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Abstract : Capacity of layered lithium nickel-cobalt-manganese oxide (LiNi;.,Co,Mn,0,) cath-
ode material can increase by raising the charge cut-off voltage above 4.3V vs. Li/Li’, but it
is limited due to anodic instability of conventional electrolyte. We have been screening and
evaluating various sulfone-based compounds of dimethyl sulfone (DMS), diethyl sulfone (DES),
ethyl methyl sulfone (EMS) as electrolyte additives for high-voltage applications. Here we
report improved cycling performance of LiNigsCoy,Mny;0, cathode by the use of dimethyl sul-
fone (DMS) additive under an aggressive charge condition of 4.6 V, compared to that in con-
ventional electrolyte, and cathode-electrolyte interfacial reaction behavior. The cathode with
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DMS delivered discharge capacities of 198-173 mAhg™! over 50 cycles and capacity retention
of 84%. Surface analysis results indicate that DMS induces to form a surface protective film
at the cathode and inhibit metal-dissolution, which is correlated to improved high—voltage

cycling performance.

Keywords : Lithium-ion Battery, LiNiysCoo,Mng 30, cathode, Sulfone additive, High-voltage, Sur-

face film
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Fig. 1. Cyclic voltammograms of the 3-electrodes cells with LiNiysCo0,,Mn(30, working electrode in (a) 1M LiPF¢/
EC:EMC only, and with 5 wt% (b) dimethyl sulfone (DMS), (c) diethyl sulfone (DES) and (d) ethylmethyl sulfone (EMS)
at the scan rate of 0.5 mVs™.
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Fig. 2. Voltage profiles of half-cells with LiNijsCoy,Mn, 30, cathode in (a) 1M LiPF¢/EC:EMC only and (b) with 5 wt%
DMS at different cycle numbers, and plots of (¢) discharge capacity and (d) coulombic efficiency.
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Fig. 4. ATR FTIR spectral comparison for (i) pristine LiNiysCo0,Mn30; cathode, (ii) electrolyte residue, and the
cathodes cycled in (iii) 1M LiPF¢/EC:EMC only and (iv) with 5 wt% DMS, (a) unwashed and (b) after washing with
DMC.
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Aol B8 v} 7o) ester Aol EXE Ao] ol Table 1. Curve-fitting results for the 2ps, peaks of Ni and

5]5\’}@— DMS EFHAAEE AH Iox #E Ijr}l) Mn surface atoms of LiNiysCo0,Mng;0, cathodes
IR ¥4 Esﬂ 71%& Ase thy] DMS H7HA ARE- Cathode - Ni _ _ DMn -
A B} Be %wo] esterd] §7138MES S=0 7% Ni*" (%)  Ni*" (%) Mn™ (%) Mn™ (%)
7]7}_ EL__?: Eu;]p:l_g]_zo] /ﬁ/‘*E]O] _z;__% O]_?—J{_—‘- Pristine 78 22 0 100
AL & 5 ATk El"’gffl"ylyte 62 38 17 83
=, = oL I A 0] BlLErAF L=
AfelZell mE ¥ i JJ-“] sherdel MEE ipms 76 24 0 100

O.Lu r-\O

3 7hetAnt. Fig. 5004
pristine¥= (a), 71 ;ﬁ‘éﬁqﬂ (b) ¥ DMSH7HA =

S Asf (c)lA] AtelE F FFER XPS 2 ERE HlEo] 38%E TR URHH o= s LhshA]
£ B39 Ni 2p 2FEZlO|A Pristine (Fig. AR} &= FHO R, E3] NirichdAEA =A ol
S(a)) W Ni¥'e} NP7F EA18ta2, AR 99 A3t Ae 39 N2 Ag=B2R ojzjgh As)d- =7k 7
(Table 1) Ni** 78%, Ni** 22%% TAES & & Wikdo] s A Ni** o]20] NP¥Z 3gdd Zo
2Ath DMS H7HA AR&A] Ni?* H]&o] pristine?t ¥] 2 Rt} X3 DMS H7F AR&A], Ni 92 %
S 24%=E FAE WA, 71E Ao N 7F 71 el o] ddiFog ke, ARl 4



A73)8k8)A], A 199, A 135, 2016 7

d 39T sietEe] dEREE JAeMaL 7] WE
2 AEL. Co 2p SHEFHNME B2 HIAE0]

