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Abstdactreasing catalytic activity-nandoadrrmabi ( M
N-C) catalysts for oxygen irredurcoet om exalangea mHo
( PEMFCs) remains a grand cphoawelre ngred -Ndduwermaabnl oetv e ®oe
catalyst synthesized -tbpedgheelectcobsmidazobact
selectedipgaliyacr(ylAWNn and polyvinylpyrrolidone

mor phol ogy and hierarchical structures play a
more accessible active sitesnd pfraocviildiitnagt ifnagc itlhee
reactant. The enhanced intrinsic activityasi s at
moi eti es, which induced higher charge density
activagiensn ehebmond cl eavage for the *OOH dissc
intrinsic DRRgddctyi irtayp.hi Ti zed carbon matrix in
carbon corrosion resistancéhetbhergbgrpgomemphie :
tomograp6y) (hmaging hi ghlsitghthaud etthe owe mker cov
fibrous carbon network in the phtaslkeydbbountdlaei els)
t he ORR. Teh ee Imeeantbrr ache assemb | yhi (QME A)o wea h ideevnesd t
cmMin a pelaacitri ccaell IH (1.0 bar) and demonstrated s
accelerated stability tests. vVihtycamdi sntad bsiolni Oy

sites, along with wunique hierarchical catal yst
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PGMree electrodes with improved performance an
1. Il ntroducti on
Atomically dispersed and nitrogen coordinNated =

C) have emerged as pr damiesei -(gPeCAV) abah dinpgOayfyeme t
reaction (ORR)exahhoge mempranehfurd ;NI | Be ,( PEd
or Mn) hovetbeesn theoretically predicted and th
M-N-C catl&PFAnsotnsg the many stbdsed peretur @oresvmi Kiar
(Z8B) are effective in agsiebes ngmheodimedacihydeainesq
t he -thdmgpher at ur el @ lalrlbesnpiztae i omeir encouraging OF
aqueous acidic [éfillee ttrrod ryd eiss roefcteenrt Idyi,f fi cult to
assemblies (MEAs) -9f atP& MEFICe eeu NEThaghda®!idddv c at al y
utilization, sever eorc amabsosn tcroarnrsopsoirotn ,airatentedi @ anttf eer
catalysts layers (CCLs) are tH& Ipt'] ssclaiyce | iemietc & 1
the ORR A#HO 4e ) onurys oatc-pthhaes et rbiopulnedary ( TPB) ,

and protdamsanispported through the electrolyje ph

at the electrochemically active sites.-4nHo)weofer
theseeZl WMNe cMt al ysts have significantly | imite
transport can | imit the formation of effective

curredeéer ZvWNe@ cMsttlad%*Vler ef ore, merely increasing t
in catalysts is not effective in enhancdaergi teck
M-N-C catalyst in electrodes and only caemns bleupcrte
2@B0me due to the stacking-100 [gWhmatpckanbohapa
pores | eads to the poor dispersion of &ahd tboes
resul t s oini cl cawerrduct i VIFE®HYh evi ¢ tho me el ®@dvt amadement s
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require innovatitbhetal ¢éor melcdheli enaawirp@gmpowiosi ty, air

the density of effective TPBs!I?®hd i mproving masc

El ectrospinning has proven a pr-aacntdi crad c raoppporroe
nanomat®rithlesrdoon nanofiber (CNF) morphology ob
ensuring high macroporosity in cae¢elaégti as piaryreir
precursors with selected carrying rpodwoeerGNHFs I
increasing distribution of macroporous <carbon

mai ntaining sufficient micropacbsveéysinegach ne

The i nsufficient st aNe@C | cayalayndt sdurrearailn t g n ootf
preventing their uls@&0%%n hei selver applcioanpteito mgy. ¢
met al demetall ation and carbon corrosion are tv
N-C catal yst €N:-C Alatthad wgsht sFepossess the mepghlestatba
Fe i ons are known to catalyze the forvmaete ofe otfo
reactions whOgn atnh euyn wnaene té 8B8eFbR/ pprrbddtuedsfd-gomfe er at ed R
further destroys the 4soctals cianr btohne sctatuacltyusrtes .an
ionomer and MEGHyanberebPEcausing severe failur
FdrebdCMcatal ysts has attracted increas,gnvgi aatstuec
as Co afhd!°Ma.bvh corrosion is also detrimental
active sites and r ed?udlclitdlgales ce clteraoddse tcoo ntdhuec tci ovlilt
flooding oide, thesaoahthng in severe prlédfitom-N-@nd b
catalysts derived from ZH8s generally have a lower degree of graphitization due to the use of limited
metal dopingand lower peak pyrolysis temperature, which primarily provides abundant defects and N
dopants to accommodate highnsity single metal sites, but with lower corrosion resist&hc¢é.Thus,
the stability issues associated with carbon corrosion become more severe for 4NeSecMtalysts.
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Simply introducing highly graphitized carbon m

