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Analysis of Cathode Reaction Path of Li-O, Battery
Based on Molecular Simulation

SUN Hong ,LIU Jiagiang ,Ll Jie ,REN Haichao

(School of Mechanical Engineering, Shenyang Jianzhu University , Shenyang,China,110168)

Abstract ; In order to study the specific pathway of cathode oxygen reduction in Li-O, battery,and
solves the problem that the ORR reaction path of the lithium air battery is not clear, the surface of
Pt(111)cathode catalyst and oxygen molecular model for Li-O, battery was established based on
the theory of molecular dynamics. The reaction path analysis was performed for the most efficient
oxygen adsorption model according to the density functional theory and the first principle. The
results show that adsorption model 1 is the main form of adsorption of oxygen molecules on the
surface of Pt(111);Li ion and O, follow the 2e reaction path on the cathode catalyst Pt(111)
surface. Conclusions for Li,O, is initially generated on the surface of the cathode catalyst
Pt(111), continue to generate Li,O, clusters when dissolved oxygen supply is sufficient,
irreversible Li, O products are easily generated when the supply of dissolved oxygen is insufficient.
The research results are of great value for analyzing the reaction mechanism of Li-O, battery and
improving the performance of Li-O, battery.

Y5 B #2018 05 - 18
ESWB . HxK ARBAIETH (51776131,51476107 , XLYC1802045)
EER AN (1968—) , B B2 1+, 2 M HHTREIRI% L AL A 45 5 TR 9.



544 Tk B SOR S e AR (A R R SE R

%36 %

Key words:Li-O, battery ;reaction path;reduction reaction ;molecular simulation

5 HR B LM A L, Li-O, B A
IR RE % (He Bt 10 %), HE
AR A SR WS g T . sk,
Li-O, Hijth 1E b T2 25 By Bt , 76 7 Mk R AT,
THI I3 22 (0] R RN Pk 8, JHE b L 468 PR B4 1 22
FBE R RCRMES . h T Li-0, Hithiy
Al FEHL PR RE RO, ATTEO T A& A 1d
7S SBAMAE AL ). B AT Li-O, H it rp (9 fif
AT AT 43 SR T R, — B R A AR I8 TR N
(Oxygen Reduction Reaction, ORR ) f#fk 5,
Al DL E B Li-O, F it )k e E R R R AT
R R FL A, I A e A A o —
J& M1 % X I ( Oxygen Evolution Reaction,
OER) itk 5], T LAIE 32 FAIK Li-O, HL Y 78
P, P OB AR A1 7 R Fof ) 3 mL A6, 2 s L it
Zi. Pt,Pd, Ru, Au 55 51 4 )@ J& Li-O, Hjh
PEATR A 1 2.

KPS 5T £, Li-0, s pY i s
LB A AL Z i ORR HH[E] ™4 (4N LiO, 1
Li,0, ) B FREA TR R AR G FE LA 5t &
B an Pe S G A AR S L T, Lio,
I RE SR — B R R KR Lio, By
B2 FL ok Al 7 g e E AL RS T A
LiO, #55 I [ g 5 |2 Li-O, Hithis /MY
FL A L 2. A BILAAR 2R Li-O, A it 52 0 A4 2 40
W12 2L + 0, —Li,0, (2e #4%) Fl 4Li +
0,—(2Li,0) (de 45 (H J2 H v ] g B
T RN S B ARATIAE AR R R 1L

TR AN 32 BRI M BF 98 240138 3
TR ZE Li-0, Hith A ORR/OER #LEE. LU
Yichun %5 38 33 55 — M BE B 24T B
ET S e B M S O, WK Y AH 2%
Mo R TRE BT — MR 2
WHIA T Co, O, HE2b G i A7 BE AR AT fa 7 5 42
SRS AL VE T, UE B T AR R X B)
Jr2 R SEVE S HL T Kim S5 RS
— MR R G SE T PiCo (PtTi) A 4

