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Investigation of Morphology, Electrical and Electrochemical Properties of
Gold Coating on Metallic Bipolar Plates of Fuel Cells
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Polymer electrolyte membrane fuel cells have received more attention than other fuel
cells because of their advantages such as low operating temperature, high power den-
sity and short startup time. One of the most important components of a polymer electrolyte membrane
fuel cell is bipolar plate which has various types. Metallic bipolar plates have advantages such as higher
strength, lower thickness and lower weight than graphite-based composite bipolar plates. Corrosion re-
sistance and interfacial contact resistance of metallic bipolar plates are some of the challenges of using
metallic bipolar plates. For this reason, metallic bipolar plates are coated to increase corrosion resistance
and reduce contact resistance. In this study, the properties and morphologies of gold coating on copper
and stainless steel substrates were studied by using electroplating and sputtering methods. The surface
morphologies of the specimens were investigated by scanning electron microscopy. In addition, interfa-
cial contact resistance tests were used to evaluate contact resistance of coated and uncoated specimens.
Finally, corrosion resistances of the specimens were studied using galvanostatic and potentiostatic tests.
The results showed that the use of electroplating method produces many holes and pores in the specimen
surface. It was also found that using sputtering method significantly resulted in an increase in corrosion

resistance and decrease in contact resistance of coated specimens.

Fuel Cell, Metallic bipolar plate, Coating,
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Sputtering, Electroplating
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PEM Polymer Electrolyte Membrane
BPP Bipolar Plate

DOE Department of Energy

ICR Interfacial Contact Resistance

PVD Physical Vapor Deposition

XPS X-ray Photoelectron Spectroscopy

MS Magnetron Sputtering
FESEM

Field Emission Scanning Electron Microscopy

ijaéja EC )

535 ol

s oo Caglie

B (Su5 o,

oSl 555 08 lgigh (i
cowebrlice S0yl

(e JS (sg) (S92 CpSimg S

S ol gy cnl )b oaee ) B g dn )5S
agip g cunlio (3355 plp )0 Cuaglin 9 (Sl plSouinl YU
slslime bl [F a3 )50 (laBgd Cloxio gl o5 458
Vg 2 4 b (shadgd Clxiio Slusguad ¢ 651 Glos)bd
[¥] sl

9 S plp > Cuglie Jd 4 (S il i
2 s mied 5 Yl Gl ol Jle e il
sS15n J55 55 L &0 el i o 033 50 (g sl Sy
il e YU g5 a5 g L SlSe ols (el il S
w3l g i calo (el o o3k lsie 4 Codl S
&y D939 ol b g so aumlie o] b 503 dlge a5 cl o
P & 4295 b Bl cod cunlio o9l Mg el b g (W) 35
o o 59 9 pe (bl S Gl culus ials IS
(3] Ellllas o > il e Y 288 labey i |
5 I3 ke 410 4y (yg)ie Slge (Sludingy g dmgd sl
ot (SeilSe plSotisl J> 4 (318 dlge adly oo oy jonels
gt o5 € S VU (5 priydois pae Yl S Sl o
Oyt ol (alaBed il (gl (6,50 bl wale
5 Bayedn g 9 e Rl il (lades Cloio Cuje
L] bl o YU olass (gl ais s JinlS

IS5 ol ¢ 3555 3Y 8 pgrizagll aloa 1 (316 2o 3l ool
slosle b5 (5555 398 (Jlo (pl b [B] conl 48y )15 (o)
09 (> g ol odld iy balyd g 1y (g0l dngy aS
owled Cunglio g>g (pl bl 0dly olaid] 2gs & yide
Glrds & Cand Gidbe o Gl 0 e (alaBgd Gl
I Fr il Soml Gl Gon 0FSS) Y5 (ladd

dodio—)

S ) bazo Sla SIS Gl g i s JRl3SI L
By 69l sl 4Bl a2y JB drwgi (9w sl
5 YL adjl gl (SL (BB Gl glaygise b duslis jo
Slod 4 @29 b poehy (Brow oy Ml S e
sl rioielas Jl (So glais 4 g il 5 ol )
w8)5 Hla5 > g Jex 5 ol sl )8 (gl (Bow oy
ARIEPS

5 Oisre SIS & cusl (555l Wge S gyerh (Bge
G ol g Ol g Mo hss G 4 malitens ysba |) (fenS]
do iS5 (Bogw sy Cusl o le Jpae b Glyis
Sax8 Oel @ste (i (pimen g balolon g 395 pogags]
DY) 3,)8 55

Oz odS goa Cloxdio ¢ (haBgd Cloxivs I (6 yordy (B g S
ol 0l LSt 2g58d) g Lie dcgazme 5 (olol i «
Sliee slodds S porly By pre il (k> Cloxiio
Cloxiio 9o S 4y drgi by odge (S abbg iz
e S (B gedn duip g Ojy e Gl p (odaded
Gl s wlgd ol Caedl Ldaded Clwis (¢l cunlio
lomiao A5le g a5 1gSUsS (gl i §) ADlg5 o  oalabed
Cujgrels g posim ()8 Cojorsls (Sibgy (o b by L s
oS0

PEM _dgw o slipl Jol s> &5 dladed Glxian
aladn auze IS Y 5 0o 5 0o S A Sl Gl s
o (ylbbg Jolis  laded Cloraus iad o JuSUiS |y B g
@ o S S Jladl o Bgw e 3 ol ilulix Jed
odimd LiiSly 403s5 wogs So xSl colia b 50 o 3l cuow
(0381 518) 51 Cemms 5 (15590 ) ] s & il sl

