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'LUHFW &RXSOLQJ RI 3(0 )XHO &HOO WR 6XS
'XUDELOLW\ DQG % HWWHU (QHUJ\ ODQDJHPHC(

*pUDUGLGDsS® %RQQHMWRUDQG ) /DSLFTXH

/DERUDWRU\ IRU 5HDFWLRQV DQG+&® HNRIUADDA Q®J L9QH H ULIPF\&& B 6 H |

JUDQFH

5HVHDUFK *URXS LQ (OHFWURWHFKQLFRUDQG Q@ HFNWHORQIL B\ LAD 1)RQFW
9D QG R IXNMUMF\ )UDQFH

SHFHLYHG

> @ &RUUHVSRQGLQJ DXWKFPORWDAROLQH ERQQHW#XQLY

$%675%&7

$ VLQJOH SRO\PHU HOHFWURO\WH IXHO FHOO KDV EHHQ GLUHFWO\ K\EU
IRUPHG KDV EHHQ LQYHVWLJDWHG LQ RSHUDWLRQ LQ WKH )XHO &HOO
GHPDQG LQVWGDDBSIRFDWLRQV &RPXDEWUNRQHEGWXHOHBEKODUR SHRUD W LR (
WHUPV RI K\GURJHQ FRQVXPSWLRQ LQ WKH FDVH WKDW WKH JDV IORZ U
F\FOHV ZLWK FRQVWD QWUM WKW RLFKRWRHWUQF HDPWRV Rl WKH VXSHUFLE
OHDGV WR PRUH HYHQ SURILOHV RI WKH FHOO FXUUHQW DQG YROWDJF
FRQVXPSWLRQ PDQDJHPHQW LQFWR VX RISHVF LIREH SFHRIK CDGY B H DUMGX FHG E\
FKDQJH Rl WKH RYHUDOO HQHUJ\ SURGXFHG %HVLGHV WKH UXQV ZH
HYDOXDWLRQ RI WKH IXHO FHOO SHUIRUPDQFH DQG FDSDFLW\HDW UHJXC
SRVLWLYH HIIHFW RI K\EULGL]DWLRQ ZDV REVENYHEQW FXKH KWL D) & DA
FURVVRYHU +RZHYHU WKH UHVLVWDQFHV IRU RKPLF FKDUJH WUDQV
LPSURYHG E\ WKH K\WHLBIL TDHVIMVRQK R QSVBROWD JH

.H\ZRUGWDELOLW\ (OHFWURFKHPLFDO &KDUDFWHUL]DWLRQ (QHUJ\ OC
6XSHUFDSDFLWRU

1 QWURGXFWLRAQ

$V VWDWHG LQ )& @ UIKHR®DAFHIOVKH PRVW SURPLVLQDWLIRIKQRDRIWDY W
DUH ORFDOO\ IUHH Rl JUHHQKRXVH JDV HPLVVLRQ DQG PRUH JHQHUDO!
VROXWLRQ WR WKH SUREOHP RI DLU SROOXWLRQ LQ ELJ&BUNMAMHQWQ FF
KLIJKHU HQHUJ\ GHQVLWLHV ZKLFK HQDEOH D JUHDWHU DXWRQRP\ DC
HQFRXQWHUHG ZLWK EDWWHU\ WHFKQRORJLHV

+RZHYHU IXHO FHOOV DUH OLWWOH DGDSWHG WR VXGGWN® WLPHDRILRQ
IORZ FRQWUROOHUV > @ RU RI DLU FRPSUHVVRU > @ $V D UHVXOW O
VWDUYDWLRQ ZKLFK LV UHVSRQVLEOH RI FULWLFDO YROWDJH GURSV
DVVHPE®\ FDXNVLUUHYHUVLEOH GHJUDGDWLRQV > @ VR WKDW W\SLFDO
UHGXFH VLJ)QDILIFHWQWE\ %HVLGHY VWDQGDUG IXHO FH)YRY ROWNDH PIVWFR) F
WKH UHTXLUHG OHYHO UGG XWKRQDO QQ VDI UQ WHBMMR WKH VA\VWHP IRU
7KH KLJK IUHTXHIFE\ORZ IUHTROHQAH QW ULSSOHV JHQHUDWHG E\ WKH SU
FRQYHUWHUV FDQ LQGXFH DFFHOHUDWHWG.BE W RWKDQFEHPEH BQHIDN @ HF W\
0($ > @ HOHFWURFKHPLFDEBS$DEWEYHDWXUPD®H DQEDIDV GLIIXVLF
GHJUDGDWLRQ > @