HIFREE M AE R Li-0, B4k 4% OER i fk 7
L PERE #8787 Li 5 Lio, By RE/E
i OER i Ak ¥ (9 fi fL ¢ fF. LU Yichun
SEURURESE T AT O, 4T Y W BRE RT LA T
LiO, H L) S 4. B Y 4t ) 22 Lo 91 4%
INF, 0, AUSSIR I EE DL O, S 2 Al W I 51
o 2e AL M Pt BB, O, M%E5R I
MHEk O, HI4MH S5 de RNV iE 5. T RV
WARHE T Li-0, LA 2= 9 fld% T ok
()AL AT, 3 TT BE 2 52 M 3k R AN 19 ) A5
T DRI 2 4 D0 %) R 3 4% AR5 Li-0,
LY R BB fE fR R R G E OB .
J. S. Hummelshdj 25" 1 5g3 1 5 i 72 ok 3
& (DFT) & #1 Li,0, (100) i I Y
ORR, Mt i 7 Li-O, Hiith BAM I 1Y )
RLHEAT TS, A 38 2 A BB ) e 8] 4 )
H i AEk %75 ORR HLEE SRS E T 7608
R R AT RE R TR G. Ceder 26 7
Li,0, MfRF5 %% 1m L 55 T OER, &t O,
(77 & OER WP M 20 R 78 L a1
RN HTHE PR Au(l 1 1),
Pt(1 1 1)H TiC(1 1 1) %5 [a] B #% 2% 1 /Y
ORR/OER HLH'" ') RAEFE Li-0, B rh
#4177 ORR/OER i 2 fil Li,0, 1 & #411
B, AR DA IS i R At T B AR 2 1T 19 S
TR =4 Li, O, ASREVA e A 7K A gt I
Li-O, H Y FL v, Bl ORR A EAT,
Li,0, &B B I Fm' . kK Li-0,
LYt Y ORR [W] s B & BA A 2R 1T Li, O, Y
A L, T # RN Li, 0, A% xt T Hi i
Li-O, Hi i A ORR ML 2 S EE 1.
il REH DBEEF T T Li-o, H
B /) ORR S o7 AL BE, {H J& 5 T Pt /)
ORR HLHER LA Bz HoXF Li-O, Ha b 5% i) (14 fff 5%
PBSRARA> . BT, 2835 ol FH O T4 B 7 i 3
16 ( DFT) f 55— L B 54, % F Materials
Studio #k 4 ¥ f) CASTEP # | #F 57 7¢



53 4]

N L0 BTN Li-O, Bt B SN AR 2 BT 545

Pt(1 1 1) b Li-O, i e A2 sy %
&, T B 5 ORR FORA Y] S W i 7%

1 RIS

SEH AL BT A0 TR MS B Y
CASTEP #i5t. CASTEP & —Fh BlAL 1 = 1
JyE B R Y, RO R % E R
( Density Functional Theory, DFT ) ") S i %
[T AT — MR T 2R
HR A e SO RS R GEnY W B e -

AEadsorptir)n =E 0 — (Esuppon +Eadsorbute)‘ (1>
H E o NS RS BB E o N
ARV AoF I ) BE B2 5 AE sgqormmion 29 " BN BT 7E L
2R AR E X, TR R UE RN AT
I MR 5, 1 LA %7 AS ) 0 B
1.1 EmfiEsiEsr

T BT BN MS R 45 0 2 rp vk
B~ Pt M, FETTERT, ZEXF P g i i AT
ik ek, e s 19 Pe JR MBI — A
Pe(1 1 1) 00, SR IG R IERE BN 4 )2
Pt J5 -, [RI B &7 — NS 2 nm 1 H A
JZ AN 1 X2 x 1 S5H 8 S . R T
AR BR Y 2 R Ty ORI R AP )Z P
SR AT, IF X 20 5 BB R AT 454
bz, 158 PoRALE IS4 a =
0.570 815 nm, b = 0.987 537 nm, ¢ =
2.698 421 nm,a =B =7y =90°. &7 O, 4+ F
o, X HEE T A A is B 15 Bk
JE) O, 43, HAUE Ky 0. 124 018 nm.
#o7 Li B PR OUAR S i R A
JEH) 0, 43 F Li B-FunE 1 iR,