may pay the penalty atsther eassda heesi miwi MNs itmg td
|l ow surface area B@Adhidssufifti disermtrigorcadi tty. bal
degree of graphitizati ony ienn hcaantcaeldy sdtusr atboi |aicthyi ew
actil¥%i T%é& carboni zedecftiroerps ninh rdopupgehdd éZthe&y me b at &

suffi cdsentesMNn catalysts, which can enhance ca

Il n this work, using the electrospinning tech
architecture to maxiamiozne ctohlwa |utpied it taeaskNaflo oceaot Bh osdi en:
It consisted of interconnected porous carbon n:e

gener ated t hr ouegh peelde Ztl rFoss minrdn isred e€d ed dual ca

step t haetrmmeanlt st-s €Tehpe sttwoat egy i s very <critical
temperature is to create porosity, and the sec
sites. The new catalyst aont ds Cad nanmompiac alilcy ed
carbon shells. The enhsaintceesd iisntdruien stioc tahcet idvointiyn
N dopant s. |l mportantl vy, it exhibited dramati caea

el ectroMgAes Wemdempl onaendbst-héapuXopqpeat edna®dlajogr a
i maging to verifyNChadt alhestelleed rtoe pwmi fCor m i on
aggregates. Therefore, the hielrpsthsicahil fyi panbl
el ectrode performances in MEAs through exposi:

ionomer coverage around catalysts, and facilitz:
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2 . Results and Discussion

2.1 Syntplseslicgy mdomd pore structure

Figurcepliacts the basic principl-N6 a@aadalpytcedir
el ectrospinning approach, which contains nitro
hi erarchically TPpheopsesrcusucaubesedagcoficheéenl {PC!
CeN-PCNFs. The Supporting I nformation provides d
Cedoped8 Zp/FLbFs) nanocrystals were f iorlsytacyr yilnocnoir
(PAN) and polyvinylpyrrolidone (PVP) polymers.
fibers with a I ength of hundr-2dBEsbPAMIRVYRNfSsqQr w
t her mal activati onAN/ABV Pa ncamnopfa rbiesrosn ,wetrhee eR ect
Zn/-LbF nanddrgwugstald@na had smooth surfaces and al
500 nm. I n contrast ,-ZIltFhse/ PANW P¥Pesnaobbfither Zprf €
(Fige drmHBEi gur d) ,Slidmpl yi ng eZnhbFesd dn amo pZanr/tdoc| es ul
pol ymeric nanofibers, while maintaining the or.i
a unique 3D network stepctdadenmeaif ttiemewam dji nar tt v
applied through a heating treatment at 900 AC
1100 AC for two hours. The rationale of the des
Z1-&F aPAN to form carbon fibers. At this tagge t
mesopores in each fiber. Al8s op,r etchue sev ap craant igoen
mi cropore and carbon defectld00TH&E geéecdmkd it Bar mn
embedded in car bogurr:ybBeeps i sfleppertc®nfd pyrol ysis
inevitable | oss of micropoweasege ¢ sawa pneatdedr i cm s U
seem t o plparimnrtehea nanoNPIC&NIFs c@fthalighetrCogr aphi ti z

and an increased graphiti cN-NCNF nd atnagl uywsSelr .&5Qlee e
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fibrous network structures welredrted aa nreedd wd ttiean
from hundreds of nficgwrasfitpu e oTdmids 4cOdande i s |
decomposition of PVP. As the solvent was evapor
were expextadphascd®Pdhepardingnto the thermograv
PVP and PAN dur i nFg gtumes cBBrNo ofnoirznaetdi oan c(ar bon bac
carbon yield. I n contrast adPVRdaogine é ga sa gtemea  saas
additional nitrogen source to provide more N si
more PVP in the PAN/PVP polymer phase, more por

bur nedduarwanyg t he Apy e o iFd sgius,eedi i¢nr easing the PVP

shorter fiber segments. Excess PVP content cau:
Zn to Co in ZIF precursors plays a similar rol
catl ysts. Because of the relatively 1l ow boilin
precursors tduepngytbéeydsissgenerated a holl ow ¢

