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Abstract

LiyxTisO, (X>0) negative active material has been successfully synthesized by a new chemical method for Li-doping with the catalytic
function of naphthalene in Li-organic complex solution of butylmethylether (BME) or dimethoxyethane (DME) solvent. The Li-doping
reaction rate constant in BME was found to be greater than that of the case of DME and its value was 5.10 and 2.78 x 10~* S~!2, respectively,
by the calculation from the slope of distinct straight line in the relationship between In(1/1 — Y) and /7, where Y is molar fraction of Li-doping

materials of Li;TisOy,.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium titanium oxide such as LigTi5O;,, TiO,, and
LiTi»O4 has been extensively studied as negative active mate-
rial for Li-ion cells [1-9]. The LisTisO1, negative active
material, which has theoretical capacity of 175mAhg~!
with potential plateau at around 1.55V versus Li/Li*, has
been recently focused to realize Li-ion cells with excel-
lent cycle performance because of its small volume change
in the charge and discharge process with very small ini-
tial irreversible capacity [10—12]. Lig4+xTisO12 (X>0) in the
charged state of the LisTisO, will be capable for the com-
bination of non-lithiated positive active material such as
NiOOH [13,14], FeOOH [15,16], and MnO, [17,18], which
are expected to be promising candidate as an alternative to
current LiCoO3, LiNiO», and LiMn;,O4 for high capacity and
low cost materials. The new synthesis method of LigxTisO12
(X>0) was, therefore, strongly demanded for the realization
of new Li-ion system with above-mentioned non-lithiated
positive active materials. We have successfully synthesized
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the Lig4xTi5O012 (X>0) by a new chemical method with
immersion of LisTi5Oj; starting material at room tempera-
ture into Li-organic complex solution obtained by dissolving
metallic Li and naphthalene in BME or DME solvent. In
this report, the newly developed chemical method will be
described with the detailed mechanism of Li-doping process
according to the consideration on the chemical reaction rate
by the measurement of electrochemical properties of the elec-
trode together with results of X-ray diffraction analysis.

2. Experimental

The Lis TisO12 negative electrode was prepared as follows.
First, the commercially available LisTisO1, active material
powder, acetylene black as an electro-conductive material,
and poly-vinylidene fluoride as a binder were mixed in the
mass ratios of 80:5:15 with N-methyl-2-pyrrolidone solvent
to prepare a slurry. The slurry was loaded in a foamed Ni
substrate with area of 2 cm? as a current collector to prevent
from pealing off the active material in Li-doping process.
The loading mass amount of active material was controlled
to 18 mg cm™2 in any electrode after drying at 150 °C for 5h
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in a vacuum. The LisTi5O1; electrode was then immersed at
room temperature with different time into Li-organic com-
plex solution of 10cm?, which was obtained by dissolving
metallic Li together with naphthalene into BME or DME sol-
vent. The metallic Li packed with porous polyethylene film
was used to prevent the contact of Li with the test electrode
during Li-doping process. The electrode after this process
was finally rinsed with dimethyl carbonate to remove the
remained solution. The immersing and washing processes of
electrode were conducted in an argon-filled grove box.

Li* ion concentration in the Li-organic complex solu-
tion was determined by inductively coupled plasma anal-
ysis using Thermo Tarrell Ash IRIS/AP. The crystalline
structure of product sample was identified by X-ray diffrac-
tion (XRD) with Cu Ka radiation using Rigaku RINT
2400 after covered with polypropylene film to prevent the
evolved oxidation reaction with air. The open-circuit poten-
tial and charge—discharge characteristics of test electrodes
treated by using the Li-organic complex solution contain-
ing 0.25 mol dm~3 naphthalene were investigated by using a
three-terminal test cell with metallic Li foil as counter and ref-
erence electrodes in the electrolyte of ethylene carbonate and
diethyl carbonate mixed solution containing 1.0 moldm™3
LiClOy4. The open-circuit potential of test electrode was mea-
sured after 30 h rest after the cell fabrication and its discharge
test was then conducted. The electrode was discharged to
3.0V versus Li/Li* at the current density of 0.028 A g~!. The
measurement of LisTisO, electrode with no Li-doping was
charged down to 1.0V versus Li/Li* at the beginning and
then discharged to 3.0V versus Li/Li* at the same current
density of 0.028 Ag~!.

