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A study on the cycle performance and capacity fading
mechanism of LiMnBO, as a cathode material

for Li-lon batteries

Cho Hae-In

Department of Materials Science and Engineering.

The Graduate School. Pukyoung National University, Busan, Korea

Abstract

Recently polyanion-based materials (PO,*~, BO,*", silicate, etc.) have been

studied as cathode materials for rechargeable lithium-ion batteries due to
their advantages over the commercial metal oxide cathode materials (LiCoO.,,
LiNi,Co,Mn )O,, etc.): low cost,-thermal and chemical stability and low
toxicity.

However polyanion-based cathodes, such as LiFePO,, have some problems
of low theoretical capacity(170 mAh g~ ') due to their high molecular weight

compared to other metal oxide cathode materials(~280 mAh g ). Therefore,

alternative polyanion-based cathode materials of higher energy density,
including silicates and borates, have developed due to its relatively low
energy density.

LiMnBO, is highlighted as a prospective cathode materials for their high
theoretical capacity of 222 mAh g~'. Moreover boron is abundance material
in the earth’ s crust and has slightly less electronegativity than phosphorous.
Although LiMnBO, has large theoretical capacity, its electrochemical

properties have not been satisfied for the lithium rechargeable batteries.
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In this work we have synthesized LiMnBO, and lithium excess Li, ,Mn;,BO;
to improve the electrochemical properties such as capacity and cycleability
by solid-state method. The synthesized materials have been characterized
using X-ray diffraction, scanning electron microscope(SEM) image and
charge-discharge profile analysis. Also we used Ex-situ X-ray diffraction to
compare cycle performance of the synthesized materials and the thermal
stability of LiMnBO, and Li, ,Mn,,BO; was studied using Time-resolved
X-ray diffraction.
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Fig. 2.1 Comparison of the voltage-capacity and energy densities of

various secondary batteries.
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Li,CgGraphite Li* conducting electrolyte LiCo0O,

Fig. 2.2 Schematic diagram of intercalation/deintercalation
process of the lithium ion battery
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table 2.1 Properties of cathode materials

S o| & TE&E&F Bt 29 qHE=
(mAh/g) (mAh/g) (V vs. Li/LiD) (g/co)
LiCoO, 274 ~150 3.9 5.1
LiNiO, 275 215 3.7 47
LiNi;_,C0,0, ~280 ~180 3.8 48
LiNi; sMn; /3Co1 /304 278 ~154 3.7 48
LiNig sMn, 50, 280 130-140 3.8 4.6
LiMn,0, 148 ~130 4.0 4.2
LiMn,_ ,Mn O, 148 ~100 4.0 4.2
LiFePO, 170 ~160 3.4 3.6

-9 -
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Fig. 2.3 Discharge voltage curves of various cathode materials
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Fig. 2.4 The crystal structures of layered-structure LiMO,

_12_
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Fig. 2.5 The crystal structures of spinel-structure LiM,0,
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Fig. 2.6 The crystal structures of olivine-structure LiFePO,
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table 2.2 Structural parameters of lithium metal borates [28]

structure | composition | a(A) b(A) c(A) B(") V(A?’) ICSD
Ref No.
monoclinic LiMgBO, 5.161 8.88 9.911 | 91.29 | 454.10 | 67226
monoclinic | LiIMnBO4 5.188 | 8.952 | 10.367-| 91.75 | 481.25 | 200535
monoclinic LiFeBO, 5.169 | 8.924 |.10.138 | 91.39 | 467.51 | 94317
monoclinic LiCoBO, 5.129 8.84 10.1 91.36 | 457.81 | 59346
monoclinic LiZnBO, 5.094 | 8.806 | 10.374-{: 91.09 | 465.27 | 200534
hexagonal LiMnBO, 8.172 | 8.172 | 3.147 120 182.01 | 94318
hexagonal LiCdBO;, 8.324 | 8.324 | 3.264 120 195.86 | 20835
- 18 -
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Monoclinic (C2/c) Hexagonal (P-6)

Fig. 2.7 Schematic diagrams of LiMnBO5 polymorphic structures
(a) monoclinic (C2/c), (b) hexagonal (P-6) structure [28]
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table 2.3 Properties of typical anode materials

e o| B8 VE Y.\ g 7+ 9 AU =
(mAh/g) (mAh/g) V) (g/co)
dEas 3800 3 0.0 0.535
54 372 ~360 ~0.1 2.2
A - ~]1 1. ~0.15 2.2
A& 4200 ~1,000 ~0.16 2.36
T4 790 ~700 ~0.4 7.30
-9 -
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table 2.4 Physical properties of electrolytic solvents

