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A8l AolX, A7l EuEHS duF, A=2vkE, Hla, dEHE 2 EFFOR oFozl FoA AdE AL

WE e

AUA Foi ASHoR Frksa dvh. 2ot B4 AR FEol gadn Y3, FHF AP} AT
e Qls] edskae Fkem Ak oluA SRl REe A, A4 R ddrtras ge /e aads
of ol FEH @ gk, AT, WA AR A AUALY n2I Y edolehe A gusm o,
webA, WY, vk, 4, FEWA, vlolevls @ dAmAAsh 2o AArbsE dAl AuAgel hE A7
e gAle W g,

A AAE WEHET e FHE, dF 59 U4 Ay, we A% ug, gHe Ay wy, dm A
O, 44 PE 9 B AY &8 2w Avh 2oy 2 b 38 716 A9AE g g Aol A
A4 AQsE waeta Aok, 53, Fo wAS WE T F4 s s uaste] GF Aa B WS
(ORR)e] BT H o ejrk Zloltt, MI(PUA B4 A4 44 EEH Sulz Wagc. Lo,
WFel GO s) A vge] wu, o5 o§F AR AXE YWIEA FH, AR HUE 9 3]
7 oPgys BE e BAE 2u vk aenE, o) 49 488 sk, Aulg, a8 Hex
e 2 D@y AENE PEE Dask Qb ol s, WA FF, MATE FEA 0, 5L
Arlget S 9 o) FAk wPE B BAES TSl Absd UF fAAS 27) A8 4P =o]
gl Qrk. ol TR FolA, o|FUs EE was] BAE, dF 5o A e, wa eyl @
& otheFB 9 gl ORRS A1E EEH T4 el ArlstgEniRA gl dvE: gtk

aRe 229 MY ARZS 2 o wBao] Bl Fow offold wad BARA, Hojd 47 AxA, ¥

50], BA(Wang, S. et

al. BCN graphene as efficient metal-free electrocatalyst for the oxygen reduction reaction. Angew.
Chem. Int. Ed. 51, 4209-4212, 2012; Sheng, Z.H., Gao, H.L., Bao, W.J., Wang, F.B. & Xia, X.H.
Synthesis of boron doped graphene for oxygen reduction reaction in fuel cells. J. Mater. Chem. 22,
390395, 2012) &A(Qu, L., Liu, Y., Baek, J.B. & Dai, L. Nitrogen-doped graphene as efficient
metalfree electrocatalyst for oxygen reduction in fuel cells. ACS Nano 4, 13211326, 2010; Geng, D. et
al. High oxygen-reduction activity and durability of nitrogen—doped graphene. Energy Environ. Sci. 4,
760-764, 2011), 3H(Yang, Z. et al. Sulfur-doped graphene as an efficient metal-free cathode catalyst
for oxygen reduction. ACS Nano 6, 205-211, 2011; Jeon, I.Y. et al. Edge-selectively sulfurized
graphene nanoplatelets as efficient metal-free electrocatalysts for oxygen reduction reaction: the
electron spin effect. Adv. Mater. 25, 6138-6145, 2013), <(Jeon, I.Y. et al. Facile, scalable
synthesis of edge-halogenated graphene nanoplatelets as efficient metal-free eletrocatalysts for
oxygen reduction reaction. Sci. Rep. 3, 1795-1810, 2013), £2=(Jeon, I.Y. et al. Facile, scalable
synthesis of edge-halogenated graphene nanoplatelets as efficient metal-free eletrocatalysts for
oxygen reduction reaction. Sci. Rep. 3, 1795-1810, 2013), A#|w(Jin, Z. et al. Metal-free selenium
doped carbon nanotube/graphene networks as a synergistically improved cathode catalyst for oxygen
reduction reaction. Nanoscale 4, 6455-6460, 2012) % o]59] &3+=(Yang, S. et al. Efficient synthesis
of heteroatom (N or S)-doped graphene based on ultrathin graphene oxide-porous silica sheets for
oxygen reduction reactions. Adv. Funct. Mater. 22, 3634-3640, 2012; Liang, J., Jiao, Y., Jaroniec, M.
& Qiao, S. Z. Sulfur and nitrogen dual-doped mesoporous graphene electrocatalyst for oxygen reduction
with synergistically enhanced performance. Angew. Chem. Int. Ed. 51, 11496-11500, 2012)ol th3d}e] X L
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ojgtoll Al AAlelE SolA ¥ WS A ArskAwt, & 2] ARt ol Al oste] AlghH