3. Results and discussion

Li* ion concentration in the Li-organic complex solu-
tion was investigated using different solvents as a function
of amount of naphthalene. The change in Li* ion saturated
concentration of the Li-organic complex solution with BME
and DME solvents is shown in Fig. 1. The value of Li* ion
concentration for BME is found to be drastically increased
compared with the case of DME. The value of the former
becomes to be saturated at around 0.2moldm™3 beyond
0.1 moldm™3 naphthalene concentration, but for the latter
case, the value tends to be increased gradually still beyond
the naphthalene concentration of 0.5 mol dm™3 and its value
is only 0.12mol dm~3. The reason of high value for BME
is considered to be that Li* ion in BME solvent becomes to
be more solvated because of its polarity with the asymmetric
structure than that in DME with its symmetric structure. That
is to say, Li* ion concentration is controllable by the selection
of appropriate solvent and amount of naphthalene.

The change in open-circuit potential of LisTisO1; elec-
trode is shown in Fig. 2 as a function of immersion time in the
Li-organic complex solution of BME or DME solvent. The
open-circuit potential is found to be drastically decreased at
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Fig. 1. Effect of naphthalene concentration on saturated Li* ion concentra-
tion of Li-organic complex solution with (@) BME or (A) DME solvent.

the beginning of immersion for both cases. The potential in
BME and DME was reached to the constant value of 0.20 and
0.38 V versus Li/Li* after 10 h immersion time, respectively.
This result shows that the reduction reaction of Li-doping into
LigTi5O1, proceeds with the immersion time in Li-organic
complex solution. The change of potential behavior by the
different solvents is also considered to be due to the above-
mentioned effect of Li* ion interaction with kinds of solvents.

XRD patterns of LigTi5O1, electrodes with immersion
time of 0.00, 0.17, and 3.00 h in the Li-organic complex solu-
tion of BME are shown in Fig. 3. The sharp peaks assigned to
spinel Lig TisO1, with a face-centered cubic lattice are clearly
confirmed on the sample of electrode before Li-doping pro-
cess. The peak position with immersion time is found to have
no change, while the intensity is decreased slightly with its
immersion time. This means that Li* ion is clearly doped
into LisTisO1, with the immersion in Li-organic complex
solution.

The charge and discharge characteristics of LisTisO1;
electrode after Li-doping process are shown in Fig. 4. The
electrode shows very flat potential plateau at around 1.55V
Li/Li*. The corresponding reaction is expressed by one elec-
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Fig. 2. Change in open-circuit potential of Li4 TisO1; electrode as a function
of immersion time in Li-organic complex solution with (@) BME or (A)
DME solvent containing 0.25 mol dm—> naphthalene.
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Fig. 3. XRD patterns of Lis Tis O, electrode with different immersion times
in Li-organic complex solution with BME solvent containing 0.25 mol dm~—3
naphthalene.

tron change reaction according to the following equation
described below [7]

1/3(LisTisO12) + Lit +e” = 1/3(Li7TisO12) @))

The value of charged electricity and discharge capacity was
155.7 and 154.1 mAhg~', respectively, resulting in very
small irreversible capacity of 1.6mAhg~!. The discharge
capacity of LisTisO1; electrode after Li-doping process with
immersion time of 0.00, 0.17, 0.50, and 3.00h in the differ-
ent solvents of BME and DME are shown in Figs. 5 and 6,
respectively. The discharge capacity in both cases is found to
be increased with the immersion time and its potential plateau
is appeared at around 1.55V versus Li/Li*. In addition, the
electrodes after long time immersion of 3.00h is also found
to show the additional small capacity appeared the potential
range between 0.0 and 1.0V versus Li/Li* by the discharge
reaction of further reduction product of metallic Li compound
with Ti formed at the less noble potential than that of reac-
tion (1). From the consideration of the observation of very
small irreversible capacity of 1.6 mAh g~ at such a low cur-
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Fig. 4. Charge and discharge characteristics of Li4 TisO1; electrode with no
Li doping process.
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Fig. 5. Initial discharge characteristics of LisTisO1; electrode with immer-
sion time of () 0.00h, (O) 0.17h, (V) 0.50 h, and (CJ) 3.00 h in Li-organic
complex solution with BME solvent containing 0.25 mol dm~3 naphthalene.

