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Density funct i owmtail lticzheatpbtulye (tDFEdr) modsynami c free
el ememaeaaactyi on steps of the oxygdln(THdEel i Ga ac&e
x=-3) single at agNex-ScAaGsa)l.y sBasse(dTMOn t her modynami c
actty, It 1 sxNi&x-BAGd shatw €CelDatively Fgoddhes inbieie
fineduceaosttiegpn ( GHfeH:O H *) wi B + dleumdaidvgee sdti f f €
Co@sx-SACs ipottedhe t @d mi n PDhSgAIslit epalflesludt sed sugges
theoretical oviopot arst innunchf cCo@iemptloy htelmat ma If
el ectr oCGRR abhygti it wNaxe@SMALEBg TMOt her mor e, el ect
reveal "dbawatnttelre ofo:N2O@ pf os Cow©ated rather far
as zebohdand states of adsorbed are reduced an
are incrreoanpad ed wi t N SAE&S . ol maotcb® cil @wsado dNi can d 1
c aenf f ecmoidvieblgyn d of acti ve met al cceonntteari mendd iandtsec
thus tune ORR activity.

Keywodeéedssity f upxygreendad c & eheetoiroyn, singl e atom c

1.INTRODUCTION

The madsespilveetfi dmssi | f ugell o bhaaksc gynesruengod ¢i @ichi 0 U s
envirodmepndel Zhking advantage of sustainabl e
fuedn saseghearw di sposiern g toebdu ti hsdseuseisr eesn th iggredrnygsyled f ma
and storge devices, particularly proton exchar
on oxygen reduction reaction (ORR) electrocat a
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dev|[ 8esPfeci-mausednematlteri als (e.g. platinum and
and are the most [akyathlowdv ORR théiatystarcity
poor-tleomg durabil ity have greeattleyngirnpandldidperr teisd 1

8]Hencedevel epifegt coet el ectrocatal ysts with ouf
on super sedprnegc ieoxdpsemsatvamlat eri al s for ORR.

Singtem cat altyhset amo(sSA@Qx)t,i ve frontiers in fi
havethheoearm hotn et oo fb gtr hoes peacddts Miotru tORSR, whi ch have [
maxi momi at utilization efficienc[y9,anldDjadjcwstrah

configbeatwieems acti velomethadt eart coartso nasabda smeadt heer | @ad r
especisadMNartcthe t ect mr else ,( TOb ,= N , reetgcutlhaet eebBcCcEf
structure of transition metal hosts and thereb
contributing tp7,a jopseigmeanbbnwdVIhtyy mgedtehcet r on
properftiaes i we rceesnptoenrdsi ,n gp e fe @ it orenc abdess i yhoirdeu b. layt e d
Numerous studies have demonstrated that such
enhanced by introducing alien atomermengw &8t o
coordinat i[oHild ]s tFrouwc tiumsetsanc e, Wangr uett ed!l .t hee@Bq
coordi Bdtledc adm|l ysadeghalt eealdiezed el ectrons to
strength for o iy @ @ mennde sla f rt deer cwbanr edtsrnaatrek apbhei t y
catal yz[ilnlg Y®O&RRr oup studi ed hcoon rNdiannadt ePd aR kePr(sn ac
C) preparteadmpearaathurgeh pyr ol ysis method &aot aabdeb
me dila2 ]Besi desglavakhearsg successfhitéeyg diyafgieBalze@o
and eNiemembsedded i nc pdbamaids dNar bSon ( NSC) based
ef foefctsuldM@RRtaomi vi ty][ 4] Tflheerseemesnaenspel apesddhtetash e
catalysts with variouslkkimeddrsgbebdpMidedhai rhg BO
ORR perfoemdvwioommy t he di fferent electronedgamewnit
t oeNement