dopants | ed to the aggl omematiabhiof Cei pgltéei méeas
carbon fibers with a higher degree of gFapbrei z
S1)0.. As a resul t, the opti mal f8a tpircesc ua fs oM\ P yti @
PCNF catal yst with a desirablFe gunkern@doguoelet &§d1
compared to thel itkrdd-@0oct aoBElay 8 PIYWBAr2 lccompari son,
was synthesized t-hi &g CR @wmirxiomg zedp& rrwdinc hZed/u@d ¢
pol ymers for the electrospinning f ol INNONGECINFby t |
Since -theatperde carbon does not undergo signifi .
teat ment , solid particle mor Fhagluopy SAlBsr apprae en
of Z-Al Eoprecursors, -Zt #ehewvedhamrbodn/ €s vital

porous structure. Ov eraalyl ,potl yaneirn rPo/Wa tainvde t lhnee ac
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in the ZIFs precursor is cruci al for conMdtruct

PCNF catalyst.

Comprehensive characterization was .enpdlokyced t
structure, pore size distrid®iICNEncaamdyspeci hi ¢
hig@mgl e annulsxcrandankg tirehdmi ssion -STEM)r amame
(Figur2da@HBi gur er eSvleda)l tnmetct ede neovo wor ks eceamaétru
macroporous structur esN-PIONsF dceatead cyhstf i bCeormpiam e d |
cat all®y s 2%, %*Al¢® porous fiber structure with the
(Figupe &4 drmhe WDt met wor k archi-N-BECNEreat alysni gl
porosity -loifkéd-Cpand ir-NecFh@NFCoc at al yst wa s zaddestoerpntiinoer
desorption i Nt lsearmmpd .e Telxeh i ®a t e dr mFh(eg ut) yemi2malc i tay
with 1its dominant micr opoiNeu s aanpd rea atrer iod tt iems .i
2 nfm gurae™daihl e. SRt i s essential tdoshk a&dnoflyeNtiheast
near t he aecxet eodfnadatsaulryfst s can participate in tfF
carbon matr iFxi gsutrdy°SrtSdcsimael (particle sizZNe (I e:
C al so I|-ccalnsteol yulpasaketdandarfger rel ow, and disco

tranksifeeur-§1)816

Il n cont rMeBENF tdeaet &€loyst possessed multi modal pc
mi ¢, omgsand macropores. The subbdrn cdemitv-&d cWweopen r
essenti al for slacdgtiiveg sattemi.c ACaNmar kabl e hyst ¢
indicative of domi-NNBG@NFmeabpbyes. i Beshde€p t he
the i ndividualhefirbeearcst agnutisde o active cites, and
fiber backbones at micron | evel all owed abunda

| ower pressure drop and formed Fa gfar SelvBan | nk e w
8
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domi nant amorphous car bdM@ catralcysutre @inma etaldy ¢
di stinct graphitic car BWNPCNFa ycedftissgl wyrsat eRl(jgagoupraer. enlt 9
Two sharp peaks assigned to thay(002Yrandi 06201
indicate the presence of a | ar g eN-PnQUNb ecrartioadl uygset a |
2. The increased degGeh® Cbdf ganaphiystzaamphef was
the RamafkigppetZhe(peaks at aboetdé8Bgnanddlas
bands of the graphite/ldsbtuot vaéNRCEBpwati ot .
thahat I-MCth®DL8), suggesting a relatively hic
appearing-35600%rieegi 2,00l so indicate the-NePGNF i ng
catalyst. The uis.ee.PVPAs)ada mpdo |tyhmee resp t(i mal Zn/l Co
influence on the dedNPENFofsagmpapelsit Azatdi esrusk ed:
carbon yield of the PVP domai n, PAN induced t
appr opnoiuaate od PVP gener at eBi gup)elvgkiglirea pna itnitzaeidn
mor phol ogy. l ncreasing the Co dopants | ed to t|
parti cl est ednupre rnagt uhifr ég dypy )re,o ISwLi®ii whh el y consi der ed
graphitization dé&gmgee)elohse2 diar cbroena sneadt rg rxa p(hhN-t i z a't
PCNF catal yst i s also corr o0 ésraatted d-ribye pphmetXo ek e
spectr ¥BPBpp¢ EFEs gpeakh BRI pTHS8 highly graphitize
beneficial for enhancing carbon corrosion resi
(Figur). SQi3mi | ar {Ne tcraa dhleyisd reaplleeCoNil d o pants i n
including pyridinic N (398.5 eV), graphitic N (
single atomic CeN)si(t389sF.i(gduezdd)t2oido wasv-lCRCNFheatCal y
containeg higbleatirael o of graphitic N ovN€ pyri

