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Abstract

Li[Cr ,Li(1/3-x/3Mn2/3_2,/3]O2 materials withx = 0.1, 0.15, and 0.2 are prepared by a solution method. The materials are calcined
at 900°C for 12 h in air, and then quenched to room temperature. The quenching procedure results in material with improved capacity
and rate capability. In fact, layeredli7Crp 2Mng 5302 not only shows a good cycle performance, but also exhibits an excellent discharge
capacity of around 260 mA hrg. Cyclic voltammetry and a.c. impedance spectroscopy are also employed to characterize the reversibility
and reactions of lithium insertion and extraction in Li[Ci1/3—x/3Mn2/3-2,/3)]O> electrodes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Recently, it was reported that manganese-rich Li[Ni
Li(1/3-2v/3Mn2/3-1/3]02 (x < 1/3) prepared by quen-
Lithium chromium manganese oxides with various com- ching takes ana-NaFeQ structure and show a large
positions have been studied by several grolipsll] reversible capacity of 225mAhg with excellent cy-
Among these, Li[CLi(1/3—x/3Mn(2/3-2¢/3)]02 with an cleability [13]. It was also reported that quenched
a-NaFeQ structure is the most attractive material. It was Li[Ni Li1/3-2./3Mn(2/3-/3)]O> gives higher capacity and
reported that Li[L2Crp4Mng4]O2 (x = 0.4) delivers a rate capability than that of a slowly cooled counterpart. On
reversible capacity of 170mAhg with good capacity  the other hand, it was reported that discharge capacity tends
retention at a current density of 7.5 mAY[6]. Similarly, to increase with increase in the Cr:Mn ratio when the heat-
Li[Cr.Li(1/3-x/3MN2/3-2,/3)]02 (x = 1/4 and 1/3) was treatment is performed under an inert atmospf@reBased
found to deliver around 200 mA hrg with excellent cycling on this, we have synthesized a manganese-rich compound,
retention atacurrentdensityofsmAb[ll]. In both cases, viz., Li[Cr Li(1/3-x/3MN2/3-2¢/3]02 (0.1 < x < 0.2),
the heat-treatment was carried out under an inert atmospherewith an a-NaFeQ structure by quenching in anticipation
By contrast, LiCrMnO445 (x = 0.4) prepared by treating  that it will give large reversible capacity and improved rate
oxide slurry with 4 M LiOH solution in a tube furnace under capability.
flowing air was shown to give a large reversible capacity of
220mAhg?! at a current density of 3.6 mAg. Unfortu-
nately, the capacity dropped to 160 mAhigvhen the cur- 2. Experimental
rent density was raised to 14.4 mAand 140mAhg?
when the current was 28.8mA¢§ [5]. These results are Layered Li[CkLi(1/3—x/3Mn2/3-2:/3]O2 was prepared
consistent with a previous investigation that concluded that from a mixture of manganese acetate, chromium acetate and
oxide powders must either be quenched or cooled in a re-lithium hydroxide using a solution method. A solution of
ducing gas atmosphere to retain the high-temperature phasel.iOH was added, with stirring, to a pre-dissolved solution
Cooling in a reducing gas atmosphere may result, however,of manganese acetate and chromium acetate. This resulted
in displacive phase transformati¢h2]. in a homogeneous precipitation solution. The mixed precip-
itation solution was heated on a hot plate until it became
a viscous inorganic polymer. It was then coated on a tita-
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at 900°C for 12 h in air. This was followed by a quench- ' ' ' ' '
ing procedure to room temperature. Powder X-ray diffrac-
tion (XRD) measurements were conducted by means of a 3 l -
MAC science MXP3A-HF diffractometer using Cud¢adi- | L@

ation. Scanning electron microscopy (SEM) was performed
with a Philips SEM 535M instrument that had an accel-
erating voltage of 10kV. The cycling performance of the
positive-electrode (cathode) materials was evaluated using
pouch-type cells that used a negative electrode of lithium
metal foil and a separator. Cathodes were prepared by mixing

