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Abstract

Li[Ni 1/3C013Mny3)O,_,F; (x=0-0.15) were synthesized via a co-precipitation followed by a high-temperature heat treatment. Though the
initial discharge capacities of Li[NsCoy3Mny,3]0,_.F, (x=0-0.15) is somewhat smaller, capacity retention, rate capability, and thermal
stability at highly oxidized state were significantly improved comparing to the undoped; k(i sMn1,5]O,. Fluorine substitution for
oxygen made it possible to use the cathode material at 4.6 V cut-off limit.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction system was pretty effective to obtain a reduced impedance,
lattice changes during cycling and cycling life. Unfortunately,
Lithium transition-metal oxides, Li[NiCo;_2xMny]O2, the effect of fluorine in the layered lithium nickelate sys-
have received a great deal of interest as rechargeable cathoddem was limited to 4.3V of charge cut-off limit. This pa-
for Li-ion secondary batterigd,2]. Li[Ni 1/3C01/3Mn1,3]O2 per focuses on the electrochemical properties of F-doped
comprises very promising positive electrode materials for Li[Ni 1/3C01/3Mn1/3]02_F; at higher cut-off voltage limit
high energy and high power lithium-ion batter{d$. In at- (4.6 V) and compares their performances with un-substituted

tempts to increase the reversible capacity of the cathode ma-Li[Ni 1/3C01/3Mn1/3]O>.

terial, the upper cut-off voltage limit is getting higher. Such

a high voltage limit led to obvious increase in the specific

discharge capacity. However, Li[N3C013sMn13]O, hasan 2. Experimental

unstable cycling performance when it cycles up to 4[]8V

The origin of the capacity fading is mainly due to the de- ~ LIOH-H>O (98%+, Aldrich), CoS@7H0O, NiSQs-

caying of electro-active Co ingredient as it was reported by 6H20, and MnSQ-H,O were used as starting materi-

Shaju et al[3] and Yoon et al[4]. als. [Niy/3Co1/3Mny,3](OH), compounds was synthesized by
Metal oxide coated-LiCo@showed an enhanced capacity the co-precipitation method, as reported previoydly].

retention above the 4.6 VV charge—cut-off voltages comparing Li[Ni 1/3C01/3Mn1/3]O2_-F, was prepared as follows; heating

to bare LiCoQ, which is probably due to the decreased Co areaction mixture of the dehydrated [NCo1/3Mn1;3](OH)x

dissolution[5-7]. However, the retention of discharge ca- and LiOHH2O and LiF at 1000C for 10 h, then subsequent

pacity is not so satisfactory. Another possible approach is to annealing at 700C for 5h in air atmosphere. An excess

replace oxygen with other elements, such 48-A2]and S of lithium was used to compensate for lithium loss during

[13,14] Fluorine substitution for oxygen in lithium nickelate the calcination. Chemical compositions of the resulting pow-

ders were analyzed by an atomic absorption spectroscopy

* Corresponding author. Tel.: +82 2 2290 0524 fax: +82 2 2282 7329.  (Vario 6, Analyticjena) and an ion chromatography (DX-320,
E-mail addressyksun@hanyang.ac.kr (Y.K. Sun). DIONEX, USA) for fluorine.
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Powder X-ray diffraction (XRD, Rint-2000, Rigaku, 2.870 ——r————————1——T—————
Japan) measurement using Cu Kadiation was employed [ o |
to identify the crystalline phase of the synthesized materi- o 2.865F ® .
als. XRD data were obtained)2 10-80, with a step size k1 [ o . ]
of 0.03 and a count time of 5s. The as-prepared pow- 2.8601 ]
ders were observed using a scanning electron microscope - t L
(SEM, JSM 6400, JEOL, Japan). The cathodes were prepared _ 1a.28f *
by blending Li[Nii/3C01/3Mn1/3]02_;F,, Super S carbon oL [ ° ]
black, and polyvinylidene fluoride (80:10:10)Mmethyl-2- ° ta2s5f-e o -
pyrrolidone. The slurry was then cast on aluminum foil and 1020ttt e ]
dried at 110°C for overnight in vacuum state. Disks were then —
punched out of the foil. Lithium foil was used as the anode. 015k .
The electrolyte solution was 1 M LiRRn a mixture of ethy- § [ . o ’
lene carbonate (EC) and diethyl carbonate (DEC)ina 1:1 vol- S 101.0-* -
ume ratio. The cell was assembled in an argon-filled dry box I S RPN BRI S