rent density of 0.028 A g~! to minimize the influence of the
contribution of reaction polarization, the observed delivered
capacity of test electrode is to be assumed to be equal to
the amount of Li doped into LisTisO12. The change in the
discharge capacity of LisTisO1, electrode in different sol-
vents of BME and DME is shown in Fig. 7 together with
the amount of doped Li of X in Lis4xTisO1;. The contribu-
tion capacity observed in the potential range from 0.0 and
1.0V versus Li/Li* was eliminated for the plotted discharge
capacity in order to focus only on the discussion of Li-doping
reaction (1). The discharge capacity of electrode for BME is
found to be more drastically increased than that for DME
with the immersion time. The value of the former reaches to
161.3 mAh g~! of which value is corresponding to X =2.77 at
the immersion time of 3.00 h. The value of the latter reaches to
144.1 mAh g~!, corresponding to X =2.47 at the same time.
The chemical reaction is considered to be promoted by the
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Fig. 6. Initial discharge characteristics of Li4TisO1; electrode with immer-
sion time of () 0.00h, (A) 0.17h, () 0.50h, and (V) 3.00 h in Li-organic
complex solution with DME solvent containing 0.25 mol dm~3 naphthalene.
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Fig. 7. Change in initial discharge capacity and Li doping amount of
LisTisO1; electrode with different immersion times in Li-organic complex
solution with (@) BME or (o) DME solvent containing 0.25 mol dm™3 naph-
thalene.

following reaction

Li + CgHjo— [Li* CgHjo* ] ()

LisTisO12 + X[Li" CgH0® "] = Lis1xTisO12 + XCgHio
(3)

Namely, naphthalene serves as a catalyst function in reaction
(2) followed by (3). In other words, the reaction mechanism
of Li-doping is considered to be through the process of inser-
tion of Li* ion in addition to an electron from naphthalene
radical anion with electron affinity in ether solvent in which
the radical ion is transformed into the original naphthalene
after Li-doping into LisTisO1;. The function of naphthalene
is therefore regarded to be catalyst for the reaction mecha-
nism.

For the further understanding of the chemical reaction rate
constant involved in the above-mentioned Li-doping reaction,
the calculated value In(1/1 — Y), where Y is mole ratio of
resultant LigxTisO12 to starting material Lis Ti5O12, is also
shown in Fig. 8 as a function of root of immersion time in the
Li-organic complex solution with BME and DME solvents. It
was turned out that the value In(1/1 — Y) is increased linearly
with root of immersion time and the slope of the distinct
straight line on BME is larger than that on DME. The slope
of line is regarded to be corresponded to the rate constant k
of reaction (3) as the rate determining process. The relation
is empirically derived as follows

In(1/1 —Y) = ke'/? “

The rate constant calculated from the data on BME and
DME were 5.10 and 2.78 x 1074 §~1/2, respectively. Thus,
the chemical reaction was found out to be strongly depen-
dent on the kind of solvent used for the Li-organic complex
solution. The rate constant of chemical reaction has been
also estimated in the case using BME and DME solvents as
described above. The amount of doped Li X for Lig4xTisO12
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Fig. 8. Slope of distinct straight line in the relationship between In(1/1 — Y)
and /7 of LisTisOy, electrode in Li-organic complex solution with (@)
BME or (o) DME solvent containing 0.25 mol dm ™~ naphthalene. Y is molar
fraction of Li-doping materials of Li; TisO12 and ¢ is immersion time.

(X>0) is controllable at room temperature from the selection
of solvent and naphthalene concentration for the Li-organic
complex solution as shown in Fig. 1. The Li-doped product
will be able to combine non-lithiated positive active material
such as FeOOH, NiOOH, and MnO; to realize new Li-ion
cells.