7R PLWLJDWH WKH YORWWHPDPRGEE® RIKH VHQVLWLYLW\ HRU WKBINFH@®@O F
ZLGHVSUHDG VROXWLRQ FRQVLVWV LQ FRXSOLQJ WKH )& WR6RQRWKHU ¢
7KH DLP LV WR SURYLGH SRZHU SHDNV E\ PHDQV Rl WKH HQHUJ\ VWRUD
)& DQG LEDANRHPH D GHF)QHDWHHGQSWEHU 0DQ\ DSSO)&BWMWRHPAN | RIDQK EEHU |
IRXQG LQ WKH OLWHUDWXUH PLOLWDU\ SRUWDEOH > @ RU WUDQVS
WUDPZD\ DSSOLFDWLRQWDBWLR@V BL@FUDQ® BPBSSQLVWDWLRQDU\ DSSOLF
7\SLFDO K\EULGL]DWLRQ RI D IXHO FHOO WR VXSHUFDSDFLWRUV LQYRO
RQH WR ERRVOWXH DQG WKH VHFRQG RQH WR LIRAHH PW FKLS\HHFAD)SE
VROXWLRQV FOHDUO\ RIITHU WKH EHVW SRW HBRIZHWL AR Q\Y WRIOU FE RF DHQA
KLJK GHJUHH RI IUHHGRP SURYLGHG E\ FRQYHUWHUV 1HYHUWKHOHVV
LQLYQLILFDQW LQFUHDVH LQ YROXPH ZHLJKW FRVW DQG IDLOXUH ULVN



FDXVHG %HVLGHV WKHVH WRSROREDHY LERFWQRWH QMQ H UDDMH VS UHR] WHI S W
DQG GHGLFDWHR ERZB UFKQWHFW XUHV

$ VLPSOH DQG HIILFLHQW: K\EW WRL ]JPURIFRHG GEROR/LVWY LQ FRQQHFWLQJ ¢
JHQHBREMON QRW R@OTKWHDREEE UHFW RU SDVVLYH K\EULGL]DWLRQ KD
FRXSORURHU ZRUNV ,Q > Q@&BRGWWIE@P RDGLEHA®Y FKRVHQ IRU PLOLWDU\
FKDUDFWHUL]JHG E\ SXOVHG FXUUHQWV 7KH VDPH NLQG RI DSSOLFDW.L
FDGPLXP EDWWI8E&\7 K HINBWRPOGORIPHQWLRQHG ZRUN > @ DOVR)&HDOV ZL\
ZLWK D EDWWHUWR QURRFXIQRIOIRIR +RZHYHU DV LW LV RIWHQ WKH FDVH 2
ZLW& WKH FRQQHFWLRQ EHWZHHQ WHKH OWZRLSREMU I REOONFW Y UL\ FERWJH (
FRQWURO DQG OLPLW W&KHQEXWHKHED\EWWDNHE WRHDO > @ SUHVHQWHC
D GLIBHRW\EULG VRXUFH INOSFOQ&L@IVKRXOG EH QRWLFNMG R ZDN W K/DVD Qi
)& VWDFBI&WRDFN FRQQHFWLRQ ZLWK D UHVLVWLYH SWRIF&DUGH UGIHH WL
K\EULGL]P&MDLRBKRN EHHQ FRQVLGHUHG > @ LQ SDUWLFXODU ZLWK LQY#
GXULSWRI SRZHU GHPDQG)&GHRSRIQIGUR U RWQLW&H

'LUHFW K\EULGSLPIMWE&RWY \RR HQDEOH WR SUHYHQW GHWULPH@WDO HIIH
FRPSRQHQWYV $QG FRQWUDU\ WR PRVW WRSRORJLH& RR P/ W DIXGBXIGU K EV
ULSSOHV JHQHUDWHG E\ SRZHU HOHFWURQLF FRQYHUWHUV DV IDU DV
ZLWK WKH ORZHVW L P S3RGDIQF H HPIRYQ DQR IWKKH VWRUDJH GHYLFH FRQY
ZHLJKW DRHG ¥RWK D KLJKHU UHOLDELOLW\ QR ULVN RI IDLOXUH GXH W
SUHYLRXV WKHRUHWLFDO DQG H[SHULPHQ& B OW QR WERLMA G RRQV KOE G LT
E\ GLVFIKBUWIKRSZHG WKDWFWRB FRXOKBQEH UHIJXODWHG WR D OHYHO FRUU
FXUUHQW DOORZHG E\ WKH IORZ RI IHG K\GURJHQ > @ ,Q RWKHU ZRUG
VRXUFH FRQWUROOHG E\ WKH K\G U RURDH ROYRIZ) U Y WEHR SYHWIPWKLDEO) D G R L Ak
LPSO)BVROWDJH IDU EHORZ WKH WKUHVKROG UHFRPPHQGHG E\ WKH FH
DJLQJ RI WKH IXHO FHOO FRPSDUHG ZLWK XVXDO RS H@ODEW. @ W BRIHEGL W k
GLUHFW K\EULGL]EZEWLWEGRIHY VIR WH TXLUH DQ\ SUHFKDUJH GHYLFH

