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Durability evaluations were conducted using polymer electrolyte membrane fuel cells in a marine environment. Deionised
water and 3.5 wt% of NaCl solution were supplied to the cathode using an ultrasonic vibrator. Performance and
electrochemical impedance spectroscopy of fuel cells were measured to evaluate the electrochemical behaviors.
Additionally, long-term stability evaluations of PEMFCs were carried out at 0.65 V for 20 h. Following the experiments,
scanning electron microscope analysis was conducted to confirm the presence of NaCl on membrane electrode assembly

and micro porous layer of fuel cells.

1. ME

2
re

Aol 2] ZHg-ofl Tt o ® Qs Am9| sfetoyA|
7R R #gkshe drdx]of] et A7t gds] A
53 Itk 1% ALoA BT AL KT Qe T
AL A3 AEr A 72X (Polymer Electrolyte Membrane Fuel
Cell, PEMFC)= 2152}, Ak 18|11 52 5(1,2] thefsl &4
Sere) oAl 2 ALEE T gick. el eubeel 2E27)
I et $47 AEFE ZUFNE So] EAfaihs
He A=A} s dsloF sh= A= ol A
AFEARE BIRRE TRt HokollAl PEMFC7L ARS- ol whet
AEAR = F4TE el S H) webd Azdx|7) 2
52 &S st TAT o o= BAIE siEsteT =
7] &olof gt} Aba ARIEE ARSSHA] Y= ol ARAA|

At E2HE o8 sl "2l di7le] eees

AT o2 mlm

(]

1o o o

Copyright © The Korean Society for Precision Engineering

Manuscript received: August 3, 2022 / Revised: October 24, 2022 / Accepted: November 10, 2022

A=A 9] 5 Aste Lot = A H7] L9E 4o
7= WdAReARe] wiE7tar)t ARAdA Aol 71A= A7t
o] Fo] HTH3]. WAREAF] A4 Tpgo A HHYsHe QAlster
2(CO), A4 ABHE(NOx), 12|30 3 ABHE(SOx)S A7 A
S-S TAYAKITH3]. Pt o] FAME & SRS w2 A
ol AtetE o] AFaehINES-(ORR)YE EEdh= Pt Whgw2
& A2AP7|AL, o ke 7MY w2 e &4 vERlt
[4]. Bi7I7FAR QIR s Adhs 37150l &2 552 3718
2 SoEM ABRPA el EEe 7t veeR
e

FToll= dantehs wiEo] Wit A Y SEdel=
8ol wht, HAkizle] opbd M2 ol # F 7ol
O] FoIAAL Qlrt. S TEFEL SA=FE Ee] "ol vt
ool A 2hsst7] Wizoll eeje FAES7t of k. uhebA A
AESE TEEA = Y Tl Zasit: HiE e SR

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



940 / December 2022

ZHUSSIS|IX| M 39H M125

o

g0l £9ua ot
3k, Sl Aol W H-2 Ao 1 ol 4 2HE el

EHS 6]. 7IZ Aol

12 M3 glon, SAol RES AFQ—OMOH ol
sieh Ao WAISHA kT S ofuX) HES T Ard
A% Feltlon Aol vk AE L S

gl [e]

Jeu siae] s QR Qe sAloA 9 tf7|eEat ohE
el wEHL sl YubE o R CI, Na', SO~ Mg 59
oo g o] St} HIGHEO|A ] Hat o] FE HE
35%A4 d3}HE 55 mol%, YEE 30.8 mol%o]t}. Veleva, et
alo) Qo] wew sef oi7lel 19 Fot e FeAHL
o ayshgol oa Jabrct AsFECHO] ofak o] ¥l
= AE HE 7). ol B8l ol ArdA 9] A4

SASHE o 4 ol adk 3 AshEo] ol WSHES

L dRAA e PaATIE P00 %

orenlol A RIS AT o, ol FHA A%
A1o] 24425 rETHI). 2] 98} o] &(CIS Pt Euje] ot
ABE ASAUL. B AN ienld 12 Rk P
S Ak o EwHoE Qs SAo| Pk Pt b
PA7E B 2 YRR S=H Pt Full o] A A (Triple Phase
Boundary, TPB)7} Z+aste] Am A Aso] #AsHECH10,11].
AR O] Aol 7]elts o YA Hst oo W)
= 2kl € 4 qloh =3, 9822 GDL 5 PEMFC 4%
ol T FFe 7|XITH12-14].