and tested at a current density of 28 mAld0.2 C) at 30°C. 000 - 003 0-10 015
. . . . . z inLi[Ni Co Mn_]O F
For differential scanning calorimetry (DSC) experiments, the VTR R e 2
C.e”S were finally fully Cha:rged to 4'6.\/and opgned in the Ar- Fig. 2. Variation in lattice parameters as a function of F amount in
filled dry box. After opening the cell in the Ar-filled dry box | iini; .consMnys0s F..
carefully, the extra electrolyte was removed from the surface
of the electrode and the electrode materials were recovered
from the current collector. A stainless steel sealed pan with aatoms are randomly placed on 3b sites, and oxygen and flu-
gold plated copper seal (which can withstand 150 atm of pres-orine atoms are on 6c sites. For LifiCo1/3Mn1/3]02_,F;
sure before rupturing and has a capacity ofiBQwas used to (z=0.2, 0.5), the intensities for (00 3) was analogous to be
collect 3-5 mg samples. The measurements were carried outhe (1 04) peak. But the reflection of (018) and (11 0) for
in a Pyris 1 Differential Scanning Calorimeter (Perkin Elmer Li[Ni 1/3C01/3Mn1/3]O0,_;F; are still distinguishable. The re-
Corporation) using a temperature scan rate o€ inin—1. sulting XRD peaks are quite narrow, indicating high crys-
The weight of each sample (pan + sample) was measured betallinity. However, a small impurity peak was observed at
fore and after the experiment to verify that the system was around 32 in 26. By the combination of atomic absorption
hermetically sealed. The weight was constant in all cases,andion chromatographic (for fluorine) analyses, the chemical
indicating that there were no leaks during the experiments. compositions were found to be stoichiometric compositions.
Variation in lattice parameters are showirig. 2 The lat-
tice parameters were calculated by a least square method from

3. Results and discussion the XRD patterns oFig. 1 Substitution fluorine for oxygen
resulted in increase in lattice constant of batandc axes.
Fig. 1shows XRD patterns of Li[Nj3C01/3Mn1/3]O2zF; The increase consequently contributes to increase linearly in

with z=0, 0.05, 0.1, 0.15, 0.2, and 0.5, which were calcined the unit cell volume. Such a tendency is usually observed
at 1000°C for 10h in air. All of the peaks can be indexed in solid solution system, which obeys Vegard's law. In fact,
based on a hexagonaj_NaFeQ structure (space group: the effective ionic radius of F(1.33A) is smaller than that

R-3m). The Li atoms are on 3a sites, the Ni, Co, and Mn Of 0%~ (1.40A). Due to the difference in the ionic radius, it
was expected that the lattice parameter would decrease by the

substitution fluorine for oxygen. Nonetheless, the lattice in

2 ' s ' ' botha andc axes increased. Similar results were also seen in
° 58 | spinel LiAlg2Mn1.g04_,F, system by Amatucci et a[11].

. E 8 s 882 ? g The stronger bond character of Li and F may result in repul-
3 : A A M sive force in the oxide matrix so that the lattice would ex-
N | PO S S pand to botta andc axes. Therefore, it was found from XRD
ZIc hu o patterns that a solid solution of Li[N8C01/3Mn1/3]O2_;F;

8 d LJ . P was formed taz=0.15, after which undesired impurity was
Sl L o PN produced. Detailed structural refinements are currently being
e T carried out.
10 20 30 40 50 60 70 80 Fig. 3shows the initial voltage versus capacity profiles of
Cu Ko 20 Li/Li[Ni 1/3C01/3Mn1/3]O2_,F; cells =0-0.15). The cells
were firstly activated by charging up to 4.6 V and then dis-
Fig. 1. Powder XRD profiles of LiiNisCoysMny3]02_2Fs; (2) z=0, (b) charged to 2.8V by applying a current density of 0.2C

z=0.05, (c)z=0.1, (d)z=0.15, (e)z=0.2, and (fjz=0.5. rate (28mAg?) at 30°C. The initial discharge capacity
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Fig. 3. Initial charge and discharge curves of Li{NC01/3Mn1/3]02_;F; 40 | B
(z=0-0.15). The applied current density was 28 ntA ¢0.2 C) at 30°C. 35 | 0.2C 4
3.0 A

2.5 - " 1 s 5. 1 :‘!C L:C 1? U.?C ]

of Li[Ni 1/3C01/3Mn1/3]O2_,F, decreased with increasing the 20 40 60 80 100
substitution amount of fluorine. It is likely that the strong Eficlency /%
covalent bond of L+F exists in Li[Niy/3C01/3Mn1/3]02_;F, Fig. 4. Rate capabilty results of Li{hsCouaMnaslOs oF (z=0-0.15)
i H ul 19. 4. 1 u | /3MN1/3|02_zF; (z=0U-0.