,Q WKH SUHVHQW LQYHVWLJDWLRQ GLUHFW K\EULGIRDWLBQHRI GXHD EIHG
RI WKH IXHO FHOO LWVHG®P3RW MXKIOH SSHIBR KD VDEHHQ GLUHFWO\ K\EUL
SDUDOOHOWGHUFDSDFLWRUV DV VKRZQ VFKHPDWLFDOO\ LQ )LIJXUH 7
WKKURSHDQ KDUPRQL]HG )XHO &RO/@ '"\QD@LFQYRXEKFROBHY HDFK EHLQ
WKH FXUUHQW GHQVLW)\ LV YDULHG DFFRUHGLER I IGHIDRZGRWUR B FRWLIRQ U (
LV WR YDU\ DFFRUGL[®IOVWRLFBLER®®DWQ\ IDFWRUV RI K\GURJHQ DQG DL
DW YHU\ ORZ FXUUHQW GHQVLW\ WR DYRLG SRVVLEOH VWDUYDWLRQ RI
PHWHUV DQG WKHLU VORZ G\QDPLFRZ RIDQLIRX D UHGVYRI S QLBIGG HDLWQI DW ¢
GHQVLW\ )RU RSHUDWLRQ LQ WKLV F\FOLF PRGH LQ ZKLFK WKH JDVHYV
IXHO H+DHIOB QRW) &6 VKRIPELQDWLRQ VHH )LIJXUB&FQ VEKHDSIRIW H Q WH. RO W
WR LPSURYH WKH HIILFLHQF\ LQ K\GURJHQ XVH ®WHNHGWMVPRI SHJ RUE OHHYF
YROWDJHV DIWHU D VXGGHQ FKDQJH LQ WKH V\VWHPWRYRUBGOLEXU
DSSWILRIM) FDQ EH DOVR H[SHFWHKBU P RRUS WKD W IS8 & RH @ FEQIL GL]HG DQC
QRIQIEULGL]HG FHOOV XQGHU VLPLODU FRQGLWLRQV KDYH EHHQ FRPSD
IXHO GH$ODILQJI )XHO FHOMLROQLQDWEBB® PDGH E\ PHD QWL R ROOMEBFWHU R F K
YV FXUUHQW FXUYHV HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ D
IXHO FURVVRYHU

,Q WKH ILUVW SDUW H[SHULPHQWIZE& UH WNXSAUQE & R O RFHRWP \P R WRISIHL D D
RSHUDWLRQ HOHFWURFKHPLFDO FKDUDFWHUL]DWLRQ WHVWV 7KHQ W
OR@HUP F\FOLQJ ZHUH SUH&HROWAISI HL ® YSROOXMHERRTML @ ¢ \ PA@LA) H RISF W U R
FKDUDFWHUL]DWLRQ UHVXOWYV SRODUL]DWLRQ FXUYHV K\GURJHQ FUR)
UHVLVWDQFH FRQWULEXWLRQV REWDLQHG E\ PHOQV RIQHDHR W K \FERKR-IHLS
FRQVXPSWLRQ ZDV GHWHUPLQHG DQG GLVFXVVHG LQ ERWK FDVHV WR |
IXHO VDYLQJ

2 ([SHULPHQWDO 6HFWLRQ

210DWHULDOV DQG 2SHUDWLQJ &RQGLWLRQV
7KH FP8 VLQJOH IXHO FHOO 8E]0 80P *GIR\@{$Q3 D FIRQNEK W & LIUR D O/HHW H
FRPSRVHG RY D 1D4+PRWKLFN PHPEUDQH 3W & }®HWRVGUWPRE P ¥ W WE\DW
ORDGLQJ DW WKH FDWKRGH DQG DW -WK HV PIORR\D H HXIBHSHFHALY H@\F aOXad
PDFERURXV FDUERQ ILEHU SDSHU DQG D FDUERQ EODFN PLFURSRURXV (



7KH FHOO WHPSHUDWXUH ZX¥ RO QM® BRH0 @BNG U\ K\GURJHQ DW DPELH
ZHUH VXSSOLHG WR WKH FDWKRGH DQG DQRGH IVQGHV XIHWIS WAVMRLYAHKQ R
DQG K\GURFHQPRXQWHG LQ WKH (XBDVFSOWFRQIGH \WERRK & DBWIL UV W