5 5g¥ &FvE(Al) 52, FEES W& %ﬂ, 715 AAG F °F 500 rpmol A 48A13F FF WHE-A|
= o7 AAZ F FrIE vRkE dFuEe A3

Z3te] dFuEe] =y 1#fA(AlGoP) 7.73 g& ¢

A=A AFE X-A FHA E3FH(X-ray photoelectron spectroscopy, XPS)

O A%E = 2b9 % 3ao] JERNRTE. = 209 E 3aE By, @We) co} Ale] A@E C-Al Age] 1#¥
o Aol A4E AL % 5 AT Ale] £QF NS E 20] ek @l sl 9} Hlaste], o1
ool Eol EAEt= Ag Cls FAel dste], 0ls 339 Al2p JaE W 9lo] C-Al Ajte] P4

e AL AAT & Y9

g & 3ad] AlGnP ~FERS #Aste] HF AxE AlGP 5 C, 0, Al9] dAg(at. %S AASHA ol &
1ol bl AT

tilo
>
=
ofo
o
2
)
J

rO
o
2
32
o

1

oF WhgA

2
°

A 5g3 ZAE(Ga) 5z, g&ES W&V ¥, I7IE AAF F °F 500 rpmell A 48A17F &<t

g T 345 MY Gt s AT § —rﬂi wuk-g AES Lf?} Ao w AAGAT. o] F, AA
ato] dFol =Y 1 (GaGnP) 5.40 g& ATk, Aol ZFol =PHAEA A& X-A
(X-ray photoelectron spectroscopy, XPS)< AFg&3le] Zhelslict.

I A3E & 3boll YEY. = 3bE BW, Z2#dY €9 Gao]l AFS C-Ga Aol e 7HgAtEel A
A S & g At Gaol EE e ol Ed EAstE e Cls T Ao Yshe], 0ls 3] A9 Ga3d
935 YERI o] C-Ga A2F ] FAH de AE &0 = A,

3 % 3be] GaGnP AFNEHS Bl HF A FH GaGnP 5 C, 0, Gao YA4k(at. %S AE3sle] olg) &
1o YERA AT

Al 3

5 5g7 AE(In) 5g, #HES W87l €a, F71E AAS F <F 500 rpmel A 48417 < RESAI AT
AGE X3E 552 INY FAoz AAGS & FUE vEkg JAFS G52 AAGNY. oF, AYES &
A7zsto] dEo]l EYE A (InGnP) 5.89 g& AUTE. A QlFol =YHAEA oAFE X-A FHA
31 (X-ray photoelectron spectroscopy, XPS)< Ap&3ale] seldtdict.

I AFAE & 3col HERAT. = 3cE EW, A €9 Inol A¥E C-In Aol A 7=t el A

o O

A S & g At Ino] B9 e T golEd EAst= e Cls T Ao Yshe], 0ls 322 In3d
N3E YeRda o] C-In A7l FAdH = AL 0T 5 .

3 %= 3¢9 InGnP A2FNEHE Xl HF AZFH InGnP 5 C, 0, In9 Y43k(at. %S AE3sle] olg) &
1o YERf AT

AA4 4
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B 54X FAo] = 2 (SnGnP) 6.44 g& AATE. 2ElPel] FA o] EFHAEA] AFE X-A
FH 2} B339 (X-ray photoelectron spectroscopy, XPS)S AR&3le]  &helslgivt.
I A= & 3dol JeERidTh. & 3dE By, 9] c9F Sno I3

=] | A3st C-Sn Aol Ao 7Hg=te el A
A ZAE & g Ak, Snol EE e ol Ed EAstE e Cls T Ao dshe], 0ls 329 Sn3d
El I 9Je] C-Sn A7l PAH Je AL AT 5 IS,

w3 &= 3d9] SnGnP AFNEHS Bl HF A ZFH SuGnP F C, 0, Sne YAF(at. %S A=E3sle] olg) &
1o YERAATE.

AA 4 5
291 53} F(Ph) 5z, FHEL *&%%71011 B3, 371 AAR F oF 500 rpnclA] 4817 B<E g Az}
WAE EHE FEHe Lo GRoE AAT F F4E Vg de §4E AARYL. ol F, YHES $4
Azxse] o] =% ZLEH-‘H(PbGnP) 5.20 g& vk, 2#Hl Hol =YHAEA AF-E X-H FHA F3

(X-ray photoelectron spectroscopy, XPS)& AM&3sle] =elslQiT).