9] 9= PYC Aol NaCle: S 3 Na'e}
Cro] ok vrafwlch. vk AR sjgetd oA+ NaClo] i
st 3717F ArAR ol FwEe] sAskF 2Tt Sasank,
et al-> AA| 5 FEO| "ot Hze} W o]-85to] NaClo]
33HE F7]5 Open Cathode ®W4]19] PEMFC A8lof F514
T}H15].

2 Aol A= NaCl 89 QPR 7155 PEMFCO] %17
3eHe AsS BAshs AFE sk AA s ollAl
x| Poz AMEE= ARAAE 7oA Bagt 4taE 5
Rkt sEA|RE sFEd O] th7]<olli= NaClo] 23} H‘H"‘EP
[7]. ol2iet S =A45k] $18l PYC A=l NaCks
A3k WhAlo| ol NaCl 4=8-Mo] xZ3le L7 & PEMFCOﬂ
o9 cH8,9]. 84 E3Z<2l NaClE gol2<(Deionized
Water, DI Water)o]] 23} NaCl 4=8H4& Az+5t¢ich. A2
E NaCl =899 == 359 H=2 3.5 wt%o]t}. NaCl 4=
|NE 229 2E 75710l gol 3710l EZ3}AA PEMFC

= o

tﬂ—xl —g;]__é

(NaCl Solution or DI water)

Anode Cathode | jtrasonic
" Humidifier
PEMFC
MFC \\ J MFC
_Pontentiostat
100 kPa H (Biclogic, HCP-803) 120 kPa Air
150 scem 2z 600 scem

Fig. 1 Experimental setup

Fig. 2 Ultrasonic humidifier

7150l Bttt AndA A wEel] el 2AlE o
AZF 27 A9} Bla 9 EAste] Asieleh. NaCl Qlxi7}
MEA®} GDLO]| 7|3 = &3Fe R},

oX oft

2.4

]

PEMFC2] 7|35}
= % F34st7] ¢fsf DI
WaterE 37| = 49] =52] NaCl =&
o 33w £ A2 Ve, Sl A e
e Fi 20 Hebd 285 /1718 Aot el e

]

Aol Wlxlb

A B I j-V-p

2} Figs. 3@} 4Gl heht giek.

=2 E3) 0.65 VoA Hzo] v
=4 AFghe Fig 5o Uit olrk A4

2041F o]0l THA] VP B3 EISE SAsko] A5}

HEgel A7142) 4eEs BASkt. ol 247} Figs. 3(b)%

4 Rt I

FBhFE o] PEMFCO] 713 ke 21s17] $Ial AANE



December 2022 / 941

FAPAAE 0] 7 (Field Emission Scanning Electron Microscopy,
FESEM)T} of| U | EAke BS3-ELAH (Energy Dispersive Spectrometer,
EDSYS &3l ®A8tlom, o= Figs. 6} 7ol Ueh} glom
Table 10]] &= St

2.1 PEMFC Setup

H o] FAu| A= (Piping and Instrumentation Drawing,
PNID)E Fig. 1¢] Uehdth. PEMFCO| H7|3}815/dS& B7}st
7] 918 A7 = Zof= Drydt =4S 150 scem, 100 kPag2 34
a1, F7]= Zoll= Wetdt 27]= 600 scem, 120 kPa= &+
SISt 287 NEAS o83 BRE £ ARUAZ T
st

0

0

2.2 PEMFC M &

2.2.1 2 M= &k (Membrane Electrolyte Assemble, MEA)
CNL Energy Afol 4 #|Zt CNL MEA C TypeS AR8-51%

t}. MEAQ] Pt LoadingS A& vt 37|15 2% 0.4 mg/cm®)|

o 2 243} WA (Active Area)S 22 x 23 mm?o|t}.

2.2.2 7IA&E(Gas Diffusion Layer, GDL)
CNL Energy AlollA] A1&%F SGL GDL 39 BBS AMg-5+%ith.
GDL9] 243} 22 5 cm’o]c}.