- ] Doner | Acceptor Eo

(oFo]) FH(C) | ¥AE(CC) PR, Z%(cP) | Number | Number (Y Ys.
(DN) (AN) Li/Li+)

EC 39 248 89.6 1.86 16.4 - 6.2
PC -49.2 241.7 64.4 2.53 15.1 18.3 6.6
DMC 0.5 90 - 0.59 - - 6.7
DEC -43 126.8 2.8 0.7 F - 6.7
EMC -55 108 2.9 0.65 — - 6.7
DME -58 84.7 7.2 0.46 24.0 c 5.1
GBL -42 206 39.1 1.75 A = 8.2
THF -108.5 65 7.3 0.46 20.0 8.0 5.2
DOL -95 78 6.8 0.58 = 4 5.2
DEE -116.2 34.6 4.3 0.22 19.2 3.9 -
MF -99 315 8.5 0.33 3 - 54
MP -88 79 6.2 0.43 - - 6.4

S -28.9 287.3 42.5 9.87 14.8 19.3 -
DMSO 18.4 189 46.5 1.99 29.8 19.3 -
AN -45.7 81.8 38 0.35 14.1 18.9 -
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3. A9 WH

31 43 253 ¥4

F=2=4 LMnBOz¢t Li;)Mn  BO;E HAsk= ®l o] ezt el
4% Ed(Planetary ball milling)e AFE3lAth fA4E 29L& AFAE &
g 2 sty st EHwiAIQl Be AMEshe IXEEA, EWe 3A
£ 9 IAAZE, B3 AR H] Fo] & ol T8I WHsE ALY

F Ao B AFoA = LiMnBOsE #4387l 91ske] Li source 2+ Liy,COs,
Mn source & MnC,0, - 2H,0, B source 2= B,0;5 AF&3l% 2, LiMnBO
9 BN AVNAEETE Y] wiel ol& Rstr] 98l carbon source
10wt. %] CioHynOps H7FeFAT. ZA42te] AFAlE del2Hlek =rlE 11y
sto] s FANEE SASASH, A=2FYot &7] B &5 o]&st] A&}
2o FAN= 1 : 2022, 250rpm &2 6 AlZFESF f48 EHS o] &35y
&3ttt
A AR e %7 EA3AoA] Li, Mn, B source & WA Fste] E
TS AFoH, 8ol d5HH RFHE IFst 200 Al (pellet) &
E WE § FEAZ|Z(ube furnace)g ol &stel dAHE APsTh IA
g Ao 2= Tt EH7IE W] FolA otm2dom HiAY] AF Tk
(gas flow) A7HS AA 2 A7 AR ZF ol BYy|oA 9 254 50
0CE 255 51 500C oA 15 A5 d4 8 & X835t LiMnBO,&
AA st Ex g7 ¢h5d LiMnBO; 3% E 3t 7HE A® &
A8l 10wt.% 8] CpHynO 5 H7Es o, ol T JA LT 7483
E9S ol&siglen, o] AAA= 250rpm o= 2 A3
59 dte tA Igdte] FYEA 200 HeElS vHE
deton, 22 dxgs 7k FF AR 2AZF & B
=T %, 500CoA 5 A% ok 23t F7]ollA st
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7188 B4 e A d=5S Axs] A8 8T 2=
AAEAAE FFA717] 918 =-A(Denka Black), &3 HAA 1o 2
A2 PVDF(polyvinylidene fluoride)& &vuwl NMP(1-methyl-2-pyrrolinone)<l]
Swt.%oll &3iAIZl &AS AREET FEEAH} =dA, ¥IHE 80:10:109

H| &2 E3lg o, E3dA BLE o]&3sle] R -FF(oscillation) 4002 30+

i

=

o

|

7 EFtel oS ANSAT. UAF AR =x5y] As oE Lol

120C 2 6A1%F F¢F Axstdnt. dxd A=e Aol pressing #HA S E3)

71E& ZBE FAY G 70-80%BEE At F 80T XFLEANA AXRA

i)