B5 Alsgl SIXA FHEY YeURE Asl E
o] o]Hr} 33 Pristine Mn 2p S EHo|A XH
°]100% Mn*'Z o|FojAd J=tl, DMS FH7H| A&
Al Mn*7F fRlEE whE, 7S Ao oF
17%2] Mn*7} #ZEt}t (Table 1). Aajd o] #7)3}
&7 s3] o3k Axpde R Mn*'7t $4 Mot
2 YT Mn* 7k Mn?'9l Mn**Z dispropor-
tionation=]o] Mn?7} AAE Ao E AlgETH Mn?t A
4 Mn?' £ HssAe %P Ak A o
Uo7l $SHHO ZHE A2tE= TRES} J5E
3= oJu|git} ) olzigh Eb:}l%t” w2 Fd A
SH3HFig. 2(a), (©)eF AAAL 7FAt} Prisine2] O
ls 2HEZ)X 5318 eV, 529.7 eVeollr] ztzt @
ZAste] M-0, Ax M-0 Adol gt g=zivt 247 &
ZHE UL Pristine tH] 71 Ha|delA Alo]E F
SEHAAME AZ M-0 F3 Al717F dA3] 74319
=t ol flelA st vlel 2ol Mn*' £} Ak
oz Qs AxFzrt H3lEA7] HEe R &4

€t Wb DMS H7HA| ARGAl Azt AL
2 2 fAHE 2= YEpst
XPS FAAHAE T3 DMSHZHAL AREAL,

QF%
EHNEZo] FYo] B §5S AN
= o;(]/\-]o] B‘]ZAPQ%S‘/_ o]|Z 913 AlolE A5o] &
FENES & F UMk o|ZFE DMS H7H7}
L1N105C002Mn0302 O(}'Z—% 46V J—XJOL %‘;ﬂ.ol‘ﬂ"{?

FE O_u
b 1 ot

e EARAE 012 29 T BAANE
y 2 leiet,
.8 E

Dimethyl sulfone (DMS) Z7FAl AF&A] LiNigs
Co0paMny;0, F=Holl g3k TiZo] A=) 1A
S FRARAS N =] 8% S 2 FH 54
P 2 UdeS & O UAT AelE &
FEHO g B A3, 71E Aadex =
¢ AlolE F w4 £ W zHTx H3)
b o] &A1 FalF FAAAE =S 4] ¥
HYAL ole wE A5 kel dAS B o
DMS FH7H ARSA] AtelE 2719 Wét& ﬁ
P AHAE M3 JANFLeH, F
FEHR] G2 Z o= Hol Kyt “”34" ] &=
WS F8% 07 passivation A7 FAoZ HQITH
A= 2] 7154 A H7EA ARR-S B
Zo] Aol FRETHA 1AL EAZAS)
A AEA FFe AL TFeEE BT

o
O

rerﬁl-J

‘éﬁiﬁz

o2 r}u: B O O pHoe X X

9]
Hi

1.

2.

10.

11.

12.

&
R0004645), S=ATFAT (2012026203), ZHHew
=
o

. Y. Huang,

Acknowledgements

o wEe

&%‘%*&Z}%E—(Aoozz-om

[\S]
W

AQS wob Y A7 ERFA) £

eu Quang Pham¥} ZA|3|oA TAL=H.
References

J. B. Goodenough and Y. Kim, ‘Challenges for
rechargeable Li batteries’, Chem. Mater., 22, 587 (2010).
Y. Nishida, K. Nakane and T. Satoh, ‘Synthesis and
properties of gallium-doped LiNiO, as the cathode
material for lithium secondary batteries’, J. Power
Sources, 68, 561 (1997).

S. Yamada, M. Fujiwara and M. Kanda, ‘Synthesis and
properties of LiNiO, as cathode material for secondary
batteries’, J. Power Sources, 54, 209 (1995).

P. Kalyani and N. Kalaiselvi, ‘Various aspects of LiNiO,
chemistry: A review’, Sci. Technol. Adv. Mater., 6, 689
(2005).

D. H. Jang, Y. J. Shin and S. M. Oh, ‘Dissolution of
spinel oxides and capacily losses in 4V Li/LiyMn,O4
cells’, J. Electrochem. Soc., 143, 2204 (1996).