4. Conclusions

Lig4+xTisO12 (X > 0) negative active material has been suc-
cessfully synthesized by a new chemical Li-doping method
into LisTisO1, with immersion at room temperature in Li-
organic complex solution obtained by dissolving metallic Li
and naphthalene in different solvent of BME or DME. The
reaction mechanism of Li-doping is considered to be through
the process of insertion of Li* ion in addition to an elec-
tron from naphthalene radical anion with electron affinity in
ether solvent in which the radical ion is transformed into the
original naphthalene after Li-doping into LigTisO1> so that
naphthalene serves as a catalyst function in the chemical Li-
doping reaction.

The chemical reaction was found out to be strongly depen-
dent on the solvent used for the Li-organic complex solution.
The value In(1/1 —Y), where Y is mole ratio of resultant
Li;TisOq, to starting material Li4Ti5O12, was found out to
be increased linearly with root of immersion time and the
slope of line using BME is larger than that using DME. The
rate constant calculated from the slope of this distinct straight
line for BME was found out to be greater than that for DME,
and the value was 5.10 and 2.78 x 10™* S~12, respectively.
The Li-doped product of Lisg+xTi5O17 (X>0) was also found
to be controllable at room temperature by the selection of
appropriate solvent and naphthalene concentration for the
Li-organic complex solution. Therefore, the new chemical
method will be extended to the application for non-lithiated
positive active material of FeOOH, NiOOH, and MnO, for
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lithium secondary cells with metallic lithium or its alloy
resulting in the realization of new lithium-ion cells.

References

[1] L.D. Noailles, C.S. Johnson, J.T. Vaushey, M.M. Thackeray, J. Power
Sources 81/82 (1999) 259.

[2] R.K.B. Gover, J.R. Tolchard, H. Tukamoto, T. Murai, J.T.S. Irvine, J.
Electrochem. Soc. 146 (1999) 4348.

[3] R.K.B. Gover, J.T.S. Irvine, J. Solid State Chem. 141 (1998) 365.

[4] J. Akimoto, Y. Gotoh, Y. Oosawa, N. Nonose, T. Kumagai, K. Aoki, H.
Takei, J. Solid State Chem. 113 (1994) 27.

[5] E. Rossen, J.N. Reimers, J.R. Dahn, Solid State Ionics 62 (1993) 53.

[6] T. Ohzuku, A. Ueda, N. Yamamoto, J. Electrochem. Soc. 142 (1995)
1431.

[7] K. Zaghib, M. Armand, M. Gauthier, J. Electrochem. Soc. 145 (1998)
3135.

[8] K. Zaghib, M. Simoneau, M. Armand, M. Gauthier, J. Power Sources
81/82 (1999) 300.
[9] J. Jiang, J. Chen, J.R. Dahn, J. Electrochem. Soc. 151 (2004) A2082.
[10] A. Guerfi, S. Sevigny, M. Lagace, J. Power Sources 119 (2003) 88.
[11] P. Reale, S. Panero, B. Scrosati, J. Garche, M. Wohlfahrt-Mehrens, M.
Wachtler, J. Electrochem. Soc. 151 (2004) 2138.

[12] K. Ariyoshi, S. Yamamoto, T. Ohzuku, J. Power Sources 119/121
(2003) 959.

[13] J. Maruta, H. Yasuda, Y. Fujita, M. Yamachi, Electrochem. Soc. Proc.
97 (1997) 151.

[14] H. Sasaki, H. Yasuda, M. Yamachi, GS News Technical Report 60
(2001) 12.

[15] K. Amine, H. Yasuda, M. Yamachi, J. Power Sources 81/82 (1999) 221.

[16] A.Funabiki, H. Yasuda, M. Yamachi, J. Power Sources 119/121 (2003)
290.

[17] M. Hibino, H. Kawaoka, H.S. Zhou, 1. Honma, J. Power Sources 124
(2003) 143.

[18] H. Kawaoka, M. Hibino, H.S. Zhou, 1. Honma, J. Power Sources 125
(2004) 85.



	Mechanism of Li-doping into Li4Ti5O12 negative active material for Li-ion cells by new chemical method
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