1 ANE & 3eo YERIATH. E 3eE BW, 1#i¥e] €%} Pho] AFe C-Pb Adte] rejAe] spgAiEle] A
AE AL & F k. Phol EE 2R agutolEd EAjsls 73 Cls 3= ©dle], 01s 339} Pbhdf
35 e o] C-Pb Zsteo]l FAF e AE gl = .

w3 % 3ed] PbGnP AFEZS EAEte] HE Ax% PbGnP = C, 0, Phe] YAdE(at. %)< Ar=sle] ole) &
1ol YeR AT

A 6

= 5g¥ HIAFE(BI) 5g, 55 ES e8] %J— 715 AAG 5 °F 500 rpmol| A 48]t FQF WEEA]
o, AAEo ¥awE FHe 1Mo Aoz AAZ T 2yl nhuke M AREEZ= A3 Ao g AAZ AT,

olF, AdES FAAXS] HAFEVE m9®l 2#ABiGP) 5.20 g& AT Tefdel] HAFEZE =91H

AQEA ARE X-A FAA A (X-ray photoelectron spectroscopy, XPS)S Al&3&te] <13} iT).

I AxE = 3fdd YERITE. = 3fE WY, el o} Bivk Ags C-Bi Ado] e At A
e As & 7 Ak, BivF EYE 1AL aggto|Ed EA8k= e Cls 93] gdte], 01s 339} Bidf
32 Jelga 9o} C-Bi 2ol dAE e AL Fedd 4= Uiy,

Tk & 3f9] BiGnP ~HEFHS BEAsle FHF AZE BiGnP T C, 0, Biol 948 (at. %S &8 ol &
1o YERA AT

AA 7

5g, #&HES W& 7]d ¥, F71E AAT F <F 500 rpmollA] 48A]1F
DP. *ﬁ*é%oﬂ Z3E S5 WY |AteE AAS = FUIE vEkg A HF 9202 AAF
ARES TAAxs ) HdeFo] =¥ 2HFA(SiGnP) 10.37 g& AUt Zhdel] Aol =915
B2 X-A FAA 39 (X-ray photoelectron spectroscopy, XPS)<= AFg&3te] Eelslitt.
I AFAE & 4dao] HERAT. E 4ags BW, 2] CoF Siol ARer ¢-Si Aol Tz FHgRt el A
d = th. Sio] =dld TR aguto] B EA8k e Cls w29 yale], 01s 929} SiZp
S YERA 3le] C-Si AFe] FAHHY e AS g
3 = 429 SiGnP AFER S BA5te] FHFE A ZE SiGnP T C, 0, Si9 94%EE(at . %) &S] oy &
1o YERf AT
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54 5g3 A=rkE(Ge) 52, wHES W87 Wi, 715 AAT F oF 500 rpmell A 48413 Fek Hk-EA]
At AAE] xFE FHE MY Gator AAG T FrtE vk AZntEe 9ER AT, o %,
ANES sAAxsIY AZvtkge] =9E 2A(GetnP) 7.21 g& AAJt. ZgH] AZvige] =UHAEA
AR = X-A FAA E33 (X-ray photoelectron spectroscopy, XPS)<S Ab&3to]  2Helslgitt,

I A3E & dbol JERAATH = 4bE BW, ag¥e] C8 Geol AFE C-Ge Aol LefAe] rpgAtelo] A
e S 4 F AT Geol =Y Zide Zgte| B EAlskE A4E Cls I A0 Blgte], 0ls A2k Gedd
935 dElaL 9lo] C-Ge ZAdo]l A e A EAT F AT

T3 T 4b9] GeGnP ~FEHE E43le] HF AZH GeGnP T C, 0, Geol YA2ga(at.v)S AEs] ot &

HNES ZAAZS ] BV 29% ZEH-"](ASGHP) 6.31 g& cM‘ﬂr lﬂﬂﬂoﬂ H A7 =Y EE=A 0431—% X-

AR 339 (X-ray photoelectron spectroscopy, XPS)< AF&3to]  EQlslaitt.

O AdE & dcol YEMIRTEH E 4cE W, 2#de] 9 Asol AR C-As Aol iAo spgAiE el A
HOAS ¢ T Adrh. AsvF B9 aejie agigto]lEe &S Ae Cls F A9 yske], 01s 9129} As3d