A. R. Armstrong, A. J. Paterson, A. D. Robertson, and P.
G Bruce, ‘Nonstoichiometric layered Li,Mn,O, with a
high capacity for lithium intercalation/deintercalation’,
Chem. Mater., 14, 710 (2002).

T. Liu, S.-X. Zhao, K. Wang and C.-W. Nan, ‘CuO-
coated Li[NigsCog,Mng;]O, cathode material with
improved cycling performance at high rates’,
Electrochim. Acta, 85, 605 (2012).

F.-M. Jin, F-J. Chen and L. Chen, ‘Improved
cycle stability and high-rate capability of Li;VO,-coated
Li[NipsC0,Mny3]O, cathode material under different
voltages’, J. Power Sources, 256, 1 (2014).

W. Liu, M. Wang, X. L. Gao, W. Zhang, J. Chen, H.
Zhou and X. Zhang, ‘Improvement of the high-
temperature, high-voltage cycling performance of
LiNipsC092Mng 30, cathode with TiO, coating’, J. Alloys
Compds., 543, 181 (2012).

Y. Bai, X. Wang, S. Yang, X. Zhang, X. Yang, H. Shu and
Q. Wu, ‘The effects of FePO,-coating on high-voltage
cycling stability and rate capability of Li[NiyjsCops
Mny;]O,’, J. Alloys Compds., 541, 125 (2012).

J.-Z. Kong, C. Ren, G-A. Tai, X. Zhang, A.-D. Li, D.
Wu, H. Li and F. Zhou, ‘Ultrathin ZnO coating for
improved electrochemical performance of LiNipsCoy,
Mny;0, cathode material’, J. Power Sources, 266, 433
(2014).

H.-J. Noh, S. Youn, C. S. Yoon and Y.-K. Sun,
‘Comparison of the structural and electrochemical
properties of layered Li[Ni.CoMn.]O2 (x="4 1/3, 0.5,
0.6, 0.7, 0.8 and 0.85) cathode material for lithium—ion
batteries’, J. Power Sources, 233, 121 (2013).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

J. Korean Electrochem. Soc., Vol. 19, No. 1, 2016

. M. Moshkovich, M. Cojocaru, H. E. Gottlieb and D.
Aurbach, ‘The study of the anodic stability of alkyl
carbonate solutions by in situ FTIR spectroscopy,
EQCM, NMR and MS’, J. Electroanal. Chem., 497, 84
(2001).

H.-K. Park, ‘The research and development trend of
cathode materials in lithium ion battery’, J. Korean
Electrochem. Soc., 11, 197 (2008).

A. Abouimrane, 1. Belharouak, and K. Amine, ‘Sulfone-
based electrolytes for high-voltage Li-ion batteries’,
Electrochem. Commun., 11, 1073 (2009).

T. Achiha, T. Nakajima, Y. Ohzawa, M. Koh, A.
Yamauchi, M. Kagawa and H. Aoyama, ‘Electrochemical
behavior of nonflammable organo-fluorine compounds
for lithium ion batteries’, J. Electrochem. Soc., 156,
A483 (2009).

Y.-M. Lee, K.-M. Nam, E.-H. Hwang, Y.-G Kwon, D.-
H. Kang, S.-S. Kim and S.-W. Song, ‘Interfacial origin
of performance improvement and fade for 4.6V
LiNiysC0poMny 30, battery cathodes’, J. Phys. Chem. C,
118, 10631 (2014).

H. Q. Pham, K.-M. Nam, E.-H. Hwang, Y.-G. Kwon, H.
M, Jung and S.-W. Song, ‘Performance enhancement of
48 V Li]_zMIl()jzsNi()_]ﬁCOo']Oz battery cathode using
fluorinated linear carbonate as a high-voltage additive’, J.

Electrochem. Soc., 161, A2002 (2014).

Y. Watanabe, S. Kinoshita, S. Wada, K. Hoshino, H.
Morimoto and S. Tobishima, ‘Electrochemical properties
and lithium ion solvation behavior of sulfone-ester mixed
electrolytes for high-voltage rechargeable lithium cells’,
J. Power Sources, 179, 770-779 (2008).