7l 1 3 Al 2P A AMESIEY. A= RE AE AAHL o]&FHo] -10

bt
il
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o
_Ol_t‘
fu
Jo
X
ol
rlr
(1
i)
19
il

oA K&ttt AAE 5SS 1490 HA
712 HAs ArEsR o, dAdFo 2 HEESES AMEstAat dAsd
2% 1M LiPFy ¥& #7FgF EC(ethylene carbonate) : DMC(dimethyl
carbonate)  1:1¢] H &2 %3] ALkt EE Yo EE
P.P(polypropylene micro-porous film, Celgard 25002 AFg3tth AA= =
218 (coin type) CR2032 A(cel)S A}-&3to] Y3 Th

34 A7|3tey 54 Bt

ARe] Z.9d HAES 9ste] mpz(Maccor) 4000 = - A A @S A
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3.5 in-situ / ex-situ X-ray diffraction

T -HAd A T dojus FFEEEY F2HIFE H7] Hske] in-situ
X-ray diffractiong ©]&3F%t}. in-situ X-ray diffractione XA E F - A
714 FAlol XRDE SAHst] AAgte 2 A& EdYe Fx2HstE &
g F Udo A¥dANe d=xH7]=AFAKIST)S Rigaku Micro-Max
-007THF #AH| S Ag&3tgon, o]= Mo EA(target) S ArL3stH FHoj) o=
50kV, 25mA<] Zulel U ElE (detecton)ZE R-AXIS [V+5 AL&3IH T Fit
2D 22 8e AHEEt F - WA Fol fojA= 2D o|nXE 1D XRD #j¥
(patterm .= WSt XRD sE-S SAHSEATE In-situ X-ray 34 AP A
= AN RE SRR TA dojutes BEHEY T2 A E R o &
71 wjzoll olo AgetA S AZE FHhole)o] e <l A(coin celDS
o] 83}5 o, Aol]x(case of coin celD®} 7¥(cap of coin cel)ol] /= Ho]xZ
(capton tape)E €9 X-ray7} 534 F JEF Tt=0] SASIAH

TSk ex-situ X-ray diffractions o]&3std HAAE A3l A = HAWE
Z A AR B d5e Xray IS o]&ste FxHEE B
Hopth Z7)14Ele pristined =3 ZF - WAl =9 XRD S Hlas
Hopow ex-situ X-ray diffractione 3=338t7]|<ATAKIST)S Rigaku
X-ray diffractometer(CuKa radiation)& ©|&3stRa, £3 2° 2 10°~80 " <
20 Q)2 scandte] Ao X-ray WHS At} AE Fn8]9 749 LiMnBO,
oF Lij ,MnoBO3E 242t 1, 2, 10HA Aol 22 5 -4 A & A4S Z3)s

1 e AFE FA% 24 APk

{0
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3.6 Time resolved X-ray diffraction

% 7kA E1Y9] LiMnBO,o| ztzhe]l @7 A EAaEr] 943 wHo R
Time resolved X-ray diffractiong& AF&3tHth  Time resolved X-ray

diffraction®. 2+ X-ray diffractometer A|2®l (Rigaku, KIST)& o]&3}th

AN
=

i
AN

e AzdAE DTS ALsgon, of2& vl A SHes

T

rr

oA HAAAQL &FuF ZTUAl fo)ZRE AFE2EARS Fojuo] 7
0.5mme] H= NFBHe] FE(qurtz capillary tube)d] T2 ), 1600C S 4HA
EXE o]g3dle] ald(sealing)dte] A AysAT. AP AL ol A RE
600C 74A] 4413F <t 225 287 Ao, FA9 XRDE A st

o exd me 4% YA Sk o 4N FA 7671 XRD o
He dglon 2 9o 750 e ¥ilsg sk XRD HolHE 98
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4. A9 A9 X ¢ 13

41 ¥4 Hl&o) W& LiMnBO,o 7% &4

411 AR = 4

2 A= AFAY &4 vl&S 2Elste] LiMnBO,E &3 Ear 19
wE APz WstE Yolugth ArEeHH Alo]Z BEA Folr} HlwE

= 7 220 dg 284e &Adsr] Asi 19 41104 dAE4T F =49

XRD W8S Yehl Bgtth XRD g1z #@s) £ A3} (a) LiMnBO, &= ©

O

Lo w2t dhH= T2 EH GARAS U4 F 7HA FRE TR
Ho] Xt LiMnBO,o] “9AMEA Fx= J
(trigonal bipyramidaDe] FE= A= S
Zhgloll Aol A skA Hn o] w] A7 HAATE FUI AAE AAS
1S W FxRALE T HAHsH "o S gEelv Wi AUt st
A AEY & Ao fiAsta e W, AT A =
§3 JA 912 AYE AASAL dS wrF M % x2S VA 9
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A, AHE A2trE e o Bite] ZYE E

