K A AR DR AL, 0]9)h 2 AJolE Kol 2 ¢
Q12 Al(cell) oA OS] LG} G40 H|BE] 9 = A}
ARRE FA4 5= Qi) 5, CO 7t Aol cort Fr o= &
sbe|of wig Sl O] FAE tIAIFC ZH anodel] HHHYS T
W71 SR COZF AAERE A9 47 Srf THo R 3t

= S50 o we), Fo) 19e) coE mEA) thA|ske] AHekS
w2 A 3]2A)7]7] gjFolr}, sk Ru Fujlof &3t akslEe] A
A 4 cathodeZH-E] membraneS 53l anode@ F3}=]= AkAof 2
Sl internal air-bleeding E7F% A} 35 HEo thh JEFS T+
Aoz FeErh12].

Fig. 5(a)~(d)= simulated 71 7kl COE 242} 5, 10, 20, 50
ppm FEE X|&H 0 F FahuA] Axete] A dEe] medt &

WA 71200l 242} 1%, 2%, 3% 52 3718 AEHSE Fa(air

bleeding)dt “FE oA AlZtel] whE A~Ehe] Hf AR AT A
sk 7Ef3zoltt, AR S 2 CO7} poisoning® “ENSA] air bleeding
o] Alztg 5 Alzigto] 10~30 minll A WA 3EE9) 0w, CO
L R I S0 o wEA JERh &, Co st
2 Fig. 5(d), (c), (b), (a) =07 At w27 35E <)) =
8k 7} CO solA 280 FFE= air bleeding 0] 352
CO &7t Ghe 745-9} nlawste] Axgto] tha w2 A S)35=gle.
o, Adelelr S9% AHe A% F S air bleeding 72

g 57} o]
oflA] 3% Z7H171 B9l F7H0l ARk % WAE 1ol

] o5 ARV 8IS Fig. 63 72 simulated 712
7k2el] H74gl CO 522 A7)0l Wt 7} air bleeding ol thgt
PE 15T ARVISE AL ke 247 TAlSE TrEo|c),
TFlA B Sl vke) o] WA o]5 EE air bleeding
TE(1%, 2%, 3%)°l tiste] 7 7k 59] o FE9 st 4
HEAIE 21 bt 3t A3 €O FollA air bleeding T2
S7tell W e o159 T A& AR, 1% 752 air
bleeding ¥H& 332t Y71 CO Fxof wh2} 0.00130~
0.00135 V (ppm) 2 725 S7I5R, air bleeding G2 2%e1141
3%7HA] B S7HAIFIE RS 28l 052 0.00139~0.00157 V
(ppm) ' B ol HEH air bleeding ol Bl &EIEl] T718HA] @i=th
E3], CO F7t 7P 322 50 ppmellA] 37874 0152 0.00132
(1% air bleeding)*lX] 0.00139 (2% air bleeding)2} 0.00140 (3% air
bleeding) V (ppm)™'Z S7}F=9] 1% air bleeding ©]3- 571491 air
bleeding 2] Z7toll W AAY 45 o] 52 g w|u]sict. v
24, 1A 7k 2] €O E57F 550 ppm H el S w, 1%
9] air bleeding?h©. 2% CO poisoning®] F7] % AZQte] 85%-~
96%%= theF 1~30 min ool SEAIZ = Qlo] COE AlEAT =
ol F Qs ARAE A it 3 5 Qe B0 E dnk
AR air bleeding §10] COE F718kaL A|AS ZH-9-(Fig. 4
e} w7 AR €0 el wek ASARS) $E=9179C
(1% air bleeding, R>=0.987), 7=5110C_%, > (2% air bleeding, R>=
0.995), ©=3955C%, "> (3% air bleeding, R>=0.998))°] HE|Z =7
3lA 2oL}, 13 A3 CO oM E air bleeding 752 &
7ol wheh ARG ZopAIANE 7hAE- 5 Fof et wlEbA,
N 7h2ell 23 CO 557 22 45 air bleeding T2 57
AZLGE AHSS Rt whEA A 5= QAR €O w57t =
2 7390l air bleeding 752] 710l WS A 3]5 27k v
£ FX] gt} A5 5, CO F5 50 ppmollA AZHIFE air
bleeding =] <71l W2} 795 (1% air bleeding)ollA] 46's (2% air
bleeding)®} 37 s (3% air bleeding)® Zo] &L}, o]} 72 Aulz i
B 52 CO FEolx = 2] Ast Fo] A4 ¢, & CO &
oM ARV vl A2 e 1P W 1% 552 air
bleeding?h0 2= A8} A58 U 7 o OE S EAI Sl
< & Stk Air bleedingell 2J3l 28]l FH5EE 3719 0]
S7FE MEA UlH/g0] oAl AR g 18 Ps o, air
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Fig. 5. Effects of air-bleeding levels on the average cell voltage of the stack over time during the CO concentration being maintained at: a) 5-

ppm, b) 10-ppm, ¢) 20-ppm, and d) 50-ppm.
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Fig. 6. Steady-state gains of the first-order system model obtained
for the data shown in Fig. S with respect to the CO concen-
tration in the reformate gas and the air-bleeding level.
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Fig. 7. Time-constants of the first-order system model obtained for
the data shown in Fig. S with respect to the CO concentra-
tion and the air-bleeding level.

EHE= ARo] air bleedmg (1% F2) 5881 7299} v)wslo]
1~9 min (CO &% 50~5 ppmell tl-3-8) FERF =oAZE air
bleeding ~4°] *‘W‘” 3| AR A FEATIAE SS



AP A AT AA] 86 th$k CO poisoning ! air bleeding
APE T3 FRst B4 S dlolelel dabA mes A4ste] 4

SE| oS53 ARVETE AXtshs o R A AldSte] B4
g 548 AR o7 BAE8Ic) A8l 35EE A1 7k Ui
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