It i s worth noting that the presence of oxy
the graphene ar e itneenvpietaaabhl gen b ienvge no ra flcthedflnihei aglhe r ¢
t hhent r odd c oix g1y e no ueH btelsnee nctosntdburcanegdhu f act ur ungl hol B
el ect r o[nls5 ]&€r0 nis edympeOntgltyom has al so beenpuspdrt o
of el ectr ad atealryesstpsb paldtha! yti ¢ actioVi rye.aahd obls]
respebong et Bwhatdehermsmynedgi stic effect of O
oxygemtaining I ntermedi at es and thus <€opadce
sampll&édgSupporting this in the dipfrfeepraanetall G4 tse n
andeINememo®r di nated Mn active centers atomical
t hssaengelxehi bit superiof 1@g¢sif mirimamice, f DasmipReRti zald.
Co/ N/-opeaed graphene catalysts via defect engi
el ectrocat plL.8bavsevieir netciucrsr ent cutting edge ct
characterize these corresponding unique struct
mechani sm f ocootrhdesmdaitdi ¢ eurees and thet weeral tthiev e
metallic ceinthrecd@didmeg tN dathynpse rafnadr awasat cedlsystoi o h a l
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Fortunately, cohti giusoavinu &lrlihgerr pponrtaot egdr appeawei devh
simpl e coordinatitohneoervVvi cahlnbepstipiimbiebdat bgn af or e
i nformati on, ciotn siay gsrednd eelssedaoabiylt Ot occ oor di nat ed si n
catalysts and systemati cal | yoriinevretsatiigaarn eo ft hteh e
el emeott st he SACs and corresponding ORR activit

I n this manuscri lNix-SACBr éd Mk Ende3 pfCal &0l¢c 9 n xt
via altering the doping contentaad MNehltoms. cT®
pol arized density functional theoryi ntRglaiec al
geometric structure and furt heMiux(ex ad3mi hree pORR eenl
TM atom bondeat oanmsdh tN eamadf oOQmiac at sohemati cally
1.

(d) ’. ¢

O N
Q@ O
@ Fe Co, Ni

FigurTehel.opti mal geometM@ys;, sT MENe-p ¢ m e(sc pAT &fOa ) ( d)
TM@N2>opp, (sd)embMd@ded graphene (TM = Fe, Co,

Among t hempyOdthmeerd@mM&Npeci fically defined ac
of O at oms, where the O atoms in pen or hex
hexat omi cnamed0ame nT M&NnD-hTeMN  r e swheicltel vien y) he o
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(TM&opp)t hey amae dlimcgadtmeado plpiose t e directions wi
of the metBalsealt om the constructed Nepel se,x ho b
remar kabl e el esgitthniomded tha Ipyteivd oaucst experi ment al re

2COMPUTATI ONAL METHOD

The ppoliarized total energy cal diumMatte ninasl ar
soft war pl.phlchkea ggegm e@ardaleinze@appr oxi mati on -BGGRE i
Ernzerhof ( PBE) functional +H4®radbapt[eldn T éaedmrag
i nteractions between the intermedi-B2esnaddi m@
schphé]Thangpeisnricted met hod] I.5s]Tihheed efnen tal If ua
(DFT) c9emi Pseudopotentials (DSPP) are empl oye:q
Cc
[

omputational cost and the double numerical at
i's chosens @®.1}A es neaasriisng value of 0.005 Ha (1
occupation to speed up convergence. During th

criteria @#Ha Het ased§yL@ax0.muon2 fldallcie,f amdmO. 00°F
The conductatike screening model (COSMO) was used to simulate@ $blvent environment for all
calculations. The dielectric constant is set as 78.54 #6x H T K4 supekcell is adopted with 35
vacuuanvoi d the artifidcihal canteiys dtuirmmangye & entew egeenc
optimization, the systems are free to relax.

- Ve‘% C*
ON L
wm@&m@o

FiguBSeh2mati €sedfict hend4process of INKGS&AGCRR cal

Aswe camFsgeareakkgeomt ainted medi a®@®® describ
proton/ el+e&dt tamncfHers. I n this work,€& nécucdRRo
profé8swhtioenp @t dhce f ob & ®we nmteamg s i on
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OOH formag) or*+edP+ YOH* (1

O formati orn+e)O@H* 3 ( H(H 2)

OH for mat ip(nl:) *©d) (HHF ©O( H) 3 (

HOf or mat i onQ( IOH*€)+( BHIO( | ) + #) (

wh e rdee n*o taessd sacsrspittieonon t he catalytic surface
phase, respectively.