HYDOXDWLRQ Rl WKH FHOO ZDV FDUULHG RXW IROORZLQJ WKH SURWRF
RI PHPEUDQH UHVLVWDQFH FDWDO\VW DFWLYLW\ DQG IXHO FURVVRYHU
,Q WKH K\EULGL]HG PRGH )DVXSBBRDSIDMWRWY LQ SDUDOOHO 6$)7 ¢
FRQQHFWHG WR WKH FHOO 7ZR YROWDJH SUREHV KDYH BPQGQVWDO
8)e WKH SUHVHQFH RI ZLUHV DQG FRQQHFWR B DLQW KHKDRX WKHI RV ZRK P E
GLIIHU E\ XBO9WRV KLJK FXUUHQW GHQVLW\ 2QH H[WHUQDO SUREH ZDV I
FHOO FXUBHQWKSHUFDSDFLWRU FXUUH@WHZBMDALPSIOG ©RGCOEIGH FRID O
SUHVHQFH RI WKH VXSHUFDSDFLWRUV WK} 2DWHKRW KHY WERDHP W \ERUHAK
FRHIILF@GHQW D @G RQ WKH EDVLV Rl WKH FXUURQWJEHBLYHUHG E\ W

22&\FOLQJ 2SHUDWLRQ )

7KH EHQWKZWHM IXOO\ FRQWUROOHG FEX SIRH W ZDRAD BBO¥EM RBBEVNRI WKH F
VRIWZDUH WK H-\WFOWDIOP § RUH B8 @WR NXIBKWLYH ORDG WRJHWKHU ZLWK W
GLUHFWO\ FDOFXODWHG IURP WKH FHOO FXUUHQW BEIRZEFHYVIRUWK!
UHDVRQV JLYHQ DERYH PLQLPXP DLU DQG K$E BRI @ KERREHp®W,HY FRUUF
ZHUH IHG WR WKH FHOO IRU FXUUH QW REUHFHRMM @ H WHE&WX W QK HEUULLRGLL |\B R |
WKH WLPH FRQVWDQW RI WKH IORZ PHWHUW BE\WKRUB RZ SFOWM M IWHHN FSXR ILX
DYRLGVIMPUYDWLRQ ULVN RI WKH IXHO FHOO GXULQJ WKH IORZ PHWHU \
'LWKRXW K\EULGL]DWLRQ WKH FHOO FXUUHQW DQG WKH F\FOH FXUUHQ\
RI ERWK WKH IXHO FHOO DQG WKH VXKHUED® OBIRERWD W H D QX N WHIR JHNFKRH
GXULQJPLKHF\FOH DQG WKH GDWD ZHUH VDYHG EHIRUH VWDUWLQJ WKH
YROWDJH DQG FXUUHQ MW ¥DRUOLID WLW®& ROQVROHSHUFDSDFLWRUV

BHYHUDO ORQZLWHKUP\FXIQF RSHUDWLRQV KDYH EHHQ FRQGXFWHG (DFK
DSSUR] EWOKWU VR DIWHU HDFK VHULHV WKH VWDWH RI KHDOWK
HOHFWURFKHPLFDO FKDUDREWHWDWWYRQ WHRFK\EXWLEGLMHHLRQ PRGH VW
ILUVW VHULHV DIWHU PDWXUDWLRQ KDV EHHQ FRQGXFWHG ZLWK WKH I
WKH FHOO WKH SURFHG XU H BROWGU XQ®LLREWEHHAR(G S/ AL W KWH PH YDULD
WKH YROWDJH DQG HOHFWURFKHPLFDO IHDWXUHNZEW E&BWWDE QK VR W K
FRPSDULVRQ RIKWNVEBIVISRWWWLYH WKH UXQ FRXOG EH FRQWXIXXHG ZLW
VXFFHVVKYHFOLQJ SHULRGY DQG FKDUDFWHUL]JDWLRQ VWDJHV 7KH UXC