230trfl1atb|ntercalatlon _of Ci ions may be perturbed by the fatg30°C; (a)z=(|; (b)2y= 0.05, (c)z=0.1, and (d)=0.15. Currents: 0.2C

trong ond. Observing the discharge curves at the e.nd. OfogmAg), 0.5C (70mAgl), 1C (140mAgl), 2C (280mAgY), 3C
discharge, one can clearly see the smooth voltage variation2omag1), and 5C (700 mAgl). Discharge capacities at 0.2 C-rate are
for the F-doped samples, but an abrupt voltage dropping was180, 170, 167, and 160 mAtrgfor z=0.0, 0.05, 0.1, and 0.15, respectively.
seen for Li[Ni/3C01/3Mn1,3]02. The F doping also resulted
in a small degree of variation in operation voltages; increase that whatever the fluorine amounts are the material exhibits
in both charge and discharge voltages. This also might begood cycling behavior.

due to the existence of the strong bond byEiin the host Fig. 6 shows DSC profiles of wet electrodes of
structure, as the similar behavior was observed by NaghashLi[Ni 1/3Co13Mn1/3]02_,F, which were charged to 4.6 V.
et al.[10] and Amatucci et a[11]. The DSC experiments were made in welded scaled

Rate capability tests illustrate more interesting re- stainless steel tubes so that no leaking of pressurized
sults. Fig. 4 shows charge/discharge curves for the
Li/Li[Ni 1/3C01/3Mn13]O2_;F; cells k=0-0.15) as a func-

tion of C-rate between 2.8 and 4.6 V. As observeHim 4a, zn L'[N'”‘*co"“mn.‘“]o -

2z Z

Li[Ni 1/3C01/3Mn1,3]O> delivers a lower capacity at high rates e g B
and the internal resistance (IR) of the cell is also high by rais-
ing current densities. However, a small amount of F doping aof
in Li[Ni 1/3C01/3Mn13]O2 gives rise to a great enhancement
of discharge capacity at higher rate and reducing the IR drop- 351
ping during discharge ifrig. 4b—d. It seems that though the sk i
specific capacity of F-doped sample is a little smaller than 5 [2=0] (2=0.05]
that of Li[Ni13C01/3Mn1/3]O2, the existence of the strong S 25 RO, .. I P
bonding by F stabilizes the host structure, especially when it g 50-2 1 50-2 1
. . = 45 ] ]

cycles up to 4.6 V by applying higher current rates. £

Continuous cycling results are also showrFig. 5. The ao0f
high initial discharge capacity of Li[Nj3Co1/3Mn1/3]O2
fades gradually on cycling, and finally reaches to 3.5¢

166 mAhg! after 50 cycles. The redox species of
Li[Ni 1/3C01/3Mn1/3]O> are related with Nit/4* and CS+/4*.

3.0

_ \ , _ [2=0.1] [2=0.15]
The C3*/** redox reaction mainly contributes the higher N, Y. v P L
voltage working, 4.3—-4.6 V versus 1[3,4], which means 0 50 100 150 2°°_° 50 100 150 200
Capacity / mAh

the Co ingredient was gradually dissolved into the electrolyte
by cycling to 4.6_V. On the C(_)ntras_t, theﬂ_de-/lnte_rcal_atlon Fig. 5. Continuous charge and discharge curves of hifGioys
processes are highly reversible with small polarization by F- mn,510,_,F, (z=0-0.15) at 30C. The applied current density was
doping in Li[Ni13C01/3Mn1/3]O2_,F;, which demonstrates  28mAg (0.2C) at 30C.



G.-H. Kim et al. / Journal of Power Sources 146 (2005) 602—605

I : I 3 I
[=0]
g
0 [=0.05]
= 1733¥/g
< [z=0.1]
z 839.2J/g
kT, [0.15]
] . . 2
2 | LilNi,Co, Mn, |O, F, il?!ig
=
" 1 1 1 1 1 1

150 200 250

Temperature /°C

300 350

Fig. 6. Comparison of DSC traces of the LifNiC013Mn1/3]02_;F;
(z=0-0.15) at 4.6 V.

electrolyte is possible. As the concentration of fluorine in
Li[Ni 1/3C01/3Mn1,3]02_;F; increases, the thermal stability
of the charged cathode material in electrolyte was greatly
improved, even at the small fluorine concentration of 0.05.
For fluorine concentration above 0.05 there is aboutClO
increase in the temperature of any significant exothermic
activity. The Li[Ni/3C01/3Mn1/3]O> is a large peak between
234 and 283C, and it produces 4227 J§of heat. When the
fluorine amount increases, Li[N3Co01/3Mny/3]02_F; has

a small peak between 311 and 328 also it only produces
626Jg ! of heat generation, even though the electrode
is highly oxidized state. Therefore, it is able to conclude
that Li[Ni1/3C01/3Mn1/3]O2_xFx with x=0.05, 0.1, 0.15 is
safer than Li[Ni;3C01/3Mn4/3]O2. From the results of rate
capability, cycling, and DSC tests, the fluorine substitution
for oxygen in Li[Niy;3C01/3Mn1/3]O2 provides the improved
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a well-developedi-NaFeQ structure with a space group of
R3m uptozof0.15. Though the initial discharge capacities of
Li[Ni 1/3C01/3Mn1/3]02_;F; is somewhat smaller, however,
the capacity retention and thermal stability at highly oxidized
state were significantly improved comparing to the undoped
Li[Ni 1/3C01/3Mn1,3]O2. A small amount of F substitution for

O is very effective for the high potential cycling behavior of
layered cathode materials.
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