Li[Cr «Li(1/3-x/3MN(2/3-2/3]O2 powders, super P black L A @ ]
(MMM Carbon Co.), and poly(vinylidene)fluoride (PVDF) Mo Ao M a -
binder in a ratio of 85:7.5:7.5 by weight. The mixture was L . L . L .
formed into a slurry inN-methyl-2-pyrrolidone (NMP) so-
lution and cast as a film on aluminum foil by the doctor
blade method. The cast was dried at 180for 12 h in vac- Fig. 1. Powder X-ray diffraction patterns of (a) 14Cro1MnogOz,
uum and then pressed into an appropriate thickness in a roll(b) Li; 25Cro15Mnos70, and (c) Lk 27Cro2Mngs302. Peaks in the ar-
press. The electrolyte was 1 M LiPBissolved in 1:1 ethy-  row-marked region correspond to superlattice ordering.
lene carbonate (EC) and dimethyl carbonate (DMC). Cells
were cycled galvanostatically over the potential range of
2.0-4.9V using a Maccor Battery Tester System. The morphology of Li[Li1/3—x/3Cr:Mn/3-2:/3)]O>

Cyclic voltammetry (CV) and a.c. impedance spec- (x = 0.1, 0.15, and 0.2) is shown iRig. 2 The parti-
troscopy were also carried out with pouch-type cells. cles of these materials exhibit equiaxed hexagonal shapes
The voltammograms were obtained using a scan rate ofwith well-developed crystal faces. The average crys-
0.05mVs! over a potential range of 2.0-4.9V versus a tal size of Li3Crg1MnggO2, Li128Cro15Mngs702, and
Li/Li ™ reference electrode. Impedance experiments wereLiq27Crp2Mngs30, is 0.8, 0.5, and 0.8m, respectively.
carried out in the frequency range from 0.1 Hz to 100kHz It is obvious that the particle size decreases with increase
with an a.c. voltage signal at5mV. The CV experiments  in chromium content. On the other hand, it has been re-
were performed by means of a computer controlled Bio- ported[7] that manganese oxide has a considerably greater
logic Macpile multichannel instrument, while impedance tendency for crystal growth via a solid-state reaction. There-
spectroscopy was conducted with a Solartron impedancefore, the abnormally large particles may be attributed to the
analyzer (Sl 1260) coupled to a battery test unit. Mn-rich content.

The first few charge and discharge curves for a Liji
Cro.2Mng 5302 cell cycled between 2.0 and 4.9V with a
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3. Results and discussion current density of 12mAgt are given inFig. 3 It is
clear that the first charge profile is distinctly different from
X-ray diffraction patterns for  Li[Li;/3_y/3Cr the subsequent o?es, and the irreversible capacity loss is
Mn(/3_2¢/3]02 (x = 0.1, 0.15, and 0.2) are shown in UP 10 115mAhg-. With fu.rther cycling, bot.h the ca-
Fig. 1 All of the peaks correspond to a hexagondilaFeG pacity and the voltage profile are stable which indicates

structure, except the superlattice ordering peaks between 20 that the structure is stable over the entire intercalation—de-
and 30. The latter peaks, which result from the short-range intercalation range. Similar behavior was reporfed,15]
ordering of Li, Cr and Mn atoms in the transition metal Or LilNi <Li(1/3-2:/3Mn(2/3-1/3]02 with a-NaFeQ struc-
layers, appear less pronounced with increase in chromiumture and it was ascribed to the transfer of some transition
content{11]. The unit cell parameters for these compounds Metals into the lithium layer on de-lithiation. It was further
are presented iffable 1 The contraction along tha-axis explained that these heavy cations in the Li layer inhibit the
with increase in chromium content may be associated with insertion of lithium into every available site due to slow dif-

a more uniform substitution of Cr in LiMn®compounds. fusion. By contrast, for LiMnOs with the same structure, it
was suggested that the irreversible capacity results from the

reaction of Li" with HT generated by electrolyte oxidation
on charge. On the subsequent discharge, electrochemical
reduction within the electrolyte consumes™ Hhus drives
its extraction from the electrode and its replacement by Li
[16]. In the present study, the irreversible capacity increases
Li13Cro1Mno 602 2.849 14.247 5.000  with increase in chromium content but does not change by
Li128Cr015Mn0 570, 2853 14.264 4999 yarying the insertion rate or electrolyte content. Therefore,
Li1 27Crg2Mng 5302 2.854 14.264 4.997 . . e .