K F\FOLQJ RSHUDWLRQ

23(OHFWURFKHPLFDO &KDUDFWHUL]DWLRQ RI WKH )XF

7KH HOHFWURFKHPLFDO FKDUDFWHWGYVMLFKRRW WK HUHRDGS DA WWHR UHW L
FKDUDFWHUL]DWLRQ VWDJH KDV EHHQ FRRSXH @ HGW L WKVXQ DXWR OB O 8
IRWKH SRODUL]DWLRQ FXUYH DQG HOHF VB R BIQKP £ E®BX MARSH GIR@FN M 8 H
IRGHWHUPLQDWLRQ Rl HOHFWUR&&$ P QEDIX DG W URW WRKYHDFH DUHD
7KH SRODUL]DWLRQ FXUYH ZDV Y AFRWEHGFEHWHEWQZDV DQ[GG DW D JLY
FGDQG WKH YROWDJH ZDV PRQLWRUHG IRU P L Q &WSHVF WDUIDO R A U®IJ WAKR
UHFRUG HREZDLW KWBQVD P S O LW XREIHWKIHX ¥ 8 OMFEWHG OHYHO 7KHNWHTXHQF\
WR +] ZLWK SRLQWY6BHDVEMFHPEIOWY ZHUH FD U U LHRP REKQ H X WKBHOBImMQW
HOHFWULF FLUFXLW SUHVHQWHG LQ > @ DOORZHG WKH RKPLF UHVLV\
UHVLVWDQFHV WR EH HVWLPDW H® HER WILVRW HQZDR| WHKSHU NSHEOWH G HD BKFF
LQ SDUDOOHO WR D FKDUJH WUDQVIHU UHVLVWDQFH $W WKH FDWKRG
RFFXUUHQFH RI GLIIXVLRQ FR@WUWRIOREZQ RO @XKIH GHFRMBRIQMWKW UD Q VI +
UHVLVWDQFH ZIRM WLKHD®V IRW WKH FDWKRGH VLQFH WKH DQRGH FRQWULE X
GMWMLQJXLVKHG RQ WKH 1\TXLVW SORW )LJXUH E VKRZV RQ DQ H[DPSOH
ILWWHA GIWDWLFXODU ZLWK WKH DFFXUDWH SUHGLFWLRQ RI WKH WZ]
ZKLFK YDOLGDWHY WKH PRGHO HPSOR\HG 7KH DQRGH ORRS FRXOG QF
FRQWULEXWLRQ
JRU WKH HOHFWURARAALEBEBSPORAWKKH FRWDO\WW OD\HU DQG WKH IXHC
PHPEUDQH IXOO\ KXPLGLILHG QLWURJHQ DQG K\GURJHQ ZHUH VXSSOL

67®P/PLQ(&6DW WKH FDWKRGH ZDV HVWLEBWEBHR F\¢ DQRBYROWDPPH\
DV H[SODLQHG LQ > @ )XHO FURVVRYHU ZDV HYDOXDWH® BWOLQHDL
POV > @

3 SHVXOWYV



B 19ROWEDXIHUHQW &XUYHV LQ &\FOLQJ 2SHUDWLRQ
9DULDWLRQV RI WKH YROWDJH RI WKH FHOO DQG RI WKH VXSHUFDSDFL\
SUHVHQWHG/ HEWLRLY PXOE WKH VLIJQLILFDQFH RI WKH WZR FXUUHQW FR:
7KH FXUYHV L&QL WHMAHY¥FWME. RQ KDYH EHHQ REWDLQHG IRU WLPH EHORZ
WKH IXHO FHOO FRPSRQHQWY ZDV H[SHFWHG WR EH OLWWOH VLJQLILFD

3.1.1 1RG\EULGL]HG ORGH
$V VKRZQ LQ WKMUHFOH FXUUHQW LV SHUIHMHWVIXHBTXHDO@OW R/ KAHK BI Y\ KEFHVDL
FRQILUPY WKH YDOLGLW\ RI WKH FXUUHQW SUREH FDOLEUDWLRQ ORUF
OREGEXW D YROWDJH WUDQVLHQW FDQ EH REVHAP H® IRWUPRPREFXBOQW C
VLIQLILFDQW SRVLWLYH VWHSV DV LQ WKH WZIRHODR/OWBR W LIDLQY GIRWWY Bl 1S
OHYHO DW WKN BPRQIRFINWKIHQW SODWHDX 7KLV LV OLNHO\ GXH WR WUL
WKH FDWRRNOAVWROABWKHU ZLWK JUDGXDOO\ PRUH WURXE O HVE&RHPHHKDYD F XD

3.1.2 +\EULGL]HG ORGH

,Q JLIXUMKH VXP ®&FRUUHVSRQGY SHUIHFWO\ YR MR LARRQ\® U R\DIOH 6 RRJ
FDOLEUDWLRQU BHQWK SUREHW®&WDISIS HORIWHWRR WRKRIRWKHQ WKH FRQWULEX
JHQHUDWLRQ RI WRE& BRXHIHORB PRZWKH IXHO FHOO FXUUHQW LV ODUJ
WKEWKDQ WKRVH LQ WKH FRQYHQWLRQDO PRGH DQG DOORZV FKDUJH

WKHVH SHULRGY ,Q SDUWLFXODU IRU SHULRGV DW JHURGRW®&H FXUUH
IXHO FHOO KDV W YR® &R2H WD W KERIDMW XKL KK XIVOWR OLPLW WKH GHJUDGD
FRPSRQHQWY )RU ODUJHU FXUUHQW GHQVLW\ GODEW\ DL\D M IQH UNDRARI
FRQMXQFWLRQ ZLWK WKH IXHO FH®IODVK®RR/ZHHVS B ¥ LDL F RROAUHITHXQWD ALY WR:
KLJK SRZHU SURGXFWLRQ LV KLJKHU WKDQ ZLWKRXW K\EULGL]DWLRQ