L¥] 6551 losybd slne Babo (oaByd Glomio Cloguas 1Y Jgua

wollae e asls aasiine
<\» mQ. cm? JUCl Ko +/F Lid 3o wolad caoglio
<5 HA. cm 2 AT o 50 )35
<\$ HA.cm 2 WS oo 5335

<5

&

==

952

2
1
3
]
o
1
3
N}
‘3
3
r

YYy#



s

&

=

95

2
1
3
)
.13;.
1
3
N)
B
Bl
r

OlKea 5 s 855

Oy & Mo [F] 255 oolitwl B gw o (6378 (labyd Clans
s 290 0318 sk & (PS5 b (59, p (LS oo
(BIb oS L3)S Mty (lixe Sl (S g Sl 48)5 15
Dlg5 oo 39 )5 N Cualiud L Mb I (g ¥ b aBgs bbb
Conglie yialS 5 (53)55 | (cpSsl polaie 4y mlio > o
35 & paio ol (g L s 4 Mo gy il (cules
5 sy Cilis laie & odlatul glp YU (S5 SUl colia o
Il e cuslio g yosly (B 9wy Oy oS gor Cloxio
S gl (59) Mo (23 gy 3 [A] )y lSen 5 ST
2 L3160 3555 0¥gd (udafed Clxio ohowd (s)lub
Sllas bogl oy 8 upp )50 1) Speely By U
b V- clalos 13 HPO, 5 HSO, Jolxo L |, ,ilssg i)
Tl 3 356555 3Y 98 doriin prdane L3301 plool ol Kol d > VY
IS5 9 paslis Y S g Mo Y SO b w9 005 g9 i8I
Clrio 03)5 (a3 bey S99y s b, Sl ookl b
Glris pdaw b duslie 10 Mb b o 03l idgy 35555 oY g8
Canglio 5 035 CEIiSy 5 Slo (hglsdyge Gl (Lids (o
b oo idlS i dy el 03> gy alaBgd Gl (S Sl
2 5858 5l o g ey e (i XPS ol
S5 Ol ) (298 sles lrowd 50l HLSO, Jslore
0P g (pladey s 3 Sles o 55 [V ] Sen
slade o Mo (dgy LY-F (5S35 5V g g ldg (g0 V¥
aS ol lis byl gols aly )8 asllas 5yg0 1) Wb Lod i3 gu
3 s Sdgy g V¥ 5S35 398 (9, 8Mae 55 e
PNV hen 5 50 ol sl Mo (oo LY F (5055 555
(sthdy> Cloxiio (59) p Mo Jludgs (55ldy90 9 (S pSIl Colin
0003 )8 (e 3p90 1y S el g 3l ool b (B9 b
o3b sy (sladiged (oSl colin i o)) polaie 4 |
33903 (650310l 1 00 00l gy hlalad | S Sl Cnglio ol
b a5 4 ) adiged (o lislogy) 5 (55958 )90 < ieon
o5l 985 959 )Sen 9 (g (9 pSUl gSg e Sl 03lisl
&558rse oS 3 (Lt gl gy gl ol S8 (e 390
Calin g 039 paw (6 Jlge g0 4y 0ad 033 Jdgy (sladiges

b Gl S etz 5k 4 adiges (S5 S
Ol (SBlay (sl jodly cigy o 3 [WW] pSen 5 (et
Oy odliel b V¥ (3555 Vs o9y L Jdnbih
A5 sz g0y ol 2,80as g 00,5 (w3 sy ey S
ey 3l jady cnl Gogsy g sliyady gl gl il
youls i b (355 0¥ g8 Cilrins W3ges odlitul (glds >
3 Sdas Ll )3 odlitul 350 gy Sluogad (cw)p i
I Sl @bt 5w 8 bl 5)50 (syesh (Bgw U
S S 039 Jg8 B (cwled Cungliln g (53,95 4 Canglie

S5 il pglie (318 0lg0 3 i aS Wloa ST i )l5S ladsre
903,539 Lie 4 (3l dlge (5395 5 Jol> lagyg (B 30
as L;‘))? m\.f)m ‘L)"l)" 05)'1& ..\J‘.o.auﬁ o) I) Lis .))S.Lo&
g0y rals'ly daded s (S sl colin @S o e
8] 3550 £t o sl Cangin Il 2l 32 o

o PH 5 (58l a2 A g1) (g by (o) (sl
G bl 4 dogi b adls conlio Gidgy (9 (5SS 2V 6
i s 3] il ysbo 4y (3555 3Y 8 (51 polie o 25 iy
Sy pd aS o dbgl K5 wis Y b o (g9 Jled e Y S
1T 8l oe (coled Croglis ialS Cag (B3 sty ol Sl
& odlatwl (glys 0diiS lanel slasloanl I S 5SS 2V
0P}V 98395 0 Dgune (B gw f (slaBed Clxio (g
) Slgin o 5y JHte it ol Sy iS5 U &
sas 5o & S350 s lid ol lad S5l S5
Jodoio pe Wld (oS 5 g Cuolbus ul yiogil Y-V 35500 43
oty {DH i 2516) o Lo 550535 33 a5
ot 42 ST o) (S Jobo 3 39250 oo 9 53008
Wad EalS 1y 5505 0Yg8 (50568 e Llgs o Jdoxie put
sibeBoy Clxas (5365 36 [F] b o Lislial ICR 500 Lol
ot 6 pocly (55 3 Sl 1 L316 5550555 V3 i
OliS 30 nl gl [V] 855118 () 2 3)90 oS 9 Ig)3lee
Jld s Y Sl g S0y S wcelo Yeor s a8 0b
ol 4y glaban Mo LB > Shae il 5 gm Lo