catalfTgbte. GBhe increased graphitic N content i ¢
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with the increment of t-N® C¢lFtaglay 4 ti-ezlad O tommoCadpeigm reie

dopgeZl Fs wietllkectwedl dual carrying polymers prese

hierarchical porous struct-N-Cecwi tahy sfoirceret aesl eefcG dfr

2.2 SingletcCowctsute and coordination

XRD did not det ect any cr yklitqadj)jla nBe a&€Crow hsipleec,i etsh
transmission el ectr-dinspne kxigwses Ryt wikbdsDeSH el Sy B &
danki gur el @2ne)ptsalsumgag est a homogeneous di sN-ri but
PCNF caFtiagluypset Zdbsequewxblryecalk8l HMAIDIAagi ng wi t h
energy |l oss spectroscopy (EELS) was wusemrmdd 1m0 ob
exi sted with NFatgut3egedtgoumi-&c2)B2e6P el n{ spectra a
el ectron beam placed bhuthgiuheir@lytermd teamob ot h N
which stroogbydisomggieshs Nanoclusters consi sting
observed -Mscaoed di. na€toi on and chemical i nforamat i
absorption spll®tFRWuaiep Vth(-eXdAS® a¥X absor ption near
( XANES). The r esuN-RCNFe vecthatl éislag haa ts Itihgeh tCloy hi gher
to Co foil, suggesting that the Co species in

nanoparticles,t htatde all sok exfpl aRD i sniggn al of Co n

o)

the amorphous natayeab3bepexoentiede Xstructure (
t hat bot hConedrad IsCcmatG@coer i ng pat htsr awesrfeo rfnoeudgdE XeénF ¢
383). A linear combidsnatuitam mfeiCto Pesi rmppdConet al | i c
performed to quantify tFhegus)pe SR2BBe bittenighatsel
catal yst co#Ctoaiamsd &NB.. 37w KCoh e r mebraes,e dt hEeX ArkdSd @ In d i
coomtionn number-N( ENdQoCbhior -N®P@@NFCocat al yst was

respecTdvleaSy)8.71 Since the XAS measur didotuals M
10
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coordination can be scal ed MNp OusaiNidg 61t0FHNediarn@p eCroc

Co, respectively. These metal l i c nRaingouprder &SP as ¢
responsifbdremdtoiron heef graphitized carbon in the
anchoring additional single Co met al sites. Cc

exi stence of nanoparticl-eG,6 aCeh-RCNENwas$ yf oft iCer s
by using thdaklPBE &badl ¢si BphlaammaMiggsurs€ 383 0The r es
suggest t hat the density of Co oSNiPtCeNsF icrattalh g st
comparabl e taot oomirc agr e/vidausper s e'dlOsvign qli®®) .CoT sl & ,¢
al t hougehxitshteenccoe of Co nanopartipzdtisvetdhiet @as oann
N-PCNFs catalyst to c-ét &ld\yPfeNF hceo nQRaR .n aTt hl é)sfsiwhze m
compared to t-tak&NtCCqrealatp &Ot. i4ddlhe reduced Zn <co
to provide more defects to host active Co site:
and ieonom daAubodéese eNFPeCNtFr ccsapuan yGa provi des an
highly graphitized carbon matmuskxtaesdasdf Qrapént

along with favorabl e poracstiitwe fsoirt @ sn canreda sfi anagi Itil

2.3 Oxygen Reduction Activity and Stability in

We evaluated ORR activities of -ateaeiesetgiotasel
(SCV) measur emeastol iun i @nb6h @l Hdoaowmgd t her mal trea
overal/l mor phol ogy obviously, it eff eecN-RARQGNH vy i
catalyst, exhibiting a | arger electrochemicall\
(Eondet and a -waowd tpoBeprhaHdft (of 40 mV relative t
onetep p¥igluy&l3)&3QThis remarkable activity i mpr
the formati ami tods aafttitehre rtOfmel stercedaBtdmd mt oautr [ % 00y i

we carefully studied the tempeNE&@toatcaldgpentdeaat

11
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°C exhibited | ow activity, whil e°Ci jdeaasdad mae a
enhanced ORR activity, S uUggsestteisn g rtahteh efro-rtmnhaaeni om
N dopants. HMHeativeg,teédmgeérature | ed to a slight
atth i n Coattondn Ol) 81 alNtPICANEFG@oa b |.EuiSGEher opti mi zati o
ratios and NafFKkiogurc®3)8 3B3cths eiviredi nkh e{NPENF pat by
't exhibited encouragi ndgon@RRO .c%&: ak yst i0c. RBattM a i t
l oading 0% 006 m@g mMSI@NF (0g 5) M edb@Fy i el d was al so m
usi ng a rdoitsakt ieolne crtirnogde ( RREeH)e ctta odie tseerl micrta@ viti e
(Figupe IINELCOFE cat aldy at rehawdyeley dhiglaer 9Bb) cor
an eltecamomer number of ca. 3.8 during ORFR?2lI pro
Since the Fenton reaction for Co i onEquiast iloensss S
S3, the atomically dispersed Gonsiftidoeresmmekd esd .
ORR in acidic media. The effect of Co doping cc