ORJLFDOO\ UHVXOWV LQ VPRRWKHQHG YDULDWLRQV RI LWV SRWHQWLD ¢
%HVLGHV \DHVGHIQUMKH SUHYLRXV VHFWLRQ WKH YROWDJH GLIIHUHQFH
E\ WKH RKPLF GURS LQ WKH FRQQHFWLQJ ZLUHYV

3.2Fuel Cell Aging in Hybridized and Non-Hybridized Modes

3.2.1 9ROWDJH (YROXWLRQ LQ &\FOLQJ 2SHUDWLRQ
,W DSSHDUXUMKRKPWLWKH IXHO FHOO YROWDJH ZDV GHFUHDVHG E\ WKH O
7KLV SKHQRPHQRQ LN@®RUMHYLWKPQH WRUFHOO YROWDJH UHBXFWLRQ LQ
As shown by Figuré, for thefuel cell done, a sudden decrease of the cell voltage upon the current step was
observed, but with a negative overshot. As a matter gfdiet a few seconds the voltage increases again to attain
a steady level. After 100 h cycling, the overshot defined as ffezatice between the voltage minimum and the
steady state level is low, at d®/. In contrast, at the end of aging run (1350the overshot attains 94V and
steady behavior is attained after a longer transient period. With the presence of supersajbacitoove overshot
is not more visible and the voltage response continuously decreases during the periodfat8i38Be transient
phase exceeds the approx.s5ibng period at 0.588 cnr?. Moreoverl upon aging, the cell response in potential
becomes some larger, as indicated in Figure 5 by the still decreasing profile of the cell voltage.
For each cycle, maximum and minimum voltagésx and Unin respectively, have been extracted from the
recorded d. The average voltaggmean has been calculated by averaging the fuel cell voltage over the studied
cycle (Figurer).
As shown in Figur&a, the average voltadémeanin the two runs were very close to each other, at 0. 3afer
100h and 0.66/ at the end of the run. Howeveit can be noticed that in each 1080ong periods between
characterizations, the cell voltage decay was more pronounced with hybridization than without. This sharp cell
improvement after characterization often observed [31,i83]artly due to voltammetric investigations, in
particular to the low voltage periods in which slight oxidised Pt clusters can be fully reduced to metal Pt: with
hybridization, the voltage jump was larger than in conventional mode. Nevertheless, ditst @ h cycling,
the decay rate calculated frons £00h to 1350h was little affected by hybridization mode, being a¥4h?
with supercapacitors add uVv h' in nonhybridized mode.
The maximum voltag&max (Figure 7b) with hybridization is mar than 100nV lower than in conventional mode
as expressed above, starting at 0.82 and\0.@3pectively. Without hybridizatiodmaxcorresponds t®@CV, but
with supercapacitors the cell produces continuously current to char§€#aed/or to supply the load. Along the
aging run, the two maximum voltages decreased with an average ratg\ah2up to t= 1200h; in the last 150
hours of the run, the decay was much more pronounced ithylmidized mode than with the presence of
sipercapacitors, at 188/ h'* and 46uV h? respectively. This fact can appear in consistence with the larger
increase in fuel crossover observed with the fuel cell alone, as presented later.



The minimum voltage of the cellmin, (Figure7c) usually corrgsonds to the cycle period atAlcm? delivered

to the loadUmin is visibly lower in norhybridized mode (0.4¥) than with supercapacitors at 0.8Gfter 100h.

As expressed above, this is also a consequence of the smoothening action of the supescapititactually

act as generators for higd demand. This explains the differencdJni, values. This minimum was in all cases
subject to significant decay within the continuous h06ycling periods and to appreciable increase by the
characterizatin, presumably for the above reasons. Within the-12M0h period, the averagémin decay was

little affected by the hybridization state, at approx. il®Oh? in conventional mode, and @&/ h' with
supercapacitors. In the last phase of the runs, theyd@ams more pronounced, in particular without
supercapacitors.

In spite of the differences in the average, maximum and minimum voltages, the impact of hybridization on the
tolerance to aging does not appear clearly from this investigation, except in the final phase of the aging runs, for
which the voltage decay is n@pronounced without supercapacitors than in hybridized state.