Cuogliie (Gyoch (Bowy (2l pre ol I (S
2 &5l ool lde O cely oS wil o polaw (po (awled
layell 4 (los Cuoglie D980 Syesh (Bgw slay
Ll 5 g )b s (s5ilsd go ol Jud 5l 52000
4 oo 3bj e jlid A3l oo ey (Syerh (B g S
S98 &Y JBS jals g 3k j (S0 puid sl i slome sl
i J51 e Canglio l31 4 eyl ) o8 390 5
Srosh (B gwdn sl o (ooled )8 aalllas ol pliy 95 0
@l 5 (Soysdl colin g (55,08l > Caaglio d9ut sl
S el 0 ey (2O g Mol g Gy £95 (ndix
9 YL Sl colin cde ay oS wib o (Au) Mo Slgo oyl ]
Slp sl Gy S5 plgiedr Slgi e (S35 pln 3 Ceoglie



B3 g 3 (bl g Siladis (59 Mo (ki g3 (lsanddi g fiSY g (S S (ol 93 9 59498590 sy

olis gl . c8)5 )13 (b)) 390 (S pSUlculin 9 (53,05
ssd_go 1 43y ) baas SSI04/TEN/TIN 53,55 &S ol
SHe plp e bdbre Y TEN/TIN Vs Jide o
S oo wal B ) (55 36

L TN by b YV 0555 a¥e8 [¥] oS 5 Syl
by Sl e ]y B (58 g () Sl eolin]
ool golis ol )8 adlllas 3)90 (gpeus (gt slp
o sl olordgySl bl § Sealipdgenilty slaggesl S|
Jobee 1> (05 3Y98 (53)55 4 Cuaglio o5 0l (i by
o8l oz gi BB job 4y 3))3 il 4 Ve clos 1> s H SO,
slod (S8l Cnglin gy [VF] lSen 9 SOL ol oo
Soral idg L L316 (555 3Y58 (5355 4 Cuaglie
Cooglao &S 2l L 3udo0 ol gols Ay 153al b ol dygn
G S sbaylid o Jloel jlid ioli8l L ladiges (solod (S sl
Sy ol <l 4y i b gla)lis o g hals cas s
(83l baome 1> Salipdgrailty (53,8 (905l b conizeen
Ol (I (2508 (Sl (tudgs ol 450> (L (B g i 003
W Slae (tmgdy o 3 [W] Ko g 9 2bb o (53,05
390 Cadl S b aulio 13 1, L316 1550555 5Y 49 9 0O posinegl]
poesl] ST (2 g Caa il cul 3 ol 38 (o
YZUOOT (pololl olid (g 5l (S5 )5 gusy (s L 0+OY
500V posegll iy lxins a5 ol Ui gl 13,3 a3l
g 15 Ldl,S ol | igs PVD gy b L316 5S35 53
)l (508 yoe sk Jg 0392 (0l

@Y 9b wlod Cungliio 9 (53)05 4 Cangliie [VA] S0 5 (2
oS 0 s Lyt ) gl 013 5 ey 3,90 |y TIC/2-C

&9y CICIN &Y s sl yidbe (aiss o W] o Ken
5 9 IS gy Lawg [ L316 (5035 3Vsh slasigas
Pl 5 (e Siglshige 5 03,8 sbml (purblise Sl
9 g SEM ol idged (yp |y o (oSl g (53,55
Shbd yiegl Avv Cuolbus b ol ald idigs Wb pied

o odg L;A.M)L./O )Lu.u) L;‘))? ).3‘){ » wsl.c.n
Byl 38es oy 4 (A 3 [W] ollSen 5 Sl
Sloslizul b B gw o Slles Loyl yd g onid (gjlwand byl s
0> yiuday g yiwdgy yads L3160 (53555 0¥ sd lalgd i
Cuoglie aS 0l L 3uins (pl 5l Lol ol sl Mb b o
doin Cpiorod g Mb b o 00l yidgy (dabgd avins (S Sl
e 035y 5 oyt Jlac) Lt st b ploj b 2 S
3 i o Glubgy (s domiio (S sl Cuaglie oS i >
oS (Soysll colia clde s ¢ piomen Wl Giidey b Olorans
daw Cuoglio ¢ Jlos! jlid yioliol b jidgy gl 35505 0¥ g8
Ol gesl g (g 3 )8 (cwy b oo (RS
L316 35555 0Ygd dngd aio (gols o oS 2 L
&S bl Gl ool eSSy cdl oyt gl
M L ol odld uu.wy U)"&) JY9§ 614_99.) dxao dﬁb Ja)
L316 (,53555 598 (S sl culan g (53,55 (olsd (owpp 4
b 0555 Y98 (ohabyy Gl )13, V0] (S 5 Cun)
20303538 gy 3590 S pesly (Bgufn sl ] TIN (udgy
2 S pleal gy 4y 0ad 030> ey Y 535 Cuoglie ¢ awyp

(*) (@

(<) (&N

02l gy (oo dig05 () L316 50555 3V b diges () (gmmo w3903 () 5395 y05] plosl g Mo L os 03l ibey g iubey gy diged (3350555 5V b diged 1Y JSCd
odds oaly gy L3116 35555 5Y 98 digas diged (5) o