7PA A k11l 2 AR@dA = 7 AR T DAEA 9
=7 LiMnBO,¢} Li, ,Mn,,BO, & st e, Li, ,Mn,,BO,& T+x%<] ¥
< e Bts o) B3E APl EAsior & F=3 W3 AA Al
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26 (deg ) # m-LiIMnBO,
ICDD 01-073-4014

Fig. 4.1.1 X-ray diffractions of (a) LiMnBOs, (b) Li; sMng¢BO;
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4.1.2 FATFE £4

9 4.1.2& SEMeolnA =2 A%
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Fig. 4.1.2 SEM micrographs of (a) LiMnBOs, (b) Li; sMn¢BO4
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4.2 &A H)Ld W& LiMnBO,9o] A7)3}st% EA

42.1 A7153 54

HAFA %" APS 58 LiMnBO,9} Li, ,Mn,,B0,2 A7]5}stz =4

=49 LiMnBO, 9t Li,,Mn,,BO,° 3 #al = . wd ZHS Jehd zolth
LiMnBO, A7} F+xz& o2 & E=(polarization)o] EA1317] wjZd AE%
b e Gomg £ EE BE CuH,,0,5 AHRSlY JHE FES ko A
F WHolA Y £5 A= Aol AYS d&sA & FAL A
£ F=€® LiMnBO,o 3 WAl Fd &% 49.64mAh/g, T &L
82.42mAh/go. 2 Fx & vls) Hx &Fo] B AW, F WA Alo|FHE
A el g&Fo] Hla Al FA=] AR o] A2 A WA ALl

ZA 9] FAH(formation @A = AZbs] = 4 9lew, LiMnBO,o 7% %7]

il
)

<°]aL

—

[
ofj
)

FAEUe @A FEAOR AR50 fully occupieds o] X i Azt
2 5 gom, R wA Aol ANHEA FARANM EFe] geHn
PRGN 2Fo] AUHDA A/ FHAY g Ba) UAFo] A
o2 A WA Bom e} Atk Y 423604 = - ZHE Al
Bl ge g Eslel AH W A9k BB, o] Pk AT PFolL

2 4 Aok =3 Li, ,Mn, ,BO, o N WA A&
< 159.95mAh/go. 2 LiMnBO,° H]&] 2¥] HAE==

E g doen 3 HA Ao]Fo T W &%
< Hlws] ™ LiMnBO, Rt} &%1Ee] Afol7t Eol= AL &lal & +
t} ol= #EF HAUME FEFY &3 5 shE LiMnBO, ol A fully occupied® A
%< AdE Li ,Mn BO,&= &% gl§ dA7E A8t Advtal A=, F

HAzs 94 Hed 75T @A dudArt AdgsiA HeA dE
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voltage (V)

(a)

0 20 40 60 80 100 1200 w140 1680 180

1_5 n | n 1 h | s s |

capacity (mAh/qg)

Fig. 4.1.3 The first charge and discharge curves of
(@) LiMnBO3, (b) Lij sMn¢BO;
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3
R Holg4e &5 £t Asd &9 W3 5 uyd & F du
[33, 341 whebA Li, ,Mn, ,BO; 2] & o] A== el ths] 72l W3}
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cycle no.

Fig. 4.2.1 Cycle performance of (a) LiMnBOj, (b) Li; sMn¢BO4
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capacity(mAh/g)

Fig. 4.2.2 Voltage profile of Li; sMn¢BO5 for cycled at C/20 rate
after (@) 1% cycled, (b) 2™ cycled, (¢) 10" cycled
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43 ¥4 Hlgd WE LiMnBO,9 A H7}

4.3.1 X-ray diffractionS ©]&3% 7= A A

X-ray diffraction”]| & B8l & - A A dojubs sl tha) B2a
Hokth 94 ex-situ XRD7|H-S 53] Alo]Zo] AadE e, Zxo] dojut

