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Abstract

Growing interest has been focused on the development of lithium salts with fluorine atoms and on their application to electric vehicles. We
have investigated the electrolytic properties of lithium tris[3-fluoro-1,2-benzenediola®@@Jphosphate (3-FLTBP) and lithium tris[1,2-
benzenediolato(2-p,0']phosphate (LTBP) and the discharge characteristics of prototypeQi/®ells containing ethylene carbonate (EC)-
based chain carbonate or EC-based tetrahydrofuran (THF) binary solutions. The introduction of fluorine atoms into a chelatophosphate
anion can lead to an increase of conductivity in spite of the enhanced viscosity. Furthermore, we report the coulombic efficiency of the
deposition/dissolution cycling for a lithium metal (cycling efficiency of a lithium anode) and the morphology of passivating films formed on a
Ni electrode surface in the EC-chain carbonate and the EC-THF binary systems. The addition of a small amount of the 3-FLTBP to EC-based
chain carbonate binary solutions containing LjRfproves the cycling efficiency. When the cycling efficiency becomes higher, it is found
by scanning electron microscope (SEM) that the surface film consists of grains of regular size and that the thickness is relatively thin.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction luoromethyl)ethylenediolato(2-Qp,0O']borate. These chelate
compounds can be more stable than the corresponding non-
There has been a growing demand for the developmentchelated analogs because of the chelate effect. Recently,
of novel electrolyte salts for lithium batteries with high en- lithium tetrakis(haloacyloxy)borate, Li[B(OCORX) has
ergy density and excellent rechargeability. The introduction been reported11]. The Li[B(OCORX)] is easily solu-
of fluorine atoms into electrolyte anions can lead to enhancedble in common aprotic solvents and exhibits high con-
conductivity and excellent oxidation durability. Lithium salts  ductivity and excellent oxidative durability. However, the
of chelate compounds are known to be highly thermally sta- Li[B(OCORX)4] is non-chelated organoborate and thermally
ble as compared to common lithium salts. Barthel et al. re- unstable.
ported a series of lithium chelatoborates with aromatic rings ~ Sasaki and co-workers at first synthesized three lithium
[1-6], such as lithium bis[3-fluoro-1,2-benzenediolato(2- chelatophosphates: lithium tris[1,2-benzenediolato(2-)-
)-O,O'Jborate. Angell and co-workers synthesized more O,0'|phosphate (LTBP)12], lithium tris[4-methyl-1,2-ben-
soluble and electrochemically stable lithium orthobo- zenediolato(2-9,0'|phosphate (4-MLTBP) [13], and
rates based on weakly coordinating anions with aliphatic lithium tris[3-fluoro-1,2-benzenediolato(2€);0'|phos-
chelate ligandg7-10], such as lithium bis[1,2-tetra(trif- phate (3-FLTBP)[14]. They indicated the substituent
effect on the thermal and the electrolytic behavior. Re-
* Corresponding authors. Tel.: +81 46 242 9530 fax: +81 46 242 3000. CENtly, Barthel and co-workers also reported three lithium
E-mail addressesianbu@chem.t-kougei.ac.jp (N. Nanbu), chelatophosphates including the LTBP and the 3-FLTBP
sasaki@chem.t-kougei.ac.jp (Y. Sasaki). [15].
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In the present paper, we report the detailed data for the 3. Results and discussion

electrolytic properties of 3-FLTBP and LTBP and the dis-

charge characteristics of prototype Li¥s cells contain- 3.1. Conductivity and viscosity

ing ethylene carbonate (EC)-based chain carbonate or EC-

based tetrahydrofuran (THF) binary solutions. Moreover, we  Conductivity of an electrolyte solution is of practical im-

have investigated the coulombic efficiency of the deposi- portance, because it determines the internal resistance and

tion/dissolution cycling for a lithium metal (cycling effi- rate performance of the battefyig. 1 shows the variations

ciency of a lithium anode) and have studied the morphol- of specific conductivityK) of EC-based binary solutions con-

ogy of passivating films formed on a Ni electrode surface taining 0.5 mol dn2 LTBP or 3-FLTBP with respect t¥y

by scanning electron microscope (SEM), in the EC-chain at 25°C. The symbolX;y denotes a mole fraction of a low-

carbonate and the EC-THF binary systems. The relation-viscosity solvent (THF, DMC, EMC, or DEC). Since the

ship between the cycling efficiency and the morphology is solubility of the chelate compounds in the binary solvents

described. was less than 1 mol dnd, the concentration of the lithium
salt was adjusted to 0.5 mol dth It is well-known that the
blending of a high-polarity solvent and a low-viscosity sol-