=5

&

==

9352

N
el
3
o
3
Y
2
3
>
3
2
o
=

YYYA



OlKea 5 s 855

s

&

=

95

2
i
3
)
.13;.
1
3
N)
B
Bl
r

clncaales U qupe sia il Yo olad b e ke IS5
OPST) Y68 diges gl o duo Vo g (oo digad (sl yio Juo O
e i sman () S5 3 (G JS5) 5 sl
b adle (555 068 gl e Juel e g e sl pe e
BYYe e J) odlass 218 5] o3lil b 3,5 llio liles (g

b ool yade O g Joibil 3l ealil b coles y3 g5+

¥ (R hudgy VY
S8 T gy 93 51 Y5 g9) Mo (o sy yslito
S Rl Sl ()Gl gy g a8 ekl Syl
Dby Cealied A odlisiel JSoo gy Sl Y 05 4, by
e Sy caol VIO pm g Ve im cpa S 9 Mo
5 3 gad 41y (505) @418 e i oo S 5250
Mo | glaskad 41 (3]) 435 gt o b g () (ol
O 98s0 033 )8 sailge plas )3 5 03,8 Jate s VY
e 90,5 Jlasl diges 4 dds5 e SaS 4y g Y/ 514
2o VAAM? L JBs 5 aads Y e jids loj e
UMb idey eyl g ogMe s Glsesl ol )8 solwds o £+ (glod
Oy J ool bl 3)90 (sladiges (g9) yiagll Ve Cusles
Sy Gl polate 4y 05 2l 55 prblite S il
2R3 (5095 4 Cunglio jolate 4y (pizmen 9 4V 5 4 by
3,8 Sl Y oyl Glgie 4 Ti (idgy «SG)eilgw el
o3 ()55 Sl 5 il g (23 byl ey adiged
0055 33lg b ladges ¢y 505 031 8 (K loawl o&iwd 3 4
YOV g Ti Lidg slp YV V 5y cov abaise 4 45 55
Sl adb Voo ploj cte 0 V-AMA e o Mo iy (ol
Slos s VXV 7 1OIT ) jro 4 M5 3 M (gl 4B ¥Y+ 4 Ti
Y ()l odd odld iy (sladiges i8S )3 a0 yide
g Feonm byl coiia bl L g wilis iy, |l
IS 9 (2)) US40 00 03l ey (sladiges bl o Vo NM

§ L

shb TiC/a-C sla yide (dow Colia g (50)55 & Cuoglie
2593 gk 3 ] e g (2 Moo (6 paier Sl
o g9y Sl o) jlodlinal L ZIN 5 TiN (glay2gy
cowled Cuoglde (5055 4y Cunglde g ouiLii L316 33555 5V g8
5 TIN by a8 ol olis zolbs .ol JLE oy 3y9e |y of
Olie 41y L316 350555 38 (5395 4 Coglie Llo5 0 ZIN
Ol gl o ot oyizmen an3 Il a2y LB
by 4 Sl ()i (5095 s Ceaglia TIN gy & 403 oo
S, ZrN

I oslatul b baiges zdaw (lglgige (swrp ook (nl
shate & (ezmen (LE)S Ojgo (odug) (F9ySI] 9SS
g 9 0033 yiudgy (sladiged ok (3 (owled Cunglie ()
Cuoglio . odlitsl gobaus (e swled Cunglio (90 3l ¢ty
slygeil 5okl b o odds Jlasl sla yidde (S3)n &
285y adlls 3,90 (g ytaguelg)S g U liardy i)
@ Cenglio Jla alati Sl s gy cnl o (ele dunliie (inon
(SIS s i 53l 5 5 sSeyS) ol 355
4 S gy ol Spgleh (8l el 4B T g0 (B Sy
51 ealazl (V 2905 0Ll 3y90 dw 4y e oy (la gt
(V g (ododod o 4 55 loie 4 awe Slis
e 5 03SS) Y58 sloa¥ 5 g9y Mo (23 hdy dulie
(V5 (52595 Pl 5 So sl olss idaw (S5I58 )90 plaselals
9y Sz ol g (S S (ST o idyy (sl by dunslis
e Sigledige Jaidals I e g ()3ST) g oY ;s
iagiy g oS B8 Soh ol SasS) algt
ol 418555118 ()2 3)90

BT (9 9 g0 =¥

Y gswoskel - -Y

3390 (e ST g L316 ()5S55 58 (sladr¥ o« imgy ol 5
@ (509 (93l S by g sadiges )5 )5 ealil

A 8 (53,8 Cas lis i 3Y JSW



B3 g 3 (bl g Siladis (59 Mo (ki g3 (lsanddi g fiSY g (S S (ol 93 9 59498590 sy

cou g b -Y

SEM lawsi (5599890 (ow) 2 — V-V

S350 3l ping) S9rSI @gSung Sun gl (D S
ST g 2 phbgy Jlosl 3l dmy (55555 5V 58 diges (b
ol (asuie JSG )0 &S jslailen a2 o LS 1) (S5 S
IS il e dilisee bl s ol sbs gl b jiis
0ld 03> by (3; 3Y b diges I FESEM gy ()0
JS8 ool 3 a5 jsboplen aad o Lt ) S plil S 4
b B gy ol )3 S50 g 08 liee oS Canl et
@ borye ooy 5 ()0 SS9 ()0 Sl adly yials
SIS gy & 035 0315 [y (guee digal (o (555)s8 )5
hl> Gidg (@) JSb ol il S sl B9 9
(e Al e 395 aw 3 Slgls eSS g e i
OPST) SV gh digel &y Camd (o diged > by Jodsd ol
il 53 sl (3] JS5 3 45 pob s el yit
PIRSg (gy Jl peS Slye 4 e gy S g,
b )