the dramatic loss of capacity on the initial cycle may also

Table 1
Hexagonal unit cell parameters for Lifkjz— /3 CriMn(2/3_2,/3]02 ma-
terials calcined at 900C

Composition a (A c (A cla
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Fig. 2. Electron micrographs of (a) £iCro.1MnggO2, (b) Li128Cro15
Mno5702 and (c) Li.27Crp.2Mng.530;.

be associated with some structural ordering and elimination
of stacking fault413].

The first few charge and discharge curves for both
Li|Li 1.3Cro.1Mng gO2 and Li|Li1.28Ct‘o,15Mno,5702 cells
cycled between 2.0 and 4.9V with a current density of
15mAg ! are presented ifiig. 4 The Li|Liy 3Crg.1Mng 602
cell delivered an initial capacity of 187 mAhg, which
gradually increased to 260 mA g within a few cycles.

On the other hand, the Li|lLpsCro15Mng5702 cell ex-
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Fig. 3. Charge-discharge curves for Li|kyCro2Mngs30, cell. Data
collected with a current density of 12mA#{ in the voltage range of
2.0-4.9V.

hibits a slightly higher initial capacity of 225 mAh¢ and
the capacity is moderately increased to 248 mAhgn
cycling. The relatively low initial capacity of the material
with a lower chromium content may be attributed to the
initial activation of the irregularly large crystal particles, as
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Fig. 4. Charge—discharge curves for (a) Li|tCro1MnosO2, and (b)
Li|Li1.28Cr0.15Mng 5702 cells. Data were collected with a current density
of 15mA g in the voltage range of 2.0-4.9V.
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Fig. 5. Voltage vs. capacity profiles for LilLi7Cro2Mng 5302 cells as a Cycle Number

function of different discharge rates. Current densities are (1) 12 (2) 17

(3) 26 and (4) 30mAgL. Fig. 6. Discharge capacity vs. cycle numbers for Lif#Cro2Mng 530,

cells. Data were collected with current densities of (a) 12 and (b)
26 mA gt in the voltage range of 2.0-4.9V.

observed in SEM dataF{g. 2). In addition, the discharge

curve has two slopes at a voltage of 3.5V wher: 0.1. height may be attributed to an increase in electrical con-
Although the two cells delivered a high capacity of around tact between the irregularly large particles of the cath-
250 mA h g1 within a few cycles, they exhibited prominent ode material through the initial activation processes (see

capacity fade after 30 cycles. Fig. 2 [7]. On the other hand, the anodic peak at 4.6V,
The rate performance of Lp7Crg2Mng5302 material except that inFig. 7(a), shows a significant decrease in
during the first discharge is shownhiig. 5. The correspond-  intensity, while the peak around 3.8V shifts to a more