(a) PUFAE

A=

(b) PEALSE B8 A A SE 1

o O

@ LFHESAT  (@LETF
1 SRR
Fig. 1 Basic model

1.2 WRpHAER ST

¥R G B O, 4 F it E #F I 5
Pt(11 1) 0.24 nm A EZS 20907 8 (W
Kl 2). BEALA . I 298 K, 5 0. 1
MPa. iz 3l J1 535 B4l O, FEfAL ] Pt
R K B A R R AR R R A R A T A
Fatitk , 158] O, T Pe(1 1 1) Rl AFaE
458, TERBERBDIAR R Gl 3 )23
753 O, 7E Pt(1 1 1)K F1% 3 R i =X
(ULIE 3) . DO, MM 4EE T4 5 A~ P
JEF- FH BB AH %, S0 A SRR TH A 3% , FRATTAR
Z R 15,0, MM AR, Horh
—MERF 3 5 S P P i AH % A,
b= AR T3 A Pt R A I R
S SFASURIKIHARE BRI AL 2530,
I — AN AR5 —A> Pt A Bl
b BRCEROSUEAR I AT, R R I RS 3.

=P R G SRR AR AR i 2 n
Kl 4 pros. it (1) B9E X, PTAS BIEAY 1
RS 2 BEAY 3 (RSN — 2. 477 eV |



546 WHERKESMARBFR)

%36 %

-2.312 eV, -2.163 eV 1A 1 ffE/REF
ESTEIcH = IRt WA I N SR S UL A EIRVEN 3 T
Lol o Rz oy Qi 9 s R AL

C

s

2 O, WRHATHYZ Y
Fig.2 The structure of O, before adsorption

4&?\' ?%k..
\ u
4 -
o - e
A B — 1 B & B
(a) BERL (b) A2 (c) #ERI3

B3 O, 7 Pe(1 1 1)K FRHIERISEH
Fig.3 The structure of O, absorbed on Pt(1 1 1)

-23 836.5

—a—EA
—e— A2
—a— A3
-23 8370
>
o
I -23 837.5 |
o
-238380
238385

0 250 500 750 10001 2501 5001 7502 0002 250
A B/ fs

B4 O, WMF Pu(111)RmAYEER LI

Fig. 4 The energy change curve of O, adsorption

on Pt(1 1 1)surface

2 SO R

W15 3k B 1 AR Y R L, 0, , B A
£ Li-O, Hjth B A1 70 Pe b () 88 i
SV

0, +4Li* +4e” —2(Li,0). (2)

0O, +2Li" +2e~ —Li,0,. (3)

HEY, A HLA R Li-0, H it B8
MALBE AW . 2e SN AT 4e [ . 2e [
S LI P AR S - R — AN R RO AR
R NP = i O s R [ 5. e LU R
BT A—AE 0 T RO, A A E AR 4y
T B H R AR B A 1 X ORI
N BEAR AT T .

(1) 55— O A A AL

K FH AR AR R 1, o Sk A — A R
BT Lil BT 5% ET 01 f1 02 Ly 4iE
0. 24 nm 4b( WLIE 5) IR BEBEE M 298 K|
JESE A 0.1 MPa, I WK R 1 fs, BN
1.5 ps, #4750+ 8 J1 2 B 40N ARl 0 72
H OB 1Y 2e OV AR - Lil B FIKIKYS
O1 JfiF M1 02 J& F ¥ B B8, ¥ B A= W)
Li"O,; (W 6(a), " FRWMHAE P ). 26

—E RN 2e R T RREE N
"0, +Li—Li* 0,. (4)
Lil
02
o1

Pt

A

FI,B
5 BRSSPI
Fig.5 The first step reactants of model 1



%53 1 £l

L1545 R T4y FREUINY Li-O, H b BIAR SOR % 42 43 #r 547

BEHY 1 (1) de RN HEAE N Lil B TR
] O1 J5L+F1 02 5, 352 53 BB i
B Bt ROV B PEAT, 01 .02 5 Pt Z [a] )
BRI 5L B S, SASEORUEE T 2E, 02,01 Al
Lil b5 K e fff 21 Pe b, Lil 5P~ Pt
J 43 8 B AU T S, 01,02
55 Pt Z [0 53 5ITE B SR — A5, fefm AR
WA O Li*O( LK 6 (b)), * Fmmk
M7E Pt b)) . Oy Rl