(Fi gure 4). alhhe SBarmpl e wi thout Co doping present

was contncnruecausseedy aais Co doping increased up to
doping. This observation caoafiveedi tdse sBnhngpri 6 mnc
Lower doping produces insuffictisenitn aCd i a@g lsd me

unf avorabl e cia,rebfoemwesrt rdieftauatess gnd porosities).

A higher degree of-N-RCMNPhdati zlagtstonenabltene iCopr
evidenced by extensive accmcgedrem ad erda it laibti yf ittesttgs
hol ding at a consddanrt 5O tiscadrusa hitnede 0 .THE-MCNKF
catalyst conveyed excell ent Etaali I18i7t%y rier etnd n m:N
current density undé&in gauaemdd3y. hendbr coddnti oal

tradi t-NN@Gnabt &byst e¥hepi ted3d8 mMUsandfonly reta

12
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(Fi guraemnklb@$B-84)0. During the stability test, we p

cycles before rstcotradi ORR theliar isz seetaidyn pl ot s. We
recover yN-PGNEHhec &L£ioal yst occur refd,wdalkley yadsuer b e
groups at the catalyst surface. It might be rel
t he-NNCocatalyst suffered from significant irrev
The pobenhatic test also confi-NmENFtbataehffahcad
|l ow, but more prrudgRiigcuardenPaPit ehi kawi 8 e7 MMuri ng t
AST (from rld 6>9Got ulr. 0t eB@sO@lt5i dvn )JHN-PCNE C€at al yst e
negligible degradation of ORR Brguyetdggaftert BE
M-N bonding and robust carpoervbsbouslCENC epatTaleyddte
| i keleb dayud he dement ajcloaotridonn adfi oo afnrdonmh h@o N x i ¢
car bon ajfoiuthedls . CoAs for the traditional at emi cal
sites with parti cl @eNsqgdrepvheolbypopgeiuea s gweorugpd v €i cam e f L
the catalyst after potenti al cycling to determ
struttHUAaeFTEM i mages indicated that the 3D car
the stability of carbon in the catalyst. The at
at the edge of -exirdbtoean pd amée s€o olchied cldeae¢ | t was ve
EELS after t Hhne tshtiatbhdoamrhkye dc-NeBdsptal et demonstrr .
stability when comparedv 2.0 mW), paFe \gsuo\des ndoenceo r(d ee
Cwfore tBRPCNF <catal yst bef ore and after differe

changecafbdrm.eBitg d meReessgtar dl ess of the testing
change of carbon surface ibnodni ccaotrerdo stihoen efxocre |

CeN-PCNF catal yaqte. toheme fdrraematdcal |l y enhanced

13
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CeN-C catalyst, weNbebdbordienathiaoantaamred Coar bo-N- stru

PCNF catwlystailmn&elntact.

The corrosion resistance of carbon in catalys
range (frompl.atNaurht®Id@ 0 A5tMdrH20, 000 cycl es,
CeN-PCNF catalyst EmacsFogl va 2@hgnuvB8e¢, Smuch | ess th
(50 mV),imeasur eNMIC i mattehley to. Because of tEh)e of ni
the PCNFs Wiithtegmdiapeda&Zysty@( S43 hi glgerapdhaegriegata fo
CeN-PCNFs <catalyst can dramatically enhance the

stability of catalysts.