ing Li|Li127Crg2Mng 5302 cells provide 257, 247, 235 and negative potential by about 0.2V on the subsequent cy-
224mAhg? capacity at a current density of 12, 17, 26 cle. The negative shift reduces the separation between
and 30mAg?, respectively. It is clear that the capacity corresponding cathodic and anodic peaks. This indicates
decreases slightly with increase in current density, while the that the material becomes more reversible after the first
average discharge voltage is stable at relatively low currentcharge. This observation suggests that Cr substitution also
densities £17 mA g 1). On the other hand, it has been re- induces some structural ordering or a reduction of stacking
ported that Li[Li1/3—x/3)Cr:Mnz/3-2,/3)]O2 (x = 1/6 and faults during the first Li de-intercalation as in the case of
1/4) prepared under Ngas exhibited 200-230 mAh¢ Li[Ni cLi(1/3-2¢/3yMN(2/3-,/3)]02 [13,18] This is again in
capacity at a current density of 5mAY [11]. These good agreement with the highly polarized first charge pro-
results reveal that quenching in air results in materials file and the dramatic capacity loss noted in the charge and
with improved capacity and rate capability. This is again discharge curves shown figs. 3 and 4By contrast, the
consistent with the previous findinfL3] that quenched anodic peak at 4.6V ifrig. 7(a) exhibits a slight increase
Li[Ni 1Li(1/3-2¢/3)Mn(2/3_/3)]02 gives higher capacity in intensity on the subsequent cycle. As mentioned above,
than that of slowly coolefiL3]. The discharge capacity ver- the unusual increase in peak height may also be ascribed
sus cycle number for Li|ki>7Crg2Mng 5302 cells cycled to an increase in electrical contact between large particles
with the current density of 12 or 26 mA¢q is shown in since there is still a large irreversible current between the
Fig. 6. Both cells exhibit excellent cycling retention, and first anodic and the corresponding cathodic peak. Besides,
the cell cycled with lower current density delivered an ex- two, small, reversible peaks between 2.8 and 2.9V dis-
cellent discharge capacity of around 260 mA gven after appear, while the cathodic peaks at 3.3 and 4.0V tend to
50 cycles. merge with increase in chromium content. These obser-

Cyclic  voltammograms  for Li[Ld1/3—x/3)Cr- vations suggest that the peaks located between 3.3 and
Mn(2/3-21/3]02 (x = 0.1, 0.15, and 0.2) electrodes ob- 4.6V may be related to €r/Cr%* and CF*+/Cr*t couples,
tained at a scan rate of 0.05mV’s are presented in  whereas the small peaks located between 2.8 and 2.9V
Fig. 7. It is clear that the profile of the first cycle is may be attributed to the Mi/Mn** couple, which results
quite different from the subsequent ones for all the three from the Mn-rich phase in the presence of less chromium
materials. The cathodic peak height corresponding to Li [18-22] These results reinforce the previously reported
intercalation increases with cycling, while the peak po- conclusion, drawn from Mn K-edge XANES studies, that
sitions are virtually unchanged. This indicates that the Mn(IV) does not show a significant change in oxida-
thermodynamics of Li intercalation has not changed dur- tion state during the charge and the discharge processes
ing cycling [17]. Indeed, the observed increase in peak [10].
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ol A decreases upon cycling and thus speeds up the kinetics of
N S S S S the intercalation—de-intercalation process. This may be due
2025 30 35 40 45 50 to some reorganization of the active mass structure that oc-
Cell Voltage (V) curs during the first charge process.

Fig. 7. Cyclic voltammograms for (a) Li|LsCrg.1MngeO2, (b) Li|Li1 28
Crg.15Mnos702 and (c) Li|Li27Cro2Mngs30, cells at a scan rate of

) .
0.05mvVst. 4. Conclusions

Layered Li[Li(1/3_x/3)Cern(2/3_2x/3)]02 (x = 0.1,

Nyquist plots for pristine electrodes with different compo- 0.15, and 0.2) with anx-NaFeQ structure is synthe-
sitions are given irrig. 8. Each plot consists of a depressed sized by quenching. The quenching procedure results in
semicircle and a sloping line at low frequencies. The size of materials with excellent capacity and cycleability. In-
the semicircle scarcely changes with increase in chromiumdeed, a Li|Li 27Crp2Mng5302 cell delivered a capacity
content. This demonstrates that the amount of chromiumof 257mAhg?! in the first cycle and sustained around
has only a minor effect on the charge-transfer resistance.260 mAh g capacity even after 50 cycles. The voltam-
On the other hand, the sloping line shows pronounced devi- metric behavior indicates that Cr substitution induces some
ation from the typical Warburg impedance, which indicates structural change during the first Li de-intercalation. By
that electrodes are highly resistive. Nyquist plots measuredcontrast, the thermodynamics of Li intercalation into the
with the same electrode at 3.2 V before and after cycling are electrode does not change during cycling.