"0, +Li—» "0 Li"O. (5)

NN

(a) BB 1 f2e D 7= 4

A

(b) BHI1 K54 T RL =4
Be HALL L)

Fig. 6 The first step products of model 1

7 R AR 1 e e 2D
SR 2e il 4e SN AR 1 2R ST RE X HE
Pl dr P i 2T g de SN B AR TR
KU T 2R A ) B 5 ML S 7 LG 2 2
NN BAR R ARG RE R T — B (H
2e J2 G RE I TV A AR E ) R R

M2, B I IX AP N R 2e RN B4 5y K
A AT RIS A 5 R AW 2e LW
LSS

24 0275
—m— 4T NI
—24 0280 —o—2c B R
> —24 0285
1
8

24 029.0

24 029.5

4000, 400 800 1200 1600

AT R/ fs

7 2e il de SN AR RESS HLIA]
Fig.7 The energy contrast diagram of the reaction
path of 2e and 4e

(2)2e RN BEAR IS — 0

Wi 2B — 2 UEAT 2e SN AR 14 25 4 a0
FIIRANE D 2e SN B AR 20 20 S IO PR TR
o A7 Li2 BT 01,02 Lil ik
0.24 nm 4k (WK 8) , XA BEAT 503 1
UYL A R P L2 BT EET S Ol
02 I i, SRS, Lil \Li2 BT 4EIE Pt &
7, IR AE Pt 210 51 5 P T
B, AR AR DK TH R UL 3 42, G ) AR AR
Li,0, 73 1. i B [a] A 4E RS | Li, 0, 73
TUMAEPC(111) Kol , REHE TRE (I

Pt

2 & Lil 02

\

»

B—"
8 R IR

Fig.8 Reactants of the second step




548 WHERKESMARBFR)

%36 %

K9). B 10 MR 1 BEAT 2e ST, 55—
o R G he i BE A ] A2 A R B 5 =0
(1) S v 5 R

Li*0, +Li—"Li," 0,. (6)

9 RIRL 15 D RV AR )
Fig.9 Products of the second step

-24220.0

-24220.5

-24221.0

RER/eV

-24221.5}

-24222.0 ! ! ! !
0 900 1200 1500 1800

I} )/ s
B 10 2e TN BEAREE 8 SO Y BE R AR A Ze 5]

Fig. 10 Energy curve of the second step reaction
3 JRZ it R ALY

Je 8RR L BRI A B o Li202 H R
I Li20 HIFE B Li, 0, J5 220 K, 4 2e
SR AR 0 SN =) Li, © O, HEAT A5 R
b ME R4 Tk 2e J2 B 5 =28 R o 55 A8,
$Li3 BT 01 0.24 nm ALK 11) L3 &
JeEiE O1 52U i s Fifif5 Li3 7] L1 %
VLT BB SRS O2 5 Pt 22 [B) Y KT 4
JERE AT Li3 JE L, O1 55 Pt 2Z [H] 1y B

300 600

R RE BE S5 BT R, I 0 AR R ) R
“Li, " O, " Lilth B, 40 S0 SR oK W7 24, Lil AN
Li2 5 Pt Z [A] 43 51 DL > 55 A 74 (L &
12) , RGERE R AR HT £ LA 13.

Li3 Lil
o1 \
02
[ ¥

_—Li2

11 55 =B R P R )
Fig. 11 Reactants of the third step

12 500 ROV AE )
Fig. 12 Products of the third step

-24411.5¢
= BEHRN

-24412.0

fef/ev

-244125¢

-24413.0 L . . !

0 900 1200 1500 1800
B [Rl/fs
B 13 2e N RS =4 W RE AR T 2k

Fig. 13 The energy curve of 2e reaction path in

300 600

the third step reaction



553 1) N L0 BTN Li-O, Bt B SN AR 2 BT 549

BEXFES =20 ROV I 7= W A s A A Ak ik
TN, 2 Li-O, HLith BRI R AR
SR LR N AR 1R A 0, T E
TFHEES Li3 4 0.24 nm WA E (WK 14) ,0,
S S L3 I B ] 7 )
LiO, “Li, " O, (WL 15) , R4 fig s AE fk i £&
K 16 Fin.