2.4 Synergy of graphSittiee fNo rDogmma sc each da cCtoiNv i t vy
We performed the DFOatel thkeat inoms nsoceRBECNII ty
cat aHiygswr.g Adccording to our XPS results of showi
model s, i mswhiechsaeGblEdded i n a gr aphiecn eN |daoypearn
The Q@wNMel is similar to tih%e ®hef*phbosoiubl eregvaph
sites in our simulation celHi gmirteh FH9®dedrei, o dviec pleo @ «
energy calculations on a total of F2 4g upr eSs438i 4b5b e
i dent i fty etnheer gneotsi ¢ a4Nx(x= 1f atvoo rda)b lceo nCoiNgur ati ons. (
format iNonpaadfr Mei ghbmoi egyt was hkaTltaghdlley Sulhif)awori s
contrast with a gNCe wiad B hyssttt@mwersdy tdcen fFiegNL,r at i o
CoMNN2, GolMdnd 4QClpaNy e s hawrurien 5a

The extra doping of graphitic N atoms was pre
charge of adj acent C at oms. I n a comparison of
without extra gRiagpuh)iet i oy dNn @wllopccaene saqcumul ati on

adjacent to additisNa(Ill N oddpa nsttsr uict ualels . CAEN ¢ h
14
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atoms due to graphitic N doping significantly &
t he s€oNi vFei gsuitdeave t he O=0 bond gdredavBimgNtrpat bwea
For the ORRNy(@nl atd6 €£pN *OH after O=0 bond cl ea
adsorb on the C atom between t*vVODOHN ddesparct 1.t i Dn
graphitic N dopants is dramati casdwiyt hl onwe rseudr raos
graphiti cFiNgudioep andh s € xampl e, with one or two a
CoMNctive si tne,entehregyacwaisv atoiwoer ed by ~0. 3sietVe f r «
Mor eover, the predicted Firiger esnugg@yst sv dlhuwtti otnl
t hermodynami cal | ysNf(g=als itbol e4 )ons ittheiss widothh t ih&l sno (
close to thsitt eoenwitthhreouGQoNextra N dopant s. Ther e
additional graphitintoiN tdyo pcaannt se nahraonucned iat sCoaNc t i v
N dopants increase dhe amarguosfl awegraceme &c tait
di ssociation step of ORR. Therefore, gener atin
enhancing the i ntN-PQNHKF ccatcaliwstty of the Co

2.5 MEA Performance and Durability

The-NPCNF catalyst, hieatarelli evalt hf umémgqureet wor k
eval uat edJnidrer MEAQPC domadr it tiHeeNFEE&€ NF cat hode accihriceuvietd
voltage (OCV) of 0.95 V and?@& prrik qahwsre ¢emnd i
metrics exceed thbdb€ecatatphsett(adBBirespedCdveOoy)\
N-PCNF catalyst achieved an encatr 8giXRiygueume,r 850
whi ch i s thhiogshee rmetahsaurr e d -NWO tcha ttarl aydsittsi o(Rl&416 Tchéea d 3 .
experiment al result further verified that grap!
ORR activiagtiofe CoiNes i n -MPOQNMES ccatamges . wad e ¢

eval uatperda wtafidaeigd dHondi ti ons (1. 6t rbaanrs)p otrda Yy doeres
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(Figune dhe MEA-NWICINFF tchad h©Ga e out per f NfCmecdattalh g s

throughout the entasarie wvceelltlag elrdw erf QgCiNMtRNCANSHC 6aatt 3Ho d
much higher tWNLn ctahdtodefl ( ONMBCINDE)s.e dT HMEACa eac hed
density offa¥60m& Ymanidatl805 7mA/,cmepresenting
i mprovement c¢omparmed-NvCibtals etdh eMEAGCY)(\6e MbAe @ma x i mu m
dens indky oOfNFPCANF cathode reached a rYesmhakablethal
C cathode ?(.0. RiBeaWP dfmuirt her i néurechesre Hhiog e rd 5p rWe sc
ai,r)but the increment i6rmasgional al s e@iggs Bd.nF o
The encouraging power-NPENFI tcatdhnndewedplghsamd s Q@
measured in AMEABreD yPGMHEaetnlpgbdgu)y eahd compartahbel e t
art-N-Cecat abdpbreWiStth t he sameN-POMEI ogt ha dhe iICodeed
thicker cathode catalyst | ay-NC wdtemo ceo,mpawm gge s
porous el ectrode-l skfNtCCxwanta.l yBhe (Rddnmen) g | palc kK ec
resistance for flow, and discontinuous networ Kk
individual NPIENFsal|lafstt tfhaeciQoi t ate the diffusion
secondary macropores between entwined fiber bac
to diffuse in catalyst | ayers due twornk cfhorl oeMesa
transfer. Besi des, a highlWNPEN&p ltiattiad ¢ st c avralso n
i mproving facile electron conductivity. Thus,
transpor-NNPCNFtbeniCpdemoae the outstanding MEA