The bindirkg , eceorthey iEygph endr gy r meED i conf NLAVED ¢
embedded graphene are calculated by using foll

Eb=Ermox x4 (Es upp"?ErTiN) 5) (

Ec o7 Eb uind ET m (6)

Er=Ermox a4 ©Eci(Egr apnEnet+ Ex+ 4k ) En) 7) (

wh eEr @ox maEs uppBgrtapiend NErMdenot e t he t o tGle nebreedrdgeide
graphene, catal yst monol ayer without TM decol

corresponding at gEmikvna nEbB Yy er ¢ hpeatvievage tot al er
in perfect graphezsaen,d a ssiimglhee NE sapteoom iiive INy . n
TM atoms in the co3) eispotnide ngunedd . dfe peuwb Ot iatt u
when gener axNsixerrgb @ dheee d M@Pr ap heemmb d d dend t direa pfriVeNn e .

Thadsor ptii éago temee ri@RtRer neerdéa b c@é at ed by:

Ea mEsyshk 6Goat aht Bt 8) (

wheEegswamBust andheéoamdrachyd sofr bedac@RRLtypsat ai ne
intermedraspectively.

The computational hydrogen el ectrode (CHE)
compute the Gibb(s®f rode earcerr eyt doded @B Iyn sttheips onio
chemical pfore & nit/izaHh def Bt andard conditions s
relative to the standamg@ofhydaoleal emerct any es t( &€

aG= Egp ZoP ETgS+ Gp+ Gpd 9

wheagqei s the electronic energy differegRE di
represents thoiobhargper ggsi 6P, chAmdge in entr
ZPE and entropi esaroef c@GRR ulnatteerdnebdai saetde gisn= €ihe vi
wherleiisn the potential related tagBut kel |l sitl®dndarpH.
this work, the pH of the solution is asgwmed
contribution caused by changing the H concent
accurately depicmi Geodrmeolhd a@ithlee ,0oft WDe Gi2lGbx I $ e ¢
obtaind ghby = 4LuDZi)28H2(dy utilizing OER equili
condiiRid4dAs®e thermodynamic activityi nofesttligea OR
over pdd,e mthiiaclh i s determined by:

d= B. 2 {m@yx Ggp Ggp Gapé 9

wheqGe( n -Fddnottehse dsr ed asogfersgyr r esponding el e
st eNost.ewort hy,gbvlaé ueegatriresponds to an exdibat
the spont aneiOny tdhlatrbeicssi esd ¢édbfien ictoiwem, t he val ue ¢
better the catalytic performance of the corres



Int. J. Electrochem. Scil6 (2021)Article ID: 210927 6

3RESULTS AND DI SCUSSI ON

TMO:N;

pen—TM O5N,

hex-TM O,N,

opp-TMO,N,

TMO3N;

Figum@ée3opdismalpti on2mdlreucculuea ghapSFACE . T MO

Before exploring the ewhwkleyf dsReRatrecahgaloynteit @ yp r
antdh er mo dsytnaabmilci N)»-SALCsTMDhe cal cul aEe@ad doff oy imad
enerfarees shown as i n -kFniogwnr et hda(taEpt.Is el It e @ Issu Bywbpal 1t
meaning that the bindodpgedfgmaphénatomsepnar Qet
the met al[ 225]dirheeg etf iooaBy alt hes MNanfa TIM@Di s pl aya giotod
of resisting aagga iegsdttimipt@amee da twoiniihc t h ¢ 2ihlek exacleepd
of BWM®&re ascri beNtlmonde. t hlematredTavy ierhge T MOnbbear n dosf
woul d decr easster etntged hb ibrediwvegen t he of Mlomeom Bahd f
enerbarees cal cul ated to evaluate NBBAGsffAsudi v
i n Fi gur eNsadS(AQs, pireG ent rather thdicaganigveheol
to readily fabricate them. Therefore, bheeeyc
without much ener gNyarcd sANMOadwd reas!| Ic,canTMO f er go.
stability, ecNasnpapleedst o TMO