Li3

\

2

4y
B 14 AR 1R

Fig. 14 Reactants of the first reaction path

B

=
B 15 VAR 1 A

Fig. 15 Products of the first reaction path

FEXT BN AR 1 S — 2 i P M IS R
b R — 2 R, ¥ Lid e R B 2 A
0, 77F 0.24 nm 7 E (WLE 17) ,Lid B
50, T84, 5 O 1T BB K
A RIS Lid PR Li2 b R 2B
FUEM 2 (Li,0,) RS (LK 18) , REE
RE AR L IR WA 19 R, RV 642 1 AR
IR =)

“"Li," 0, +2Li + 0,—2( “Li, " 0,). (7)
-25281.81

2528201 - REBRIS—S

-25282.2

fEt/eV

-25282.4}

-25282.6

-25282.8
0

200 400 600 800 1000 1200
o e/ fs
B16 SONHAE 1L RRe i i 2k
Fig. 16 The energy curve of the first step in the
first reaction path
Li4

o
Li3

A B
7x —

B 17 B mR N
Fig. 17 Reactants of the second step

B18 Ml
Fig. 18 Products of the second step



%36 %

550 WHHERKRFEEM AR ZR)
-25472
[
- RRBRIS S
-25473
>
2
1
&
—25474
-25475 L L L L .
0 200 400 600 800 1000

A A/ fs
B 19 IR S naeER 2

Fig. 19 Energy curve of the second step in the
first reaction path

H TSRO R T LA, 2 L0,
P L PRI i S AN R I SO BE B I 3 3k
Pt SR AR S )2 iR A R
PR AL, BERT X ARG 00 T, B0 S Nz e A28
2.0 Li4 T 02 L7J7 0.24 nm AL E (W
F120) ,Li4 B 56H 02 T Lt BE S Li2 )
Li3 FEIT, P 2 0 ol o, R S UL L S R
24,01 5 Pt 2[R A SR b BT, e AT
IR SE 4540 2 (Li, O) MRS (ILIAT 21)
ARGuie s B2 &l 22 7R, R %A% 2
IR =W

“Li, "0, +2Li—2( "Li, “O). (8)

.\.\0

Li2

fal

A
B 20 N2 RN

Fig. 20 Reactants of the second reaction path
1) Li, O 7 Li-O, Hi ity o —Fl
ARSI, ANBEIR Li, O, —Ffilad 7 i
T OER SR . Hcre L Pe fifefi Ak 00 Li-O,
LT A, AR AE DR BT R sl i SR A AL AT

LT AR A A B RT3 ) Li, O, #F—2
AR Li, O, BFAR Li-O, H ity ml i,

A

B 21 RN 2 RS

Fig. 21 Products of the second reaction path

-246031
[
—=— [ L B2
-24604 1
>
C
|
a9
qm
-24605 |
~24 606 - - - - -
0 200 400 600 800 1000

B} )/ s
B 22 AR 2 AE ATl R

Fig. 22 Energy curve of the second reaction path
:I_: N
4 45 B

(1)FEPC(1 1 1) 3R 074 = ol 08 B A5 754
H RSERD 1 IR R R S B s R L R
R B 118 S S A L S S B — 2B B
F A 2e 2N At TR

(2) 7€ I % 42 10 45 A 25 TR A 01 2 i
H1,0, 76 Pr(1 1 1) T Y W BRI #E I 7] 5
e, 15 H AU o ke 400 A 38 i i oy A
AR

(3)2e RN EEVIIRA AL Li, O, , FE
AE BB, fE Li,0, E&gks gl N —4
Li,O,, 4 Ji Li,0, W #%; ¥ fift % A & B,



o 3

bt b

LLAF LT oy PRI Li-O, Fo It B SN 4% 43

551

Li,0, i — 2 588 7 & A RN, A A
AL P AR Li, O 2544

&% 3k

(1]

[2]

[10]

ABRAHAM K M, JIANG Z A. A polymer
electrolyte-based rechargeable lithium/oxygen
battery[ J]. Cheminform,1996,27(19) :1-5.