2.2.3 22|Et
A]—ﬁ’l?-i(Serpentine Type)d] 25 zH= Tohujo|E Rag
L AF85RTh £ 1.0 mm, Zo]= 0.8 mmo]th.

2.3 Experimental Equipment
2.3.1 7k &X|

HEeE ol g3t Tl 2STUEAE o4 Fiee BT
&= NaCl ool zol7} it HEd= 7S 2357] 4
H 2 ThE0] PEMFCo|| 4=8-& F53ltt.

HEZE o]85to] NaCl ~8-%-& PEMFCol| ¥3%F 7
NaCle] ¢fo] F-235HA] ¢t71ol MEAS} GDLof|A] NaCl ?JX}
7h BEE ] QRSkTi[16]. ol2gt #AIE sidsty] Sl & A+t
o NaCl 2801e 283} HEAE o|83lo] 7o 23}

NA ARz o] FFetrh. 289} 71571 Fig. 29 vheht
ok, 285} EAelA wys FEOR QI8 NaCl 5§
Aol T YAEC] 5719 B2 FE= PEMFCO| 354
ULt olE oH PEMFCOﬂ NaClo] x3}¥ $H4& F535)
golstale Aol AME A=A =

g e %Am e P 4

ah

;0

e N o

232 MU|EeE £y &M
NaCl 4= 0 &2 7}%5% PEMFCE] 47]351514 54 5Ae
Biologic (France) AF2] HCP-803-& ARE5|] j-V-P(AFHU=-A

Sl-Eeux) A A7|3ke dujel A B (Electrochemical

Impedance Spectroscopy, EIS), A Z¢}F X (Constant Voltage)S
S8 j-V-P AL 0.9 VollA] 0.3 V7HA] S50t EIS=
0.2 MHzE-E 0.01 Hz Fa=HL714] 0.8 VO 0.5 VollA] =34

3}9ict. Constant Voltage= 0.65 VoA 43} o, 0.3 A 1]
grom AR7h Aaste 2L Sl
2.3.3 EOEM

FIUFEFO| PEMFC &0 71X JFE &jlslr] 9

o) EHEAS AgYslgict. FHEALS FESEMI}F EDSE o]
slo] 23Y3Frt. FESEMS HITACHI AFS] S-4700 AH|S A}
2319t MEA®F GDL, v]A|thg<(Micro Porous Layer,
MPL)S 10Ke} 50 K9] uj&2 #A435}%tt. EDSE HORIBA
Ale] EX-2702 ARgslgich EDS B4& E3] MEAQF GDL,
MPLO] FAYAE 30l3 ]—ﬂ_cl o|E &3] MEAL} GDLoj|

Ak dEhtEFS
3. 41} gl Ak
3.1 PEMFC M7|&letSd "ot

SOx 5 t71.¢l0] 1B H PEMFCO] 7]3}5t54 7lo]
T AT Fus] AW ARE, NaCl A4 b e
7ol qo] PEMFCO] A7]8ks154 #H7ke e we a7}
A Ghale. 0.65 VoA 3714 B2 23 NaCl 5§
o 7} AR ARgho] Pashe AL st o2
3 NaClo] AR4) AAsheE fuachs 28 & 4 9k

3.1.1 j-V-P Curve

Fig. 3(a)= A2 oh2 7527022 343 PEMFCO| 27
A=o|tt. DI Water2 7153 PEMFC2] A5H ol NaCl =8
© & 7153 PEMFCO] Aol sk A& ghelgh 4= 9irt. DI
Water2 7153 A8429 g &8drs oF 481.95mW/
em’0] 2|7k NaCl =840 & 753t dmzz|el Ao E8de
£ 9F 393.5 mW/cm®olt}. 7520l wet o) S uUxer) oF
88.45 mW/em(¢F 18.4%) 7HA4staS-S EHe1dt 4= Qlr}.