Int. J. Electrochem. Scil6 (2021)Article ID: 210927 7

@ g

-5
I Fe W Co M Ni (b) ook B8 Fe W Co M NI

T E4{0,) v ]
: NIO,N,
a5k 14 [ E,(00H) v
= s 5 O E,(OH) 'ﬁ -
- 2 2 sk AEN0)
260} = 1.5 L By
) 138 ? v v - ' 1o
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z g £ (]
= 45} = [ ! [ ]
] 2 £ A
il 2 E— 30k -
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Z 30 s 3 NiO,N, é A
= <
[ ] ® A
s b -1 * E,4(0) 85 E,(0,) - 2.83 (R* = 0.75)
ast A A
0.0 0 L " L L L "
o1 O2-pen 02-he: 02-0 03 2.5 2.0 -1.5 -0 0.5 0.0
s x i Adsorption Energy of O, (eV)
(C) 6.0 (d) 6.0

0 Fe 0 Co M Ni 0 Fe 0 Co M Ni

_u.z_\h » [
45F A\ 45F N
G e % =124V
178
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1e,=0.64 V 30k

a0t a0
=092V
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n

Free Energy (eV)
n

wfellie’ eltie ity X > e y
> RTI ’ﬁ‘ T ——— 056
LS e oV 15F — 0V e
> 13V TMON, > 13V TMO,N, - pen
=30 =30
*+0, O0H* o* OH* HO *+0, O0H* o OH* HO
Reaction Pathway Reaction Pathway

~~
Ko

6.0 (f) 6.0

B Fe W Co HNi M Fe W Co HNi
45t 45t N au
= Mp=127V AY =118V
an Y
30k 307 o= 0.66 V 30k 203 o= 0.49 V
= : ; = : ;
< =058 V 2 =055V
& &
H 5 15
= =
= =
= N = 0.0 [kl =
g ) SDGLD 741..51
1.5 L% e -118 .
> 13V TMO,N, - hex > 13V TMO,N, -opp
3.0 -3.0
*40, OO0H* o* OH* H,0 *+0, OO0H* o* OH* H,0
Reaction Pathway Reaction Pathway
6.0 1.0
@ (h) — -
I Fe W Co M N T OH* +(H' +¢7) — H0 () +

T 0, () +* +(H' +¢) — OOH*

ast
=143V 081 ‘
g
sl Heg= 084V B )
z _ . Y >
E M= 144 V = 06F s é o .55
= - 0.49
o ]
5 s | o BRN_ - =
:.3 s 04f 0.37
& 5
-
=}
0.2
> 23V TMON,
3.0
*+0, OQOH* o* OH* H,0

Reaction Pathway 1 CoO,N,-pen CoO,N,-opp NiO,Np-pen NiO,Ny-hex NiO,N-opp

Figurmedomynamic (ahléher modynami cEy)satnalbielxipteyr i (mf
feasi biEdi apmd(tdhree dash | ines represent <co
adsor pt iEpanf eoeyomgmi ned i nt er mEad iga.tgesc Tahse aO KR
free energy diagr am®@f agtnhdee rr ela catnido nl .s2p3e cM. e sT hie

tdhe patedretrimiined steps (PDS)s ofi gihh @ dyehkt eemd n

) Calcul ated theoretical ORR overpotent.i

e

an
( h
theoretical mo d e | rel ated to PDS.
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Wi t h 1t egraehagcptrioocn®s $ giifsr aitinped ot oo & X y g d nalensOy) (
i n t he,wei rfsgtt ssdtye pt h ea bd @ § MWL AGsowadk.dsl n t his re
chi ebtys on tshter eanfigea@Gir @ thaeo tili MoeeT MANixSA Cs. By comp
t hccorrespdeadipgi on(sere€ailgnye o )t OBWMENsfciomd | germati o
effecti vehag tpirwdn@®oene pt f or Mshe case of Ni O

Tabl®he . adsor pEb) oxbr OEMNMPYFACs and the Q@& bdndh!
adsorbE@oi® Vooi n )