K. Xu and C. A. Angell, ‘High anodic stability of a new
electrolyte solvent: Unsymmetric noncyclic aliphatic
sulfone’, J. Electrochem. Soc., 145, 70 (1998).

N. Shao, X. Sun, S. Dai and D. Jiang, ‘Oxidation
potentials of functionalized sulfone solvents for high-
voltage Li-ion batteries: A computational study’, J. Phys.

Chem., 116, 3235 (2012).

K. Xu and C. A. Angell, ‘Sulfone-based electrolytes for
lithium-ion batteries’, J. Electrochem. Soc., 149, A920
(2002).

S. Tan, Y. J. Ji, Z. R. Zhang, and Y. Yang, ‘Recent
progress in research on high-voltage electrolytes for
lithium-ion batteries’, Chem phys chem, 15, 1956
(2014).

L. Xue, S.-Y. Lee, Z. Zhao and C. A. Angell,
‘Sulfone-carbonate ternary electrolyte with further
increased capacity retention and burn resistance for
high voltage lithium ion batteries’, J. Power Sources,
295, 190 (2015).

. R. Wagner, S. Brox, J. Kasnatscheew, D. R. Gallus, M.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Amereller, 1. Cekic-Laskovic and M. Winter, ‘Vinyl
sulfones as SEI-forming additives in propylene carbonate
based electrolytes for lithium-ion batteries’, Electrochem.
Commun., 40, 80 (2014).

A. Manthiram and J. Kim, ‘Low temperature synthesis of
insertion oxides for lithium batteries’, Chem. Mater., 10,
2895 (1998).

F. Amalraj, M. Talianker, B. Markovsky, D. Sharon, L.
Burlaka, G. Shafir, E. Zinigrad, O. Haik, D. Aurbach, J.
Lampert, M. Schulz-Dobrick and A. Garsuch, ‘Study of
the lithium-rich integrated compound xLi,MnO; - (1-
x)LIMO, (x around 0.5;M= Mn, Ni, Co; 2:2:1) and its
electrochemical activity as positive electrode in lithium
cells’, J. Electrochem. Soc., 160, A324 (2012).

R. Aroca, M. Nazri, G. A. Nazri, A. J. Camaro and M.
Trsic, ‘Vibrational spectra and ion-pair properties of
lithium hexafluorophosphate in ethylene carbonate based
mixed-solvent systems for lithium batteries’, J. Solution
Chem., 29, 1047 (2000).

S.-W. Song, G V. Zhuang and P. N. Ross, ‘Surface film
formation on  LiNiggCopsAlgsO, cathodes using
attenuated  total reflection IR  spectroscopy’, J.
Electrochem. Soc., 151, A1162 (2004).

G. V. Zhuang and P. N. Ross, ‘Analysis of the chemical
composition of the passive film on Li-ion battery anodes
using attentuated total reflection infrared spectroscopy’,
Electrochem. Solid-State Lett., 6, A136 (2003).

G. Socrates, “Infrared Characteristic Group Frequencies,
Table and Charts, Second Edition”, John Wiley & Sons,
New York, (1994).

S.-W. Song and S.-W. Baek, ‘Silane-derived SEI
stabilization on thin-film electrodes of nanocrystalline Si
for lithium batteries’, Electrochem. Solid-State Lett., 12,
A23 (2009).

N. V. Kosova, E. T. Devyatkina and V. V. Kaichev,
‘Mixed layered Ni-Mn-Co hydroxides: Crystal structure,
electronic state of ions, and thermal decomposition’, J.
Power Sources, 174, 735 (2007).

J. F. Moulder, J. Chastain, and R. C. King, “Handbook of
X-Ray Photoelectron Spectroscopy: A Reference Book
of Standard Spectra for Identification and Interpretation
of XPS Data”, 82, Physical Electronics, Inc.,
Chanhassen, MN (1995).

E. Regan, T. Groutso, J. B. Metson, R. Steiner, B.
Ammundsen, D. Hassell and P. Pickering, ‘Surface and
bulk composition of lithium manganese oxides’, Surf
Interface Anal., 1068, 1064 (1999).

R. A. Quinlan, Y.-C. Lu, Y. Shao-Horn and A. N.
Mansour, ‘XPS studies of surface chemistry changes of
LiNiy sMny 50, electrodes during high-voltage cycling’, J.
Electrochem. Soc., 160, A669 (2013).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


