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Fig. 1. (color online) (a) 4 x 4 unit cell of B-doped graphene; (b) the band structure, total density of state

of B-doped graphene; (c) the gain and loss of charge on B atom and neighbor C atoms.
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2 (MTIRt) B ASIEHERNEE (), (b), (c), (d) 25I9% O, Oz, OH, OOH W f5 i e € 45 14
Fig. 2. (color online) The adsorption properties of B-doped graphene: Panels (a), (b), (c), (d) illustrate the

most stable structure after adsorption of O, O2, OH, OOH on the B-doped graphene, respectively.
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Table 1. The adsorption characteristics of O, O2, OH, OOH on different graphenes.
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Fig. 3. (color online) The total density of states and PDOS
of OOH adsorbed on the B-doped graphene: (a) The total
density of states of adsorption system; (b) the PDOS of B
atom comes from adsorption system; (c) the PDOS of O
atom comes from adsorption system; (d) the PDOS of O

atom comes from isolated OOH.
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Fig. 4. (color online) (a) 4 x 4 unit cell of P-doped graphene; (b) the band structure, total density of states

of P-doped graphene; (c) the gain and loss of charge on P atom and neighbor C atoms.
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Fig. 5. (color online) (a) 4 x 4 unit cell of codoped graphene; (b) the band structure, total density of states

of codoped graphene; (c) the gain and loss of charge on dopant atoms and neighbor C atoms.
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(b) the most stable structure after optimization.
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Fig. 7. (color online) The adsorption energies of O, Og,
OH, OOH on different graphenes.
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Fig. 6. (color online) OOH adsorbed on the codoped graphene: (a) The initial position before optimization;
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O—O BEWI Y, A= B A~ OH 43 W Bt 75 B A4 ik
CIRF b B4 AN HJE T, MK B A Hy O
9 F, WE S (¢) ME 8 (d) Frox. bl Bkl i
AIAL, B A s M i SR AE (3)—(6) TR I
PUHLF ORRI&E. [FFEHL, W& 9 (a) B, FEHIE
P2 b 1R 7523 OOH w5 H BB O J& 7,
BEAT ML, R O—O B I 24 A4 i — A Ho O
5y, W9 (b) Frow; T HO 514 22 H 4

(10)

OO = = 00T, B) S5, Hesk s OH AN HLO, 1 9 (c) FE 9 () F
OOH + ™ + H' — «OH++0H,  (49) Sz s —gpgmiik s, E4£ (1) (10) RFHAR
*OH(1) + e~ + H" — H0, (5) B B P ARSI FAE
*OH(2) + e~ + H" — H0. (6) I A ORR I&1E.
B2 W (2) 3, RATIF LT A5 B, P AT R
Flr ORR 3 4% 1 % A2 S BN S (1) B B REAE AL, o
OOH — « OOH, (D Hr e BRI 5 F 1/2 10 H, () 10 8 th A
*OOH + e~ + H" — % O + H,0, (8) B TR A AR EUE S TR 2, AH
*O+ e~ +HT — % OH, (9) Res b iEssan & 10 Fros.
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Table 2. Free energy of the ORR on different graphenes.
(S SE— PR RERAR 8 H g /eV 5 R LR R H HBE eV
1 2 3 4 1 2 3 4
% B A %M —0.24  —044  —2.87 —1.50 -024  —231 -1.08 -1.17
B P ARG -2.79  -115  —2.59 0.12 -2.79  —-3.38  —0.31 0.27
B, PIBEAEK  —519 125  —0.84 0.05 — — — —

K8 (MTI#R)#E B ASKE T ORR &L
(color online) The first ORR path on B-doped graphenes: Panels (a), (b), (c),

illustrate the reaction steps.

Fig. 8.

(a), (b), (c), (d) MU R B
(d) sequentially
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o (MTIRG) 5 B A B ORR 2 (), (b), (o), (d) HUCHTRI T
Fig. 9. (color online) The second ORR path on B-doped graphenes: Panels (a), (b), (¢), (d) sequentially

illustrate the reaction steps.

HE 100, B, P R85 A 504 ORR &%
I [) B REIZ T T B, AR A AOR BUm A, HEUE
NAWPRZES. WNR2TTH, 5B A S —Fh
ORR &2, &0 R M1 H H BE A AK KN —0.24,
—0.44, —2.87, —1.50 eV; 2~ F ORRI&ZH LK
A AR Y —0.24, —2.31, —1.08, —1.17 €V.
M 10 7] BUFE 2, U5 = B E B R AR 1k 35K i
B, RPN EH KBTS, 7k REEEABE
BB ERE MRS, IR 27 H, B P A RGN
5 —Fi&1E ORR &0 1 B B R B AR IR N —2.79,
—1.15, —2.59, 0.12 V; Z —F ORR & &5 I
H AR K N —2.79, —3.38, —0.31, 0.27 €V.
Hi 3 0 H BRI A UE, RKET 3 B0 3 KT,
HEE 40 HHAE N IR, RUHFELE —E XM T
AReRAE. MWE 10 0] W, 7 Z 3 HAEHT 30 2 R
sk B 4 DT

—— B-gra-1st reaction path
—————— B-gra-2nd reaction path

o |08 *OOH
S~ *OH+*OH

>
[
S —2f
19}
o \x00H o2
[}
o
o AN\ RO kO e
$ —4t
—
LL‘ ,,,,,,,,

—6L *O+H,0

—— P-gra-1st reaction path )
—————— P-gra-2nd reaction path
78 1 1 1 1
1 2 3 4

Reaction step
E10 (MTIEEH) B, PHREBIAEM ORRI A MG
AL,
Fig. 10. (color online) Free energy changing trends
of the ORR on B-doped graphene and P-doped

graphenes, respectively.