3.2.2 )XHO &HOO $JLQJ &KDUDFWHUL]DWLRQ
BRODUL]DWLRQ FXUYHYV
Figure 8 shows the polarization curves obtained after 100 and k35@ling, depending on the hybridization
mode. In both modes, aging inducedrsy+DLC cycling results in decreased cell voltage, the decrease appearing
as more important as the cycle current dgrnisilarger; this would indicate that aging has a larger impact on mass
transfer rates than on charge transfer kinetics. Atihr?, the voltage reduction in the 1A@350h period attained
comparable values with and without hybridization, at 190 andvd@espectively. For larger current density, the
role of hybridization appears more significant, with corresponding voltage difference at 230 amy/ 410
respectively at 1.5 m? (Figure8); the norhybridized cell could not deliver a stable voltage atA ¢ht? after
1350h. Although to a moderate extent, the presence of supercapacitors hinders the effects of the aging at high
current density, in a way that it seems to protect the mass transfer performance of the cell.

Hydrogen crossover and Electroactie catalyst surface area

Figure9a shows the time variation of the membrane permeability to hydrogen (fuel crossover) expressed in the
form of the current density for oxidation of the permeation flux in the two hybridizations states. In both cases, the
fuel crossover is close to OBA cn?, in consistence with the usual values for 1 mil thick Nafion membranes,

near 1 mA crt [33]. The fuel crossover varies very little, in comparable manner in the two runs of interest until
1100 h. Then, a sudden increasthimlast period of the run occurs, in particular without hybridization, expressing

the formation of a defect in the membrane. With hybridization, the crossover attama 6r&2 at the end of the

run whereas it could not be measured with accuracy witigaridization because of the strongly inclined profile

of theLSVandCV curves: this continuously increasing current with the potential expressed the existence of a finite
short circuit resistance between the anode and cathode compartments [34] (®ithetdapacitors). The
postulated contact between the two chambers was confirmed by the presence of holes observed in the membrane
after the run. Longerm FC-DLC cycling likely generated mechanical fatigue of the ionomer resulting in local
perforation, with can explain the strong increase in the crossover to abnormal values. The visible decrease in the
OCV observed in Figur&b is likely related to the above sharp increase after h2@gure10), in agreement

with the literature [35].

Variations of theelectrochemical active surfacEGSA in the two runs are given in Figude. The initial values

of ECSAdiffered by approx. 186 from each other: therefore, it has been preferred to compare their variations
with reference to the initial values. Asratter of fact, the cathodes in the tiM&AY H[KLELWHG YHU\ FRPSI
regular variations, with a decay rate at approx.i6%hybridization actually does not affect significantly the
catalyst aging upon cycling.

Electrochemical impedance spectroscopy

AlthoughEIShas been conducted at each characterization step at 0.1 and between @ Zartetery 0.2A cnt

2, presentation of the results obtained has been limited to two current densitiegn®?2more relevant to charge
transfer controlled opation, and 0.8\ cn? for which mass transfer limitation can be more visibléne
variations in the impedance spectra is exemplified for dse of 0.8 A ciin Figure 11, with in particular very

little change in the ohmic resistance but sustainedifisignt increase in the overall charge transfer and diffusion
resistance, as discussed more in detail below.

Figure 2 compares the time variations of the ohmic resistance and the resistances at the cathode in fuel cells
operated iFC-DLC operation, wih and without hybridization at the tveal levels.

The initial value of the ohmic resistance was not the same in thelBAd[V WHVWHG D Wen? (Fighr® G
12a). In both hybridization states, this resistance varied regularly but very little along the cycling run, with a final
increase at approg.0%.

The charge transfer resistances at the cattiRlexhibit regular and comparable enhament along time fohe

two MEATV DQG D vwdW K 1B AWrZRRcwas found to be approx. 1.6 times larger than the initial value
without or with hybridization, and at 08 cm?, it is close to IFigure 2b).



As shown in Figure 2c, the diffusion resistance at tieathode Ruirr,c) varied along time less at high current
density. At 0.2A cnr?, without supercapacitors, the profile is regular and the final value is approx. 2.3 times larger
than the initial value. At 0.8 cm? in this configuration, the diffusion resance seems to remain constant. With
hybridization, the corresponding factors at final time attained 2.7 and approx. 1.6 respectively. Care has to be taken
in this discussion because the charge transfer and the diffusion resistance could not be witiaatedracy

from the overall loop obtained at 088cn? +whereas the two contributions can be clearly distinguished at low

cd: for the largercd, Ruitr,c could then be underestimated with a overestimated valug.for vice versa.

For the above rean, the sum of the two resistances has been plotted (Figdiretlie four variations with time

exhibit comparable profiles, with increase factors ranging from 1.6 to 2: the upper value corresponds to the cell
operated hybridized at higid.

Neverthelessthe aging of the twdEAsas expressed by the various resistance contributions examined, differs
only little from each anotheEISdid not fully evidence that hybridization with large supercapacitors could greatly
reduce the significance of aging upe@-DLC cycling.