Fig. 3(2)9] @& AFdE T S ARUE 7oA
7Rgzol W2 A=A s Aozt 2A et o=
2 ARd= OMOHAH NaCl =8N o] 7|2]= ggFo] A4 ¢

7] fEo|TH15]. Wo AFUE Il AsA st dAa]
{laAE= Cl ﬂiﬂ Pt Sufjo]] F2F=|ojof ghrt. AT ThAIZE
B9S2 Cl Yas daAA] Aol uu|st 9 71H

0.65Ve] AAT Heto g A7|okdA H713E o]E PEMFC
o] A7|gksta B4 W7t ohA]l == 9} Fig. 3(b)= A=
T2 7Rz 7d 2 A7|obdA B8 0]E9] PEMFCO A%
o|th. 2047t H9F NaCl =g o2 7153t A7 9] *év~
2714 ﬁéﬂ o|Zof wlaf uf-e- =LA #3}=|¢ict. DI Water
2 753 dEdRe Y ZEdrs 481.95 mW/emZolA]

AL



942 | December 2022

j =V -Pcurve (Before)

= =Dl water
= =NaCl-3.5% 5

Voltage [V]
g 8 8 &
[uamw] Aysuap samod

o

o
=]

00 04 08 12
Current density [Alcm?]
(a)

j=V-Pcurve (After)

g

= =Dl water
= =NaCl-3.5%

\

T
A
g 8

w
=1
s

Voltage [V]

/
'
¢
8

[;wapw] Aysuap samod

g

o

Current density [Alcm?]

(b)
I Brl'oro
-E 480 i LA frer
E 200 | f 392
2 Z
A | i
Dl water NacCl 3.5wt%

(c)

Fig. 3 (a), (b) j-V-P curve before and after constant voltage
measurement. (c) Max power density according to NaCl
concentration

45410 mW/em?© 82 Z+2(-27.85 mW/em?, -5.7%)8+5.21}, NaCl
oo g 743 AR A9 A SE¥UE= 393.5 mW/em?
oA 12742 mW/em?e. 2 7+2(-266.07 mW/em?, -67.6%)3}L
o} AEAz] o] ) SUWEL Fig. 3(c)] SIS £
Uebict,

37191744 87t ©] 7}
A v As 20 5 %E} c1 % } Pt -LHHOH A\ 7F
A] g

a7 epde 2l

3.1.2 EIS 8Z1}

A=A| o AR Zd718kek 7e= Bels] fisf 0.5 Vol

EISS 2735teich. ARelARE EIS T1e)r} AR A
o] X H#H7A7k Ohmic A|golct. Z12]al EISO| o] 27
Faradaic A/ go|th. Na'i= o]lerfoli 7|5 02 o|&3)
oF e PAAHHYE tiAla) ol5ste] PR HEE AstE
ZRITH9]. 212jar Cli= Pt Fuljo]] S2&Fsto] TPBE A5}
uf ZHgak 4418 of7|3IH10]. webA] Na'e] 442 Ohmic 4|
¥ F7HI7IH, CIo 22 Faradaic A& S7HAXIth
Ohmic 49| 271 F70 ARWE Gol 4] H5AHE
2ol Faradaic &e] S7t= H2 ARFUE FHA 9 5
A3z ettt

Fig. 4(ay= A2 ofE 715212 & 0.5 VOlA| z7]of &4t
= A7 Z %9 EIS 183 o|t}. Ohmic A2 DI Water= 715
3 AL 0.107 Q-em>S 7FA T, NaCl =8H0 2 7153 A
0.141 Q-em*S 717t SR 0.5 Vol A 23 T dazlx] <]
Faradaic #3-(DI Water®] -2 0.497 Q-cm?, NaCl 5=8-o4o] A
20494 Qem) 2 Ffo]7} QIgITh o] F7h ARWE Pt
o] A5 7H47} E30] Lkt Fig. 3(a)e) APt SUHt

Fig. 40y AR T2 7l2ne s Z7lekay B71E 13
o] 0.5 VoA 2Ag = Az EIS Tejzolc}. Fig.
4(a)ell Lrebd EIS Zatel vwgle off, NaCl 4~§d oz 7155
H Amdx| ] vhle] Al 9x|9F A7 o] B HASHA F
7HOhmic A&} 0.125 Q-ecm? Z7}, Faradaic A3} 0.596 Q-cm® &
71 staict. Fig. 4(b)oll Uepd uke} ZHo] NaCl -84 o2 7}
473t PEMFC2] Ohmic #|3}3} Faradaic *]3+2 X% DI Water
2 75 AR vl 2047 A7 H7E o] St
3193 01, E3] Faradic A&}to] =24 Z7}5k3ich