Mo d e | Typ Eaco(z) Lo.o Mo d e | Typ Eaa)(z) Lo-o Mo d e | Typ Eaco(z) Lo.o
Fe @Ns end -1.5 1 3 CoMs end -1.1 1 3 Nii; end -0.0 1 3
on on on
si-d -1.5 1. 3 si-d -0.9 1. 3 si-d 0 131 2

Fe @No- end 1.5 1. 3 Co - end 0.9 1. 3 Ni M- end 0.6 1. 3

Focompensaei adsohrdbvwesd &8O stretched O=0 bond |
fredod> 1.[28]n) acafo utnitein s iantgrneapnegbtwvhe en t he oxygen
transiti oAlohpettianhi zheods tasd.s or ptoiodinMNa-EACguUaBei odins
i n Figure wd.t hCamlei ceod respobdeaghhasbr ptsi ch eam
t hatitshead® d MENe,dvi arhro e nalx cNei pts, fwoNiNe nct adsohé
O2wi t h-o amodl.e | Iwte-kihso wn t hiast |fpihrestt@bnya taesds i mi & laé ¢ thrgo ra
hydrtiramsf err ed, t hceom tfaoderane dnigoeno seddds darybeedg d ihtee o
metatldmas il lustrated in Figunee?2) Tarkd me 2 ptdh e
functiads ofepnteiroggys presented in Figure 4(b).

TablTehad.s orepnteiroghi,gOH, O T MENsx-SACEad B Y.

Mo del Eago2 Eagoor Eago Eadon
Fe @Ns 1.t 2.2 4. :-3.3
Fe @No>pe -1.%5t 2.3 -4.°:-3.4




Int. J. Electrochem. Scil6 (2021)Article ID: 210927 9

Fe@N>he -1.E5t -2.3-4.¢-3.4
FeeN>op -1.E&5 2.2 -4.:7-3.3
Fe @GN -1.¢ -2.5-4.¢-3.6
C o i3 -0.¢ 1.7 -3.¢-2.8
CofDo>pe 0. € -1.6-3.°%t-2.7
CofD»he -1.C 1.7 -3.¢-2.38
Cofdop 0. € -1.5-3.:-2.6
Co M -1.C-1.6-4.:.-2.9
Ni 183 -0.C-0.9-2.7-2.1
Nif»pe 0. € -1.4-3.¢-2.6
NifN>he -0.€ -1.6-2.¢-2.38
Niop 0. € -1.1-3.¢-2.6
Ni 38 2.4 2.2 -4.¢-3.6

Theal cul atsaudy grdeedtu ltttsei r adsor pai oamr&magea:.gi @
OH* > OOH* opmr TIMN4S-BACS . Md rheeo wenri,ver s al l i near
the ORR intermediates are cl earl y-Oolhs giravitendy,2 6w
Therefore, a relatively staf@rcgenr r(eore awetalkreste t
oxygeomt afirnagnmgd rstbosstvh e st rongéi n(coarpgaee akybe) s ame
Site, suggaedsstoirnpgt itohna te nGe rrgayc tciovuiltdy bpea ruasmeedt ears tao
activi tiyM@Nix-SAICss evi t h ssiathees arcdi vgst or $a@lda p i2€r,

t haedsor ption atbhnhi@ainy ed fpeaxdagcetamsny one o3 h ®ORIRd c
beeither too sheoagsaoa evefadcne ai didm gesitsi vien csa pt a
ofguariampaeceqpradtreoohbt hbaewhOer eas as it eboegtiglekeing d n n
and cactoaupliyds € str hda  fytt i lsts ociawbat en b etchndopea t i
situat s ® coivaetrepdoiteema v @ailviea byl Bhyc g mp ar i sxoinsi |tdh ey
activat eNdp @B g@GP0MO. 94CeB)op Eagb-0. 9, e MN2-Pe Bagb65)-

0. 61NieM)heEaghb5-0. 64aed)MioPEaab5-0. 84SARES, owdhilcch
promote the subsenglerctul esducti on of O

To o bmhuan dne ral oympnrge hoenn d ihregada o & MgN4-SA Qso w aOrRdRs,
we further exami perflheombn@RRd @ ywiitanei ¢ g ecen asmmger g
gGofal | retaeps ohs €al Tarbdtdetdmangsthrmaat @ he for mati o
most xN4JM®ODACs i s energetically favorable with a
Parti,cuBodrelcyjul es are excessivel ygarcangyaead2efdr2ovm tol
1. 70 eWsdSPACse Gy sltre msa rCtoiDe-op pr s ho Wwegsorhb.d®* ad \é f
the O0OO0OH*gmspant@l e @udeetsi vated on this sampl e.