FLi B, PB4 A S0 S M H BE R AR 1k,
A LAE R, SRR AR b | B Ae T FFERE
[Z, BP ARG K TS B ARG, mEMEmE
HAE N IR /N TS B ARG (HhE4ad, B P
BN E AR AR E N IE), X2 mr AT
Tl 5 24 W B BE A 0 T — 50 DRA BT 2 e o o
¥ K OOH [ W B Al O—O #t T 22, 171 J W 45 2 %
W HO 43 T 1A RS BB, T35 P oA S 0a Xt
OOH, O, A1 OH W fft 58, EARAFITF O—O HWiZ,
B2 BHAS Ho O [ AN i B

3492 EHEn B

LB A0 BBIG W OOH A &+, B OOH
2 Wi i OH A1 O, 43 7 W B 75 B J5 T F0 P Ji
b, BRI FRATT 23 B AE BT 245 OH A1 O 5% I A H. 4
T 2h TR, AL G 1k R 22 J6 2 U A~ OH, HE T
S HIAEB, PR TAL A B HLO FRBL I, ik, LB
Ff B WAAE—F ORRIg 2. HARIb 4
K 11 B,

THE T B A B R ORR RIEAN H
HHREAR AL, 25 SR & 12 Fros.

Kl 12, L8284 0% ORR B 11 H HH g
5% P asmmmial, BT 30 2 FREH, (H54
A BT 3K B D R T A7) S A [ T TR
TEIEB I S0 1 P T4k, BRI R RE. B B
REa AN P A S mIE L AR 2 AT 5, 45 4
f SR ) E BRI —5.19, —1.25, —0.84,
0.05 eV. [HfFEEIR, KB RAEMHE1PMA
HAEN —5.19 eV, & T45 B A ki (—0.24 eV) F
B P AN (—2.79 eV), IXZH AEILIB &1
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W85 425 1 E HBEN 0.05 eV, (HESK T P A1 5804
170.12 eV. S REH, X TH—5%, B, Pt

G AR TEE B, PR T RPN, BB T

A1 S 4t OOH (MR B 73 fift S B, 25038 1% Ho O
ST W AE URIBEBR S 8E. [RLG, SedB A s 0m A A
bU B — 45 J A B S T RO AL U RE

K11 (MTR) 3B 50 20600 ORR ig1e

(a) 5 (a’), (b), (c), (d) KIKARRPIE

Fig. 11. (color online) The ORR path on codoped graphene: Panels (a) or (a’), (b), (c), (d) sequentially

illustrate the reaction steps.

Reaction path
0 OOH

Free energy/eV

1 2 3 4
Reaction step

K12 B, P35 A 845 ORR 19 H B AL
Fig. 12. Free energy changing trend of the ORR on
codoped graphene.
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Abstract

Over past years, the excessive use of fossil fuel has posed serious problems such as greenhouse effect and envi-
ronmental pollution, which threaten human life. Regarded as an ideal substitution for traditional internal combustion
engine, low temperature proton exchange membrane fuel cell (PEMFC) converts chemical energy through electrode
reaction directly into electrical energy with high efficiency and low pollution. However, the main problem behind the
industrialization of PEMFC, is that oxygen reduction reaction (ORR) occurring on the cathode needs precious metal
platinum (Pt) as catalyst, which has a limited reserve and is costly. Owing to high activity and stability, the graphenes
doped with non-metal B and P, have proven to be excellent alternatives to Pt experimentally. However, the relevant
theoretical work is scarce.

Adsorptions of the ORR intermediates, i.e., O, Oz, OH, and OOH, of doped graphenes are essential for the cathode
reaction, which also bring some difficulties to the next step reaction. Therefore, in this paper, based on density functional
theory, the adsorption characteristics of O, Oz, OH, and OOH of B-doped, P-doped and B, P-codoped graphenes are
studied using first-principles calculation code VASP first. By analyzing the adsorption energies, bond lengths, densities
of states and charge transfers, the influences of the different dopants on the intermediates are evaluated. Then, the ORR
steps are discussed, and the free energy change of each step is further given. The results show that for B-doped and
P-doped graphenes, the adsorption energies of various intermediates exhibit similar linear relationships. The adsorption
energy of OOH of P-doped graphene (3.26 €V) is much larger than that in B-doped grapheme (0.73 V). The large
adsorption energy of P-doped graphene is beneficial to the fracture reaction of O—O bond in OOH, while the small
adsorption energy of B-doped graphene can promote the reaction of OH converting into water. Owing to the synergistic
effect, the graphene codoped with B and P possesses better catalyzing ability than single B- and P-doped ones. The

results are helpful for understanding the excellent performances of codoped graphenes.

Keywords: graphene, B-doped and P-doped, adsorption, density functional study
PACS: 82.65.4r, 71.15.Mb, 73.22.Pr, 68.43.—h DOI: 10.7498/aps.65.018201
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