by the distinct poroude$i gnedshmerahohobgg!l apdr

work is a preliminary exploration. Co net rhoil d hIny
desirable by exploring opti mal | oadi ng, I/ C r
significant room to further i mprove MEA perforr
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MEA dur abi |l INePyfCNd-f ctaidro@€e was neuvpalieu ag teabiblyi twy

p r oot losc, including voltage cyglaindgcAhldreactadr dpeod eftr
polarization curves measured intermittently un
aiming to study possiblée aetlvivobythgesatTBecdr
after 20,000 cycles was only 8 mVS5 FR& It hwa tfhiirns
the -PGBMe cathode demonstrated such/ ainrc owa radii tnigo
durability of the MERstwanst at¢ slol peo faoiargnecdolfat.0 a¥ic
previ ous|!| yN-O ecpaotrhtoedde sM t he rapid initiaFigecay
S 5)2. However, the overall dr o-pN-PCNFsucatehbttddansi
those of thNHNCtcatdRitgyurrE5(&PB0 oiNCercaM aada gk s\E12

pol arization and power deaisri tgomndiottisonosf wehree MI
potenti ésigaet etf of e e porldirng atthe ali p|l owwe ped:
vol tage co¢/yhcloindg tii-aoontdi teo trhee cat hode. We found
afterd Mctye IHinggui(¢e 6ekely due to the removal of

the catalyst surface. The reversible perfor manct
the catalyst. These results are consistent wit
the reason why polkasi degFagapbaoafitéfiexbmbatrted to
using continuous chronoaMmPENP Mett Wodhae ®PoFsewse
enhanced stability wN-€EncabmpbadegedEFdDrrepampéeée, Mi
regofondmiH cell, the current density?tae D6F nA
cmaft ehroux2Ftiegsutyse (8bdr ehe density | oss Zatf tOe.r8 tw
stability-NPEBEFEs Theh&de dwavd t &l san fderaaalsipnmtt mpa:
because of negligible degradation ofg.ltaargiegqni fdi

degradati on ob3Ner vceadt Jilanp $ ®)65.1SdlA2c cr di ng t% tohue
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degradation is dependent on testing protocol s.
significant | oss. Oppositely, at a comatyamt lkiug
to the severe carbon corr pssiitoens ,anwdh itchheOsarsé& head wa

confi®@edrhati on within the cathode <c¢coul d be m

Therefor-B-PCNhse Ltoi | | sotiecatdt ¢ rdmcay of curr
chall enging stability test aftr@m& tVo &% 5 WMEHMAEsAa
The MEA performance was stil]l not sufficieae¢ 1t

catdee. § power dePDsiamyg (1f@tWmem(5, 000 h) at th
suitahl ¢ ~QO. 7 V) ). However, for the first ti me

PGMree cathodes. The sygamdi danabNPCkKpro&tehdhdeaea

MEAs stem from the following reasons. First, ir
sites, can benefit corrosion resistance of t h
mor phomlaogy ains structural integrity for efficie

TPBs during the ORR is maintained due to the o

mi ¢, omgsand macropores invabvor of timely water

2.6 Il onomer and catalystsCTnitmadiacgg studies by

Qur prior work has showea.g hpor 8Dsetectpode dit s
geometry) and ionomer di stfrriebeu tciaotnh dsdterd@hi gnlu yMEdest
evaluated thesepeamatcrescdpirNd-PtChiNe- sp rcoamihsoidnegC BGo u s
i maging (with a resolution of abd@ilh®& oc@mmal.l cAwss
us to characterize the wyvien‘@itgmeab@od menbdbspti bt
pore/ solid morphology thinaogugsdasdnowk et hpeha3 @ ica
di stributions in virtual slices and volume rend

shewgood surface coverage of the fibrous carbor
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il onomer map does not show any thick i1 onome]
erage over the fiber sesapeccainagyl Ipyardaadmndraead dtegt
k and i mRANAreg edfelCiIMwdesr, there is an appal
tent from the membrane side to the gas diff
guantitatkFvglyewhli¢nustrhteasemnpagefpltdre adlsioc @
tted through the thickness of the cathode. T
er the i1ionomer overcoat applied to theecath

contact resistance between the caitdhroame raon

cept as ddmaurxet ISbebeder ni ke phase contrast de

ice and volume Fiegdeeandddr edsipsepcltaiyveedl yi.n The i1

ures correspond to the soiINPCNecarchombdei. d Fotrr
ur,e thEPCWF cat hode structure was homogeneol
t ailmegdrenloe aggl omer at es, c¢gcaalkes ,h eotre rod dgheerre icto
WN-CMcathodes due to tiFfelhidtgadcathen sagagrcega

di ameter of the fibers. The macroscale vo

Posp todFkpurdepifcts the void size distribution

|l arger thamajloOimty Ao¥ashe macroporosity resul ti
at approxi mately 400 nm, keeping con€Tstengi wg
highlights a key adyva\APtCNgFe coaft atl tyesit ;ml avehti ecch$ pcuagne
aggregates acnantyrioelllde da swelolndary pore distri but
facilitadiistgr iabuweldl i onomer <coverage that does
aggregates.