wlod Cuoglie owyp Y-V
Soy o Mo by Jlesl sbabyy b (owyp yshaie &
ol oy gy (sladiged (wled Cuoglic ¢ oladgy Cilxas
5 O?"ﬂ O’-] (’?L‘ A A lBe )fa.&.{\: L 9 04 dx.f%")i‘
seboled ol oad odly lis Calisee (sladiges (glp & JSE
ol ) ewled Cunglie cuwl o odly i IS opl yo oS
sk (owlod bl sbul s 4 Jleel jlid iol38l b ladiges
e Al Mo Sy plul Jidgy b o 5SS) 3V g8 &
@ by Jlasl jLid (2l b wled Cuoglie inlS oy iy
Sladises gl a8 Jb > unl Lide el 305 oY
b sl jlid (ulibl b wled Cooglio poss o odld yide
BB 5151 (St el ol a8 Wil o 5] eoMo jlows
Coglie 0l 3| s & dog b o ol 1) JKwblKe
S pluol hgy lawg ol 02 ide sladiges awled
hre b a5 o3 Ve mQuem? S (S Sl g0
3 ool can wlie Lidg Wy e 10l (6550 el
odaliie Calisto (sladiges dunlie b sl (o318 (ladgd Clio
ol 031y gy 55 0V g8 JSwbEKe VY jLid )0 29 0

ol 0 031> isles (3)

b (oled oy -Y-Y

R 9 Siedrse i)l g edmlie jslaie 4 (iagg cnl
e (ag) 595 Sy Sin Lagi ladiged e Jlibe
sman 28,5 )18 bl 3)s0 MIRASTESCAN-XMU
Ol (ol g ol Jlasl oty (5355 58,
uLwJIML) olSKiwd )I odlasiwl l) Lg)’”?)"”iﬁ")'{ uaﬁj 9 JSLY
o Ju odd (jlwand Joloe 3 PGSTAT12 o gl
88)S )18 gy x50 (HE Y ppmig j¥g0 ) )98l gu0 i)
Jod8 £55 5l anpo 39,5l .l 0 00l lis ¥ IS jo oS
ol 031y g diged g iy i I (SeS 29 SN cglusl
1y 295800 s aloorg Sl s S ¢y 29 Sl i
Jemily 3 1l ndiges aidly S5 J86 y905] pbnl s
8 48 N0 Ge @l S ey cax Ll
& Comd g YL = /FD e 1 il ¢ A58,S
A3 Sl a5l 3 Syl Ve 85 b e Sty
bl o 5 35 sk ot goleS Cangie 555l o
bl o +/+\ 55, GOM-801H s GW INSTEK .55
ool (yanalS Ve cudils b plinw HLid g yiiS olSiwd 3l g
Ceoglio Cond Ol Cawl 0l 03l L3 ¥ S5 jd 48" 40,8
Gl ity Sy ol uSly Cin Sy ol o ke
A5 3)90 Wiged 9 51 d9is Y Mo i I b oS pe
oslatwl I)D:.o Gl g 5! swlod Cuoglde duwls dl)J W EpP
oS gan domiio 93 oy ((Q)F U ) ol ol 5 05
¥ US8) ped Gl )3 53,5 00 )3 JB 3985 Y G ol
Osle 9 55 39 4N 93 (b2 oA gex dxxdo 93 (e (<)
5 Wged (t (soled Cunglio 3,5 oo 118 L 350 Wigal L]
[Vl oo cand 4 bl 5l ealizl b 55 S5 4yY

R, =2R, +2R;p, ¢ (V)
R, =2R

GDL -G (Y )

R, = (v)
G 2985 Y g diged o (owled Cungliio R abasly (pl > oS
OExed 9 pgd 48 gedme Cuoglis R, (ol degorme Cuoglis R,

Cuoglio cani 5 515 3505 Y B Cuoglie cami I ) alaly jo

ol 04 Y58 o diges (51

<5

&

==

952

3
]
3
o
3
Y
>
3
P
3
2
<
=




OlKea 5 s 855

s

&

=

95

ol se

s

3
i

(YYA2) YY o slajid

ool g )3 (Siwgnl @lie cp Fatee jl (So J55 295 00
Wl Gyl glapis b (Bl (Vb jis 36 sy
Wl o s (59 3 (Sl ol 929 lie > g
DRl g 4 oye5 elge 395 g Sl e b J3d5S
Clls (2o idy ) Wgh adhd (Sl g (SSle ol
by (a3 (Rl ) (e B SIS b wiile e
Y gamo g bS] LSis ojlal Jodoo b jidde cpl 5o )b