TablTeh@ bbsere mogOOH, OC T MMENsx-SACxsnd the freaglBener
of the el ementary step®gq@longV)Y he reaction

Model Goon Go Gow qGi1 G2 oGz gbGa
F eNs 321.%"01-1. " -1.¢-1.:-0.°:
pemeldN, 3. 01.!'0. 1. ¢-1.%8-1.%820 0
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hekefM, 3.0 1 3-0. (-1.¢-1.¢-2.:0 0
opPbPel, 311 6-0. (1. -1.!-1.1!-0. (
F e 291 3-0.:-2.(1."%'1.%t0 2
CoMs 3.7 2 40 5 -1 o S P OO
pe@of, 3. 7 2 30 6 -1 1. -1, ¢-0. ¢
he@QoM, 3.7 2 005 -1.:-1.¢-1.:-0.°'"!
opPoMd:> 3.8 2. 50 7 -1.((-1.:-1.°7-0
Co N 371860 3 -1.:-1.¢"-1.:-0
Ni 183 4. 6 3. 11 4 0. -1. «-1. 7-1.
peMi N, 4 0 2 308 -0.¢1. -1, 0. ¢
heMi®N 3 8 2 10 6 -1. (1. "-1.-0. ¢
opMiN 4 2 2 10 7 0. ¢-2.(-1.¢-0.
Ni 8 3113-0.:-1.¢1.°7-1.1%0 2
The same phenomenon i soN@&SIASCs shysdreurssd Ngm tch
shawel ati vel yg3Htal3ll e&t) e@d@b*€e® species owing to
i nteractmohecwil els . OSubsequently, 1t200i ssfexondht
for all tiINeSAESt sagsTMEMOs ofGrtam grea? H@f.MBRr g di c at
th aathey will easily react with second el ecDron/

mol ecul e. Accor dogdhoflt @ 6ll.42g eerV,ndgatiisvedi sti nct
O*f ragmalmé seasi |l y hydradgee OHt*e d Ftaag ngedhree | asNs. st e
xSACs sysiteandthetadpo wi#etolect ron pair to promote t|
H:O mol ecul e exceptNe-poemn, :NFheeX ¢ eNsFaenQlo BMLIF@Wh i ch s T
posivtailwvuelsrahnged from 0.01 to 0.21 eV. That i s
fragments, causing the hydrogenation of OH* en
should generate 1.23 V preer gy echamogqe t®of esmadsahl ee
at equilibrium potenti al of ld28BeWVmi nengalbkieg
overpotleentAsal sHown-g) n FhgumrMSHnad NEREOY st ems i s
conversipboOBHf OH?

charg&A&€sall Psisn ef) . CITOeNMAegat

Tabl ®Bhe.Mull i ken
for charge the accumul ation and

of Q stand

Co M CofDlrper CofDlhex CoMDrhex Cofl

Q( Co) 0.283 0.269 0.310 0.214 0.385

Q( OH* -0. 33¢€ -0. 31¢ -0. 34E¢€ -0. 313 -0. 35¢C

However, it is xN@EAGBsnohowgmiohtitpNe OPDMNg, wh
NiSxpen apNdoNp Obecome tLHOOHIr)swhereps(BDhex POSd
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Niaflii s consi st entNsx¥BiAtChs tahybtltx CopfOt Em®O. Fi gurdef4( h'
TM@Nsx-SACs with relatively goodofORRegecnt, i;NEbopQp, A
Ni-pen, NMiex apNdodNp Oare 0.56an0.@9550V.37redp &A1
the structunrnNe-SAOGCY ithreeumMd Ot o be col lceopnstead neaef
I ntermedi at es, i mplying that they have pNor st
SACs arce nsgsoteas outstanding el ectrocatal ysts
Remarkal(y0. 4heVN>opp ©CeOcompar abl e 2t7aip t htahhe o f
superi ol ORRKRapa&madfic et hd0oP@O s,amphiech i s in perfec
experi meptt&)] results