3. Concl usi on

|l summary, we designed an innovati ve -Ned eccattraol dyes
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t hroughecoctorospinni ngope @&&sZd é&r ¢stodl sCoand dual f

Through systematically studiecempbrassizey ahadat ma

selection, metal combinati on, &rCd ctah earl maslt st,r ewaht
a delicate design for advanced =electrode stru
i nterconnecbtreodu s p ommoorupsh of iogy and hierarchical S

promoting the translation of -ltelveeilr MHEIAg hp eir i tom i
significantly enhanced stability anmi damtabgd ap!t

N dopants promote the i pgirtienssitchrORURg hacitn d/udiyn g1

on adjacent C atoms and thus | owering the acti:’
ORR. T-NPCEPB catakysta possesnst interconnected p
with multimodal pore size distri butatoonm ccoabpaalbtl

and maximizing the density -dbdriefdcaeccmiiohheo@maBeas i b
were essenti al for shosivegssitegl andt ¢ hMiuc G@aMNi e
Sufficient mesopores and macroporous voids wit
transfer o&nd)eHdanaohdypst) ((GAs a result, the unifor
t hi ckf iP&GeM cat hode | ayers is mainly responsi bl e
which was verified-Chy imaigngqgthe unique nano

The el eciNfPECNp-urctaCsaelty sa new benchmar k off rsedeabi
catalysts towards ORR in both challenging acid
undelrair cel |l conditions. The significaatedniwahn
the higher graphitization degree and enhanced
The new concepts, approaches, and understanding
and synthesi s taod vaacnhcieenveenftsse ggnnc &HGMdé MEA per f or

applications.
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This work reports an eofameocttirwetdesgisgrandf moapal
di spersed single Co site c-dbalkgd ZcbrFytshtraolusg ha ned es
polyacrylonitrile (PAN) and polyvinylpyrrolidon
net works with hierarchilcdlo drachilti @ att ler e haer emaes<s
el ectrodes, alphgswewi thteobasest hoeet he oxygen
devel oped single Co site catalyst i s hexgahhgye ac
me mbr ane fuel <cell s.

Keywo®6dsgle Co site; oxygen reduction; electroc

Yanghdd#HuHelGuBooyedXi dwamg,nZi ¥ehrogl o leat han Br aat e
Stavros Warwb&al 8kan, Maobgw, WAhgnxiHmg@ Feng, Kar
Guofeng Wang, Dong Su, David A. Cullen*, Ling F

Single Cobalt Sites Dispersed i nsfiiremdDanmralil-calalny
Power -fPrGave Cat hodes i n Fuel Cel | s
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Figurf@a)l Schematic of th-8l-PENEparcat iab rpeslpescoterdossopui gnhn i €hog
and pol ymers fsdlelpowéhcerbmnal a atcwo vati on. (b) SZzicFomndar

PAN/ PVP preeQr ¢ -&hN® Cardl oyestt a

27



WILEY-VCH

© (f)

Co-N-C

=
=
fa)
=

(002) ——CoN-C (k) Co-N-C  Graphiic N1s (|) Co-N-PCNFs crpniic N 1s
Co-N-PCNFs ——— Co-N-PCNFs 401.1eV 401.2eV
N
(101) 399.6 Y/

- 3 = | ~
= J 3 ; ] Co-l
& \"‘: 2D 8 : ;; 399. ‘;\(
2 ] 2 NO = "
& g Ib/ls = 0.78 |\ D+G g oy : Jo.) /
1] . Q = -
E = o 2 >Q E

n - D

- e . . . . . B BN U N S N S B N N
10 15 20 25 30 35 40 45 50 500 1000 1500 2000 2500 3000 3500 403 406 404 402 400 398 396 394 408 406 404 402 400 398 396 394

2 Theta (degree) Wave number (cm™) Binding Energy (eV) Binding Energy (eV)

Figu(d)2 HABDEM i magheBCMHAs Cwomat dlsystth.er(maydeddspt pphoart
pore size di-NsQ ramtitRCddms f oathLlowsegpdo | utgi on THRM CiNlRasge s
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