B30 ) ¥ 5 9 Gibgy jye 3 (529
Ll | e 5 (0555 5Y 58 glaa¥ 5 & Cod Mo il
Ol 029 lame b (pled )3 9 Conl Jcuos (oliendy il
5 aY 55 o 45 sl (g Wilod aSLy IS s o oigibld
A3 g0i |y 035 )95 Joloo gdi 0jlal 9 325 oo )1)3 03595 Laee
2 ool 8 Mo slatidy 13 39290 Gla 5 (nl i
o &Y 5 slei il aies ol &S T b bl (55,05 L8,
B35 (o 55 053 Laee b uled > JSd5G 2929 il 5 &S
Sl SIS s 50 35290 SosS sl Al Gl 4
@ Mo by S)i @S (g dg2g fl ) 9033 Jes ord
Sl e Y 0 GgralianST g (5395 298 00 03,95 LA
@ & 005 Y pj g Jlesl Gide (o Jladl pae g i
Dby (S by dedie b a¥ s 5l iy ol Sl
asly (ludgy Cealids (pizmed § JIST (e Jole 93 4 Mo

oS JIYNO mQuem? jlude b S5 sl (o9, 4 Mo L
FeS JHS oy ool e oS canl )08 (ke Canglie
Vs cnl 2 ogde bl (Sl IS gy 4 s
o 55 Wb e ok IS5 e & iy i 055
plo @ s (OY/Y0 MQ.cm?) (gydn ol Cowglds

stossis 75 Slo o903l Y-
Wb g (e Slxio U ygnlin )Ny (sl ionie VIS0
o3 oo Ui |y e cla gy b oad ol iy (5SS
Sl by (ooles 39500 alaxMe V JS5 )3 oS jobolen
sloglyy b Gidg Jlsl b aiil e JUb (53,65 L8,
o Y 25 (508 4 Cuaglio Sy lesl g (S S0 ()]
ol S b hsye sbaosls b o 350 (st S sk &
LY Jgdo ) ciliee sladiges (53)55 el 9 (5995
b9 b odd ool by (3ST) 3V b diged (gly sl 0l
b GRlPl S8l (5008 ol e (Sl )]
S b Kol gy @ Mo iy (ol egdle
G gy 4 Mo by &) G 638 (S b
S 3929 4573 )5 da i 49Kl Gl |y el cnl s ]
Su o S sl cel T gy 3 i

oled Canglin g0l aBtsle] Cliw ¥ JSWS

EEREERERRR

Plexiglass insulator

Gold plate GDL
@E —— Sample
Gold plate GDL

Plexiglass insulator

Prttttttttt

[(=)]

EEREERERRR

Plexiglass insulator

Gold plate
> G DL
Gold plate
Plexiglass insulator

tttttrttttt

[C=1 1))

p3o e () 5 ol asgozme () oled Cuoglio (g0l Glinw Siilos 1€ JSW0



B3 g 3 (bl g Siladis (59 Mo (ki g3 (lsanddi g fiSY g (S S (ol 93 9 59498590 sy

ooled Cuoglio 5 (5305 y90jl (sloodld dunlie ¥ Jod» )
b5 DOE Jlse b Mo L o o0ls i ciliseo sloaiges
B unl o &l Jads cpl 45 &S jshailes sl oais 0ol
J9 0355 9y DOE jlas 5l ladiges ales (53)05 (b
IS g0 Cans Jlana ol 3l 0sd ()] sladiges wles Canglie
JS 5 g JA 3 o (g ytag el S (g0l 5| ol gl

SEM HV: 15.0 KV WD: .39 mm MIRAY TESCAN|
SEM MAG: 5.00 kx Det: SE 10 pm

View fledd: 41.5 ym | Date{midiy): 10018 RMRC FESEM

SEM HV: 150 kW WO 9.39 mm

SEM MAG: 2.50 kx Det: SE

Caoglio Mo yidigy Cuolbus yiulisl g Jodss ials' b aibl o
S5l yob & P Vg g (pme 4V ) (508 4
@ Ghbg d9d e dlaaMe B JSS 4 i b b I8
ISl sy 4 s (5508 355 (> Sy plesl s,
Mo K plal yidey (S9)95 4 blad dond > ol Mb

ol Mo (60T iy 51 a8

SEM HV: 15.0 KV WD 7.04 mm
SEM MAG: 5.00 kx Det: SE
View flodd: 41.3 pm | Date{midiy): 04r12/19

MIRAY TESCAN|

RMRAC FESEM

SEM HV: 15.0 kV MIRAI TESCAN|

WO 7.90 mm

SEM MAG: 5.00 kx Det: SE 10 pm
View flold: 41.5 pm  Date{midiy): 0410/19

RMRAC FESEM

(z)

Dby e () Sz ol g, & 08 0y gy (5055 Y58 () s Sl g, & 005 o313 by (33555 358 () Mo by (535990 I FESEM ppglics 20 JS0
Sy il gy 4y 0ndd 030> gy (e (3) 5 ST gy 4o ool

140

120 |

2

==---Bare Cu

- Bare $5316L
Au-Electroplated Cu
== Aw-Electroplated S53161)
— — Au-Sputtered Cu
— -+ Au-Sputtered $5316L

ICR {mi.em?)

2

L5
P (MPa)

L7 19 21 23 25

Moy os 03l iy ciliseo sladiges kel caoglio 1T JS

=5

&

9352

2
i
3
]
"?K'
1
3
N}
‘3
3
r
p
=

YYYY



OlLKea 5 5 855

5

&

95

2
1
3
)
.13;.
1
3
N)
B
Bl
r

WY 5 G S 4 e 9 03,8 395 4 4y (gjlwdnd Joloxe
Mo by )55 b 35 oo I aw I ibgy 9 295 00
2 45 39 oo odaliie (1M 39yl (595 2 e Spd gu)
Haid o s cpl debdl jlegycpl el o odly lis A S
b9 b o odla iy Wigel (5 yteg el giS (igesl s 0,5
2 A b ylen .l ol o3l Lisled Vo S 50 S0 sl
8y Y sb loj ) Likde cu ol RS s Q:’.l
Wged 45 20,5 o odaldio gy 90 & 43 (pitred Cuwl 03D