I35 YeENZ o C-As dde] A e AS AT 5 AN

Y = 4c9] AsGnP A EFS BAEke] AT A" AseP F C, 0, Ase] Fa3F(at.%9)S AFEd] ofdl &

1o vER AT

Al 10

olo

39 5g7 QHE]E(Sh) 5g, =& 2970 Ya, F712 AAZ = oF 500 rpmol Al 48A17F HoF HES-A]
o AAE x3FE S5 N9 Fom AAT & FE vukE AE RS IR AASUTE. o F, A
ES AU gEE] =ydE a2 A(ShGnP) 6.11 g& AT} lﬂlﬂoﬂ QtE] o] ERIEHAEA] oJF
X-A1 FdA 3 (X-ray photoelectron spectroscopy, XPS)& A}-8-3]

m ox XM

I AFRE = Adel JdERIT. = 4dE 2, o] € Sbe] AR C-Sb Aol el Aol A
dE AL & g . Shrk m=9dE aeEe ajgo] Bl EAeks dE Cls Jiﬂoﬂ tale], Ols =%} Sh3d
9AaE5 yehla glo] C-Sb Aol F4H = AS FAT & AT

gk = 449 ShGnP ~FEH S FA8te] HF Alx® ShGnP 5 C, 0, Shel ¥astd(at.%)S AHE3dte] of &
Lol YeERH AT,

w3k, A7) ShGnPe] AR-TEM(Atomic-resolution transmission electron microscopy) AFZlS &= 5a % 5bol] EA]
3t th. & 5aE ShGnPe 7FAAFE oA P& AR-TEM AR O ZA], olF2 MS zt:= Sh UXF7F ShGnPe] 7MY

= mEpAR R ol Fd Sbh Y FeelEe] ARt malEe] e A A 5l
E, I bb fhAle] e e SelolEe] At el FAE) le vl Sb UARE A& AR-TEM AR
ojtf. = 5bE HW, @ Sb A} kAo 7EE e 2R FEClEY JPEAEH 2o A= Ae ' 5
QLaL, oA C-Sb Aol 2 FelolEe JPgAeeA dEHon offivs As HAE

= 5a B I 5bE FSjA, Sb nk ofyE, b FESE ¥ dolgsk adde] At Kijd Aew
e 5 2l

AAld 11

=< 5g7 EFF(Te) 5g, 555 vESE7]d 4

= =
o ARE TIE FHS W Faow AAT
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rr

%7‘%@}_3}"4 dFFo]l =gy 2e¥(TeGnP) 6.07 g& AT, o] BFFo] =4
3}

T ARE % de] Ve ¥ 4eE WW, 9N % Terk AT CTe AFol aul sHgAL 4
48 AR ¢ F 9. Tl £UD 2d0e adsel=el TASE BT Cls A2el ol O At Tedd
(e} 72' S

T3 = 4eo] TeGnP ~HEHS A3t HF Axd TeGnP F C, 0, Te?] YagdF(at.9)S AFESIS] ofe) %

1ol JEbl AT

Z 1
C (at.%) O (at.%) X (at.%)
AIGnP 86.76 10.36 1.63
GaGnP 85.79 9.80 2.94
INGnP 90.15 6.80 0.38
SiGnP 68.23 12.09 17.41
GeGnP 68.87 23.55 3.74
SnGnP 87.90 7.77 1.39
PbGnP 88.89 9.62 0.46
AsGnP 73.33 22.59 1.83
SbGnP 82.87 15.95 1.18
BiGnP 80.75 19.11 0.15
TeGnP 85.43 13.93 0.64

ok A4 Y WS (Cathodic oxygen reduction reation, ORR) B<¢F, & wgo] w& 4o Eold 1#id
ZHelES A7|Evl AFE #Usty] fstd, A gz A5 SAHS AASIT. B AEE AAd 109014

AZE ShenP, M T@ Tl E, Pt/C HujE o]gate], TR FA £E(600-2500 rpm) L 10 mVs © A4
270 &g 0,33} 0.1M KOH =89 FolA sl 2345 = 6°ﬂ e, & 65 B, 2 Uy
SbGnPell &k AlgH(limiting) AF BE=7F A ZLegatolE, Pt/Cet Hlaste] 43l & AS & 5 A
Alge] 2

2 oo wE F&o] =" ad %wﬂEﬂ A71EmA g4 sy fstd, AR FIA
3 = AAle] 1004 AZE ShGnP, A ol E | Pt/C EH=

(cyclic voltammogram)< ) 2 %
8-l o] A %‘Xé =

o] &3t Ny % 0,-3%3} 0.1M KO

I ARE & 79 JEYT. £ 7S B, AAld 10904 AlZE ShGnP7F  0,-3E3F 0.1M KOH §-89 Zoj| A
100,0008] S &% &Aool A gl Aoz Yelgd. dhde] HaA a#volEet A4 Pt/Ce Afdde= 7
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7} 6.4%9F 18.9%°] &% TAS YeEdT. oleldt Ayk=, PR S =9iE Sshrb e Seol BV
A ORR Adee] Zidel T dd2 & 5 es vt
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