33+\EULGL]DWLRQ IRUDQ ,PSURYHG (QHUJ\ ODQDJHPH
JURP WKH VHW Rl UHFRUGHG GDWD WKH JDV FRQVXPSWLRQV FRXOG EH
UHVXOWV IRU K\GURJHQ DWW BDQHBHLQ WKBVRHEWHHIYBE FRQVXPSWLRQ
VLIJQLILFDQWO\ DORQJ WKH F\FOLQJ UXQV DV H[SHFWHG %HVLGHV ZKI
VWRLFKLRPHWULF IDFWRU WKH DYHURJRALI@ RR UDHWVIS RRQ GHFRAFMERURIHQ |
7KH PLQLPXP K\GURJHQ FRQVXPSWLRQ)®& V¢ RERHLDQN # GF YR.OWKD & R X OFPRMN/G G
ZLWK D XQWWLFKLRPHWULF IDFWRU DQG )DUDGD\ V ODZ ZLWK QR PLQ
DQWLFLSDWLRQ EWIRQYW SRRSWVYHWAOH K\GURJH QLRMIF OFRKY X\PKSWERQ Q.
LV RSHUDWHG DORQH LV RSHUDWHG DORQH 8VLQJ )DUDGD\V ODZ DQG
EH VKRZQ WKDW WKH RYHUFRQVXPSWLRQ LV GXH

@i E\ WRt WWHRLFKLRPHWULR VYWHDRBUR I
@iy EN WR WKH PLOQRPXIDWH FRUUHVSRQGLQJ KHUH WR $ FP
(i) EN WR WXRIZ+UDWH DQWLFLSDWLRQ EHIRUH SRVLWLYH FXUUHQW VC

,Q WKH SUHVHQF&VR| SOKBEYWHXMBHAW UROOLQJ WKH JDV IORZ UDWHV RQ W
E\ WKH IXHO FHOO WKH DYHUDJH K\GQURUED HORZ FUPOWL IDWRQO\ DW

FRUUHVSRQGLQJ WR D UHGXFWLRQ LQWIIRQFRRYXYP IWVRVH D®E WRRLY
UHVXOW IURP WZR PDLQ IDFWRUV |LK\EWL ®L] HG SRIRIG/N HW KIHE ROYRIZ LIQD W IKi}
FKDQJHG D IHZ VHFRQGYV EHIRUH HDFK SRVLWLYH FXUUHQMGVWKILSY ZKH
VDIHW\ SURFHGXUH WR EH DYRLGHG 7KH VHFRQG UHDVRQ BWPHODWHG
DV IROORZV ZLWKRXW K\EUL G4 FIHDRREF P R W KHK KUG QR K QU KIWERUUH V.
WKH GLIIH4QEM ORVW ,Q FRQWUDVW ZLWK VXSHUFDSDFRAMRWKHQ SH
VIVWHP WKH IXHO FHOO RSHUDW HM: MR D UFDSIRHGW QEBHIWR LRIKIOHD DWLIRIQUW
VXSHUFDSDFLWRUV WKHQ WKH ZDVWHG +K}LG URJHQR ZIDX [ WSKLDRE RWUKADLVR C
VXSHUFDSDFLWRUV )RU WKH VDNH RI HDVLHU XQGHUVWDQGLQJ WKH W
PRGHV LQ )RIDXWHKH EDVLV Rl UHFRUGHG GDWD WKH DPRXQWV RI ORVW
DUHDV LQ WKH ILJXUH ZLWK D YLVLEO\ ORZHU VLJQILRYRBR@AXEZSEW KRQKH
GXHWKRI PLQLIRRPZUDWH EVHO ZKHUHDV LW UH $URHO/HE QWAK/R XW IKW\EULGL]DV

4 &RQFOXVLRQ

After 1350h, the comparison of the two sgps (hybridized and nehybridized modes) did not show significant
differences. The electrical performance, the resistances evoéuitbtheECSAvalues were very close. Only:H
crossover seems to be reduced in hybridized mode. If these first tests did not highlighf@igheability when
hybridized, they emphasized that direct hybridizatiofr©fto SCwas technically sustainable and that they did
not damage prematurely tR€. Further tests will consist in optimize the-s@tto emphasize the beneficial impact

of the direct hybridization on tHeC aging. A positive result of this present investigatielied on a 1846 decrease

of hydrogen consumption in the hybridized mode compared t6@aone.With hybridization, because of the
dampening action of th8C the minimum gas flow rate might be largely reduced, so could the stoichiometric
factor of hydogen, for the sake of still reduced ¢bnsumption.
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Figure3 b): Examples of experimental and fitted spectra at
0.2 A cm® after 100 hours run without SC.







