We have evaluated t h@udSBhECsefrlomee heypéder onod
iI's found abtbibvyi e SARCRD eitst etrh atth &mpks &m0l es and t h
of MaxS ACSsf asrepertihoart thNaks &Nl e s .

For t her esvicekbghsep h e rigrnfsituence of N and O on tt
CoDsx-SACs are taken as ertamplesttoncaragabusi s ¢

CharDystri bution (Q) | isteddbmandalkleatse,r @H*d aodse
in Figure 5(a) and the partial density of sta
phenomen¥ M0 QHOMs-EAOs and the good I|liner relat

that the adsoral s onc anarbegpyruesstedsblasthyey e n ¢bod ti voene n
adsor pti onc oemtearignye d fi nt ea enteidv iatt v.s and ORR

1.5 -2.0 3.0
(a) . (b) e COOIN3
Overpotential (7)) - e C0O,N,-pen G
2.5} ==—C0O,N,-hex |
- | | -___——-.\./ ) 1 . L
z 2 i antibinding
~ 4-24 ====CoO;N, ;
é 0.0 20 F
3 , E B
2 OH* adsorption energy )
: = /D § 8
2 g a
z D/ \D \ Z.XL: =
S5} [
5 O O
d band (Co) O {32
-3.0

-5.0 -2.5

CoO;N; CoO,N,-pen CoO,N,-hex CoO,N,-opp CoO;N,; Energy (eV)

Fi guEéebtr on agnddblbygsdi sc.ent er of Co, adsorption
ORR on iNK&S ACsQ heb)partial density of states

As shown i n hifta weairr ea dbq ar) pt g lootwleanteebreghyd ocfe nGHe r

i's |l ocated rather far away from the Fer mi | eve
conducive to the adsorption of OH @amweérexlvielmiptot
I n addition, the Mulliken charges JMiopp!| sipaantph &t

anegativebf0.Bhvedr aedahaece t al | ce ptosri ti vely charged
the rel aCaeOHel y ki @ kOtn 1INE 0o GNP e n, :NEShoedk a nNd, CtohOe OH
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Sspecies obtains more elNxepprecands tnig@otppaa realtt irwoietlghy
i nteraction between Co andunHei If rtabgemeunnnaseor flFyitidng
el ecmerdoinat ed adsor pti orneveyaltihneg PtDhCaeSt otfh eOHo*i,nd i |
the antibindingCsat eCh-Paerne, NEShodM ¢ a gMl.f EOOnNnver s el
bi nding states are ratdaesedr andcofNhempmeadhdhiebendr e
Mul | Ctkeeriyestri buti eaheantdyPB®Bl ains the differet
caused by the synergistic efftelcd aodt iNviatnyfdood ar
ORR can be effecolivabgr auined o&fyf etdte of N and OC

4 CONCLUSI ONS

In this manuscript, the stab3AGst y( TaMid FERR Gc
catalysts are theoretical ITWW@Nz:aw e s INdbsGrampelde s Ictarc
good thermodynamic st asbidydtye nsamplanmt€adrDevpietnin gl
CoMopp, :NMNiel , :NPhiexx anNt-o NpOogw od catal ytic ORR a
However 2Nopka, NME&nd MioPpp catalysts is found to
oxi dation after-cohetaiardesdbrphi enmedi aQ es, I mpl y
out standing electrocatal ysts. R eoMpeorpkpa bi | sy, Imaitsteceh
to that hofl dPhre(glblelgt, ORRp arc ¢ dTvMGxybb& A@s. Our st uc
i nspire more theoretical and experiment al re
el ectrocatalysts for ORR.
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