224 X. Wu et al./Journal of Power Sources 132 (2004) 219-224

Acknowledgements Meeting on Lithium Batteries, Monterey, June 23-28, 2002 (Abstract
No. 90).

. [10] M. Balasubramanian, J. McBreen, 1.J. Davidson, P.S. Whitfiled, I.
This work was supported by funds from the Korean Kargina, J. Electrochem. Soc. 149 (2002) A176.

Ministry of Information and Communication (MIC NoO.  (11] 7 Ly, J.R. Dahn, Electrochem. Soc. 149 (2002) A1454.
2003-S-003). [12] Y. Jang, W.D. Moorehead, Y. Chiang, Solid State lonics 149 (2002)
201.

[13] Z. Lu, L.Y. Beaulieu, R.A. Donaberger, C.L. Thomas, J.R. Dahn, J.
Electrochem. Soc. 149 (2002) A778.

References [14] Z. Lu, J.R. Dahn, J. Electrochem. Soc. 149 (2002) A815.
[15] A. Kajiyama, K. Takada, T. Inada, M. Kouguchi, S. Kondo, M.

[1] J. Cho, B. Park, Electrochem. Solid-State Lett. 3 (2000) 355. Watanabe, J. Electrochem. Soc. 148 (2001) A981.

[2] I.J. Davidson, R.S. McMillan, J.J. Murray, J. Power Sour. 54 (1995) [16] A.D. Robertson, P.G. Bruce, Chem. Commun. 23 (2002) 2790.
205. [17] R. Premanand, A. Durairajan, B. Haran, R. White, B. Popov, J.

[3] J. Cho, Y.J. Kim, B. Park, Solid State lonics 138 (2001) 221. Electrochem. Soc. 149 (2002) A54.

[4] J.R. Dahn, T. Zheng, C.L. Thomas, J. Electrochem. Soc. 145 (1998) [18] K.M. Shaju, G.V. Subbarao, B.V.R. Chowdari, J. Electrochem. Soc.
851. 150 (2003) Al.

[5] C. Storey, I. Kargia, Y. Grincourt, 1.J. Davidson, Y.C. Yoo, D.Y. [19] A. Kajiyama, K. Takada, K. Arihara, T. Inada, H. Sasaki, S. Kondo,
Seung, J. Power Sour. 97-98 (2001) 541. M. Watanabe, J. Electrochem. Soc. 150 (2003) A157.

[6] B. Ammudsen, J. Paulsen, I. Davidson, R. Liu, C. Shen, J. Chen, L. [20] T. Ohzuku, K. Tatsumi, N. Matoba, K. Sawal, J. Electrochem. Soc.
Jang, J. Lee, J. Electrochem. Soc. 149 (2002) A431. 147 (2000) 3592.

[7] Z.P. Guo, S. Zhong, G.X. Wang, G. Walter, H.K. Liu, S.X. Dou, J.  [21] P. Arora, B.N. Popov, R.E. White, J. Electrochem. Soc. 145 (1998)
Electrochem. Soc. 149 (2002) A792. 807.

[8] I.J. Davidson, R.S. McMillan, H. Slegr, B. Luan, I. Kargina, J.J. [22] L. Zhang, H. Noguchi, J. Electrochem. Soc. 150 (2003) A601.
Murray, I.P. Swainson, J. Power Sour. 81-82 (1999) 406.

[9] S.T. Myung, S. Komaba, N. Hirosaki, N. Kumagai, K. Arai, R.
Kodama, Y. Terada, |. Nakai, Proceedings of the 11th International



	Properties of Li[CrxLi(1-x)/3Mn2(1-x)/3]O2 (0.1x0.2) material prepared by quenching
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