Fo} Wro] Yok Fo| XRD ¥ A(peak) W3t T2 BHS
1Y 4232 LiMnBO;9} Li,,Mn,,BO,9| pristined =27 3 WA Zd 3o

ol
}l.';
ol
32
iy}

A=Ze] Ex-situ XRD ®]o]E]Z Uehdl Aotk LiMnBO,$ Li, ,Mn,,BO,7} 1l
wEE P & @42 LiMnBOs¢+ €l Li ,Mn, BO,olA 3= JAEIAIE
(peak intensity)7} Solx|&= Aol dd Ao]E Holmw, =
LiMnBO5 9] @AM Al F+x9] F 3] d(main peak)7} =& d4S & & 9l
o 2 v=Bragg peak)el A”AIEIZF  WopAwEA  WIgte s
(background)ell halo signale] Yel= 4L A2 AAH Ao Eoe AL
2 Azt v d(amorphous) 722 W3lel= A Yeldt. o]zl LiMnBO;
o] Asbaefel Li,_ MnBO;¢ A< LiMn,0, 234 Fx=Z H23 Mn* 2
st ssEo] dstde]l 499 FYF B2 Mn’ o] Jahn-Teller &
o] mE Az oo Ho|H[35-38], ol #7|ststd FAgo FF¢ES
Aok AARAo] AAIL HIABE For WHI FxE dAT dF )
&< 7t HE=R, A7Estd dee AstAZIA 90 gs2
2 3 Za @4 19 4245 T F O AAE AHEJT. Ate]F
w2t Li, ,Mn,,BO,¢] &3 $F9o AAFZE LotR7] S A HA, F HA
aga d HA S 59 XRDE UEH Aoz S o] MPHHA LiMnBO,
Qo & AP EC] EAStE Zlo] #FEHo] th. XRD £ wep A4d
=282 Mng0,9 LBO,E od=o] AW, 4 #A4 Fol 44" + =22
ETER A83te glEY F4AE R WElvt HH, ol &3 A3t ¥l
Ho}

S.2 jp-situ XRD7|HE E3] = - vAdo] APHE=E Foto] LxHstE 7
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23 Bttt 19 4.25% LiMnBO,o| in-situ XRD A ZHo| A E 7
Aol AHEHIl A WA 24 7]ES] XRDAA FAEH|Zl GAAA G
LIMnBO, & &lsl & 4 Jow, SHo] JPH= 5 A3 72 ¥3

7F 9l Aol #& & ol 159 49 & Aoz, Holw
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o

=745 YEhiH, LIMnBO, A= 22 540 &AFAn. ol¢k 28 Li,,Mn

008058 7% LIMnBO,¢t+= ©& #HAsg Holi lgo #EHJUY 17
426< =38 Li,,Mn,,BO,9| in-situ XRDe|] Aw}E 3H2ls) 3

Aol wet 2lFol wAYrIEA kA ARsielxe] LiMnBO, ot #dE ¥
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(a)

L I ‘l : || after 17 charging

Intensity(a.u.)

- | ' pristing

| (b)

s after 1= charging

Intensity(a.u.)

B l pristine

10 15 20 25 30 35 40 45 50 55 &0
28(deg.)

Fig. 4.2.3 Ex-situ XRD patterns of pristine and 1% charged
electrodes of (a) LiMnBOs, (b) Li, ,Mn, ¢BO,
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10th

P 2nd
1st
LiMnBO, ICRD 01-073-4014 I i i i f
e EonsaN M I R 1 Ao e iy
L0, ICED 0D-D1E-0738 { |

10 15 2002530 35— —dbg P50 55 60
26 (deq.)

Fig. 4.2.4 Ex-situ XRD patterns of Li, ,Mn,,BO,, after
(@ 1%, (b) 2" and (c) 10" charged electrode
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Intensity (arb. unit)

. 1 . 1 . 1 . 1 . s I . 1 .
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26 (A=1.54)

Fig. 4.2.5 In-situ XRD pattern of LiMnBO3 during 1% charging
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Fig. 4.2.6 In-situ XRD pattern of Li; sMn,(BO5 during 1% charging
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4.3.2 Time-resolved X-ray diffractione ©])-&3F 97 AAA £
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Fig. 4.2.7 Time resolved XRD pattern of LiMnBO;
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Fig. 4.2.8 Time resolved XRD pattern of Li; sMn¢BO;
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5. 28
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