LI F, KITAURA H,ZHOU H. The pursuit of
rechargeable solid-state Li-air batteries [ J ].
Energy & environmental science,2013,6(8):
2302-2311.

THAPA A K, ISHIHARA T. Mesoporous
a-MnO,/Pd  catalyst air electrode for
rechargeable lithium-air battery[ J]. Journal of
power sources,2011,196(16) :7016-7020.
THAPA A K. Pd/MnO, Air electrode catalyst
for rechargeable lithium/air battery [ J ].
Electrochemical & solid state letters, 2010, 13
(11) :A165-A167.

CHOI R, JUNG J, KIM G, et al. Ultra-low
overpotential and high rate capability in Li-O,
batteries through surface atom arrangement of
PdCu nanocatalysts [ J ]. Energy &
environmental science,2014,7(4) :1362-1368.
KIM B G,KIM H J,BACK S, et al. Improved
reversibility in  lithium-oxygen  battery:
understanding elementary reactions and surface
charge engineering of metal alloy catalyst[ J].
Scientific reports,2014 ,4(7489) .4225.

LEE M,HWANG Y, YUN K H,et al. Greatly
improved electrochemical performance of
lithium-oxygen batteries with a bimetallic
platinum-copper alloy catalyst [ J]. Journal of
power sources,2015,288 :296-301.

LU Y C,GASTEIGER H A,PARENT M C,
et al. The influence of catalysts on discharge
and charge voltages of rechargeable Li-oxygen
batteries [ J |. Electrochemical and solid-state
letters ,2010,13(6) A69-A72.

LU Y C, GASTEIGER H A, YANG S H.
Catalytic activity trends of oxygen reduction
reaction for nonaqueous Li-air batteries [ J].
Journal of the American chemical society,
2011,133(47) :19048-19051.

ZHU J,REN X, LIU J, et al. Unraveling the
catalytic mechanism of Co,0, for the oxygen
evolution reaction in a Li-O, Battery[ J]. ACS
catalysis,2015,5(1) ;73-81.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

KIM HJ,JUNG S C,HAN Y K, et al. An
atomic-level strategy for the design of a low
overpotential catalyst for Li-O, batteries [ J].
Nano energy,2015,13:679-686.
LU Y C, GASTEIGER H A, CRUMLIN E,
et al. Electrocatalytic activity studies of select
metal surfaces and implications in Li-air
batteries [ J ]. Journal of the electrochemical
society,2010,157(9) : A1016-A1025.
HUMMELSHOJ J S,BLOMQVIST J,DATTA
S, et al. Communications: elementary oxygen
electrode reactions in the aprotic Li-air battery
[J]. Journal of chemical physics, 2010, 132
(7).071101.
MO Y,ONG S P,CEDER G. First-principles
study of the oxygen evolution reaction of
lithium peroxide in the lithium-air battery[ J].
Physical review b condensed matter, 2011, 84
(20) :5446.
XU Y, SHELTON W A. O, reduction by
lithium on Au(111)and Pt(111)[J]. Journal
of chemical physics,2010,133(2) .4521.
WANG Z,SUN J,CHENG Y,et al. Adsorption
and deposition of Li,O, on TiC {111} surface
[J]. Journal of physical chemistry letters,
2016,5(21) :3919-3923.
SHAO Y ,DING F, XIAO J,et al. Making Li-
air batteries rechargeable: material challenges
[J]. Advanced functional materials, 2013, 23
(8) :987-1004.
ZHANG Z,BAO J, HE C, et al. Hierarchical
carbon-nitrogen  architectures ~ with  both
mesopores and macrochannels as excellent
cathodes for rechargeable Li-O, batteries[J].
Advanced functional materials,2015,24 (43) .
6826-6833.
JIANG Y, CAN-HUI X U, LAN G Q. First-
principles thermodynamics of metal-oxide
surfaces and interfaces; a case study review
[J]. Transactions of nonferrous metals society
of China( English edition) ,2013,23 (1) :180-
192.
RADIN M D, RODRIGUEZ J F, TIAN F,
et al. Lithium peroxide surfaces are metallic,
while lithium oxide surfaces are not [ J ].
Journal of the American chemical society,
2011,134(2) :1093-1103.

(DL XIEOL SO )