Fig. 4(cy= DI Water2 7}53t A=2#]9] 0.5 Vel 0.8 Vol
A &% EIS 1efzolct. Ohmic Agto] 117 ¥ Frolek= A
olst 4> 9l on, Faradaic #]3}o] W3lsl= Fob Mol wh
=gqon Hgul A% sheld 4 ok

44 B71E Astel R4 Na'sh Ol ARAA)

A& ASPAIZIT. ok Fig. 4@l el gejsis.
2719k8 4 W7} o] DI Water® 7153+ PEMFC®] Ohmic #]
3o (.11 Q-cm?o]w, Faradaic A3 0.475 Q-cm?o|c}. A7t
A4 B71 AZo] Ohmic A 8H+0.003 Q-cm?, +0.6%)} Faradaic
AEH-0.022 Q-cm’, -4.43%)2- B Eolsloir}. 51Uk, NaCl
FEH o7 715E PEMFCE 20417 59t A7IbdAy B7HE
3l =A% NaCle] 93ko & Ohmic A3 0.235 Q-cm’(+0.094
Q-cm?, +66.7%), Faradaic A3 1.09 Q-cm?(+0.596 Q-cm?,
+120.6%)= Wi =ZA| S71skqleh olF Bl 271 &A=
Ohmic #|3}o] F7FsHAINE, 7] oll= Faradaic A3}e] =

A Z7eHE BH1g 4 e

3.1.3 F7|ekdd Eot

A7 WIS 95t AHQ mEofAe] HE o] M3E Fig,
60 YJERHSITE. 0.65 VE 204]7F ot 231 Al DI Water
o] 7 oF 1.74 Ao|A A|ZSto] 0.53 AZHA] °F 1.21 A(69.5%)



December 2022 / 943

EIS - 0.5V vs RHE (Before)
08

=[J=DI water
=_’=NaCl - 3.5%

[ [

06 L a ; ! b d

10 Hz

Z aglt2 €M)
L=]
e
.

EIS - DI water (Before)

08
= =EIS-0.5V vs RHE

€. ©

i —»—~ I,—o— = =E|IS-0.8V vs RHE
el o e ! Laan!
&=
3
<L 10 Hz
o 10% Hz /

ozt e,
mls sSlnim

0.0 04 o8 1.2 16
Z ol cm’]
(a)

EIS - 0.5V vs RHE (After)
08

( & =] =Dl water
i =C==NaCl-3.5%
—~AAA l
06 " : [}
10 Hz
1
g od " il
=
g
N
\
\
I

B B ccfore [ Ohmic R

B O After || Faradaic R
&= ' 1.09
E 10} |
s | :
@ 1
Q2 4
= | I
@ |
g |
2 os} 0-,‘-45‘?]? 0.475, 0.494
E A I 7
A I | oa23s
0107 1 011 o141 7] .
¥ 1
ool B el | A |
DI water NaCl 3.5wt%

(b)

Fig. 4 (a), (b) EIS graph measured at 0.5 V before and after constant voltage measurement. (c) EIS graph measured at 0.5 V & 0.8 V in the
DI water humidification. (d) Impedance value according to NaCl concentration

Constant Voltage (0.65V )
30

={J== DI water

= ==NaCl - 3.5wW1%
251

20

Currnet [A]
P
/

1.0k

-

-
A
by .y
05} "h."‘f_--c_"
2t SN

0[] T T hd T T . T

0 4 8 12 16 20 24

Time [hr]
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Table 1 Elements of MEA and MPL used NaCl solution 3.5 wt%

<MEA> <MPL>
Element - - - -
Weight [%] Atomic [%]  Weight [%] Atomic [%]
Carbon 51.28 84.84 76.26 85.22
Sodium 0.47 0.4 1.42 0.83
Chlorine 4.68 2.62 5.54 2.10
4. 42
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