Oloj 0 bdigel den by (B a5 dad o i Ve IS5 5 A
Oloj (S diged cpl (5D dwoy o0 Hlb b 4y 2l
Soplewl (S5 2V g8 diged 4 bgape ok s 4
Canl J13)65 5 (39,65 by (o keS 3l Age cpl 45 039 00
@ bape jlub a4 )y oloy ooy opl p o9
olj 2 Lhds cuyS & Aile oad ()] e wigel
929 oddy cnl Ce aadoe &) (a8l Ver I ieS) (oS
ok)ss gy a5 Wil e (oSl IST by, o s

g s g 0ad 03> gy (PS5 0V g8 g e il (gladiges gwled Cuaglio 1Y Jgux

(\/¥ MPa) ,Lzs 4o (+1% MPa) ,Lzé ;s

(M. cm?) wled Coogliis

YYTA Fa/fs KE
ajvs VYIAS ST Lags Mo L st aals iy e
ARt YIS Syl Ly M by oo o0ls iiigy s
A VYTE RERERTR SO
Y ARVARS T Laai Mo Lot sals Ltifign o35S oY sd
YO BISA Syl Lsgs Mo by oads ools idiay o5y oY s
-1
2 o —
T * o - /! ,,I
= F o Y | s
£ R e .
_£| 4 i ) -“ \', F - \l G
B LA e
S 5 = - cAwElecooplated 55306 Y | R B
= . J 4 L}
= l- = = Am-Electroplatod Cu 1 ;2 i
5l maressua 1 H H I
e f— - Bare Cu H
= 7|~ - AuSpuitered Cu
An-Sputter el 551161
# 05 4 03 0r 1 0 w1 oz o3
Potential ™%y
Mo b o 030> by alisee (ladigas ygmol oy 5ldge5 BV S
Mo b o 03l> idey calisee (sladiges ygmol )M jloges e ¥ J’-\b
s s L ENIP L
(V) o595 Joily  (MA.Cc™7) (53,95 oL > S8y dged
—+ [ AYYAY YOOIAT g 9 Lt
—]eYEYay BIYA gy (39 O PSS ) oY gd
—+IYYAS \TAR ou (6501 Lo
oYY AY YIVA Sy il o
—JYe¥aY e ouls 0T 33555 oY 4d
ANAART QAR ouens 0 kel 35555 oY g2
DOE Jlxo b (qules Cuoglio 5 (53,95 (905] (sloosls auslio 1€ Jgo
Sl g GPS N Gl e o5 g
DOE s ' sl
o ouuls Sy, Tl ouu eyl
2 .
< YIVA N ¥IFY I (A cm %) (o3 oy S
2 PRT
<\ vive OIFA VAR 1oy (ML CM) (gl Canglie




B3 g 3 (bl g Siladis (59 Mo (ki g3 (lsanddi g fiSY g (S S (ol 93 9 59498590 sy

2 owled Cuoglin oy ieS ol 0390 K ol gy b o
PG Vg 5 e gaigel @ bgrpe JBWLIR VY L
cwiy ol e a8 039 Sl B9y 4 odd e3> by
Oy cpeizmed WABL e VO mQ.cm? 4 Y/YY mQ.cm?
b by g (FSS) 3V 98 dged 4 by (cwled Cunglia
slacgesl wols ;o .ol VYD MQ.em?  wles Caoglio
Pl ladiges (5355 4 Cuoglio gy B b (oliondy S]]
Sy pilel (3S5; 5V g8 4 LS sdelcawdy guls a5 A
o S oS b bdiges plo o 1M L osd
Sgad g e yartls y yelySee (NN Jle b (S8
b (S ol S8 e b G Geb e
o> by (FT) VG 5 (e o JU ygumslo )M
Jbd (55,95 5L, (o b yiidgy (colod a5 M o Lt o

il e

M 29580 59y 2 e 3 guny 1A S

Current Density (A em?)

duglie )3 (658 (52)95 plr S b o )oY
N Y 5 ub Jlbt ol (ol e 8l o (o G303
S0y & Caoglie ghyld &S cunl byl cpl cou 5 ST

Gl (YL

5 Ao - &
Yy 9y b Jhdyy (63,8es Slasuia (iaghy ol )2
Sl )GT 5 S loasl (sl by b (555 3Y 58 g e
S CgSwg Sen pglal sl 4B)S 15wy 3)90
SIS gy 5 oslizal &Sl o3l s i)
$9y oy g Jls sbml cage Mo 2O ide Cax
9 ;))95 L)"‘? el g,&l.’ (_)1 @ P aS ol L)““"?" c.law
3> Ui Cpmiomeds sdelcnds guls 33,5 o o)) (oSl colun
Y 5l i sl (gwe &Y 55 (ggy sla S g oS
2Yed adiges (S Sl wled Cuoglie ] (555 DY g8
IR bl 2590 55 cilizme Jlasl [LiS 5 e g (43S
ool gy (sladises unlio 3,Skee I S gl &Saiss S

0035

0.03
A = = = Au-Electroplated SS316L
o025 4t L. Au-Electroplated Cu

0.02
0.01s
0.01

0.00s

-0.005

Time (s)

SIS (o) M L 0ads 03l (s diges (5 ytogyelsi S slages 1A SISO

<5

0.04 3
0.035 )
— — Au-Spurttered $5316L u};
& 0w :
= A Au-Sputtered Cu \
= - 1
0,02
g M= Sy
.f;“ 0.02 |} N
2 0,015 [ "1
a ' \ ~
# R 3
X 2
E ¥
2 0008 %
3
P = —— — = \)
‘3
0.005 3
0 100 200 300 400 500 600 >
3
Time (s) -
o
o & x’
Sl gy 4 Mo L oad o3l gy aigel (5 ytog el oges 1Y 0SSO <




OlKea 5 s 855

s

&

95

2
1
3
)
.13;.
1
3
N)
B
Bl
r

wYa

&lp -0
[1] Wang, Y. and D.O. Northwood, An investigation
into polypyrrole-coated 316L stainless steel as a bipo-
lar plate material for PEM fuel cells. Journal of Power
Sources, 2006. 163(1): p. 500-508.
[2] Wang, H. and J. Turner, Reviewing metallic PEM-
FC bipolar plates. Fuel Cells, 2010. 10(4): p. 510-519.
[3] Wang, Y. and D.O. Northwood, An investigation
into TiN-coated 316L stainless steel as a bipolar plate
material for PEM fuel cells. Journal of Power Sourc-
es, 2007. 165(1): p. 293-298.
[4] Taherian, R., A review of composite and metallic
bipolar plates in proton exchange membrane fuel cell:
Materials, fabrication, and material selection. Journal
of Power Sources, 2014. 265: p. 370-390.
[5] Wind, J., R. Spdh, W. Kaiser, and G. Bohm, Me-
tallic bipolar plates for PEM fuel cells. Journal of
Power Sources, 2002. 105(2): p. 256-260.
[6] Kumar, A., M. Ricketts, and S. Hirano, Ex situ
evaluation of nanometer range gold coating on stain-
less steel substrate for automotive polymer electrolyte
membrane fuel cell bipolar plate. Journal of Power
Sources, 2010. 195(5): p. 1401-1407.
[7] Miyazawa, A., E. Tada, and A. Nishikata, Influ-
ence of corrosion of SS316L bipolar plate on PEFC
performance. Journal of Power Sources, 2013. 231:
p. 226-233.
[8] Davies, D., P. Adcock, M. Turpin, and S. Rowen,
Bipolar plate materials for solid polymer fuel cells.
Journal of Applied Electrochemistry, 2000. 30(1): p.
101-105.
[9] Yun, Y.-H., Deposition of gold—titanium and gold—
nickel coatings on electropolished 316L stainless
steel bipolar plates for proton exchange membrane
fuel cells. international journal of hydrogen energy,
2010. 35(4): p. 1713-1718.
[10] Yan, W.-M., C.-Y. Chen, and C.-H. Liang, Com-
parison of performance degradation of high tempera-
ture PEM fuel cells with different bipolar plates. En-
ergy, 2019. 186: p. 115836.

S59998090 5 LAl sy ol e g Ly e e sl VY]
& (SBow o yd aeled Glxans g9y p oo sl Mb Yl s
YEV-YOR P :(W)F YA olgagili .oy sl o,

[12] Joseph, S., J.C. McClure, R. Chianelli, P. Pich,

and P. Sebastian, Conducting polymer-coated stain-

less steel bipolar plates for proton exchange mem-
brane fuel cells (PEMFC). International Journal of
Hydrogen Energy, 2005. 30(12): p. 1339-1344.
[13]Feng, K., Z. Li, H. Sun, L. Yu, X. Cai, Y. Wu, and
P.K. Chu, C/CrN multilayer coating for polymer elec-
trolyte membrane fuel cell metallic bipolar plates.
Journal of Power Sources, 2013. 222: p. 351-358.
[14] Oyarce, A., N. Holmstrom, A. Bodén, S. Rand-
strom, and G. Lindbergh, In-situ Measurements of
Contact Resistance and In-situ Durability studies of
Steels and Coatings to be used as Bipolar Plates in
PEMFCs. ECS Transactions, 2009. 25(1): p. 1791-
1801.

[15] Ruset, C., E. Grigore, G. Collins, K. Short, F.
Rossi, N. Gibson, H. Dong, and T. Bell, Characteris-
tics of the Ti2N layer produced by an ion assisted de-
position method. Surface and Coatings Technology,
2003. 174: p. 698-703.

[16] Park, J.H., D. Byun, and J.K. Lee, Employment
of fluorine doped zinc tin oxide (ZnSnOx: F) coat-
ing layer on stainless steel 316 for a bipolar plate for
PEMFC. Materials Chemistry and Physics, 2011.
128(1-2): p. 39-43.

[17] Lee, S.-J., C.-H. Huang, and Y.-P. Chen, Inves-
tigation of PVD coating on corrosion resistance of
metallic bipolar plates in PEM fuel cell. Journal of
materials processing technology, 2003. 140(1-3): p.
688-693.

[18]Yi, P., W. Zhang, F. Bi, L. Peng, and X. Lai, En-
hanced corrosion resistance and interfacial conduc-
tivity of TiC x/aC nanolayered coatings via synergy
of substrate bias voltage for bipolar plates applica-
tions in PEMFCs. ACS applied materials & interfac-
es, 2018. 10(22): p. 19087-19096.

[19] Y1, P, L. Zhu, C. Dong, and K. Xiao, Corrosion
and interfacial contact resistance of 316L stainless
steel coated with magnetron sputtered ZrN and TiN
in the simulated cathodic environment of a proton-
exchange membrane fuel cell. Surface and Coatings
Technology, 2019. 363: p. 198-202.

[20] Yoon, W., X. Huang, P. Fazzino, K.L. Reifsnider,
and M.A. Akkaoui, Evaluation of coated metallic bi-
polar plates for polymer electrolyte membrane fuel
cells. Journal of Power Sources, 2008. 179(1): p. 265-
273.