2. Experimental vent results in the synergistic effect on the conductivity; the
conductivity of the electrolyte solution can become higher
2. 1. Materials than that in either one-component solvent system. However,

the specific conductivity of the EC-DEC solution contain-

The synthesis and purification of LTBP2] and 3-FLTBP ing LTBP decreased with increasing the mole fraction of the
[14] were previously described. Commercial reagent grade DEC, and the mole fraction of the maximum conductivity
of LiPFg was used as received. Ethylene carbonate (EC),Was not observed. This finding is characteristic of a binary
dimethyl carbonate (DMC), ethylmethyl carbonate (EMC), Solution in which viscosity of the low-polarity component is
and diethyl carbonate (DEC) used were battery grade. Com-Vvery high. The EC was solid at 2&, and the EC-DEC mix-
mercial tetrahydrofuran (THF) was purified by refluxing tures containing the electrolyte salt were solidified under the
overnight with LiAlHg, followed by fractional distillation ~ mole fraction of 0.3 with respect to the DEC.

[16]. The distilled THF was dehydrated by purified molecular ~ The conductivity of the binary solutions decreased in

sieves (4A) before preparation of the solutions. the following descending order: EC-THF>EC-DMC>
EC-EMC > EC-DEC. This finding can be explained in terms
of the viscosity and relative permittivity of the solvent. As a

2.2. Apparatus and measurements general rule, conductivity of an electrolyte solution is affected
by ionic mobility, the charge numbers of ions, the concentra-

Specific conductivity of electrolyte solutions was mea- tion of the electrolyte salt, and the degree of electrolytic dis-
sured by using a conductometer (Toa Electronics, Model CM- sociation of the salt. The ionic mobility relates to viscosity of
60S) with a cell (Model CGT-511B). A prototype LipDs the electrolyte solution, while the degree of electrolytic dis-
(Toshiba Battery Co. Ltd.) cell (Hohsen Co.) equipped with a sociation of the electrolyte salt depends on the permittivity

glass filter (Advantec Toyo GA-100) as a separator was usedof the medium, ion sizes, and the electronic structures of the
in the measurement of discharge curves at a constant current

density of 1 mAcnT? (1.84 mA). The energy output based

T T T

on mass of ¥Os (cathode material) was determined from the [ -2 o
discharge curves at a cut-off voltage of 2.5V versusii. o6l crne
Coulombic efficiency of the deposition/dissolution cycling Bt i

with respect to a lithium metal (cycling efficiency of a lithium Al
anode) was measured with a 6-channel charge/discharge

unit (Hokuto Denko, Model HJ-101SM6). A three-electrode

cell was used in the measurement of the cycling efficiency.
Lithium foil was employed as the auxiliary and the reference i
electrode. The cycling efficiency was estimated by a galvano-
static plating/stripping method reported by Koch and Brum-

mer[17]. The plating and the stripping current density were

—1

x/ mScm

1mAcm 2. The plated charge density was 300 mCémn B~ !
and the cut-off voltage was set-afl.0V versus LjLi* dur-
ing the anodic stripping process. Direct observation of the X

morphology of passivating films formed on a Ni electrode _ o _ . . -
face was carried out with a JEOL JMS-5310 SEM after Fig. 1. Specific conductivitiesc] of EC-based binary solutions containing
sur 0.5moldnT3 LTBP or 3-FLTBP at 25C as a function of a mole fraction

the 40th cycle. (Xpv) of a low-viscosity solvent (THF, DMC, EMC, or DEC).
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Fig. 2. Viscosity coefficientsy) of EC-THF binary solutions containing
0.5 mol dnT3 3-FLTBP or LTBP at 25C as a function of a mole fraction of
THF (XtHE).

electrolyte salt and the solvents. The values of the viscosity
coefficient of THF, DMC, EMC, and DEC at 2% are 0.46,
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Table 1

Specific energy obtained at a cut-off voltage of 2.5V vsLi from
discharge curves for EC-based equimolar binary solutions containing
0.5 mol dnT3 3-FLTBP, LTBP, or LiPF in Li/V 205 prototype cells at 25C.
Current density: 1 mA ciT? (1.84 mA)

Electrolyte Specific energy/Wh kg

EC-DMC EC-EMC EC-DEC EC-THF
3-FLTBP 300 240 190 350
LTBP 170 130 80 350
LiPFg 430 350 300 430

The conductivities of 3-FLTBP and LTBP were consider-
ably lower than that of LiP§: For example, the value of the
specific conductivity of an EC-DMC (mole ratio 1:1) binary
solution containing 0.5moldn? LiPFg is 9.66 mS cm?.
However, such lower conductivities are improved by mixing
with the LiPFs [14].

3.2. Discharge characteristics of Li$®s prototype cells

0.59, 0.65, and 0.75mPas, respectively. The values of the

relative permittivity of THF, DMC, EMC, and DEC at 2&

Fig. 3 shows discharge curves obtained for EC-chain

are 7.58, 3.12, 2.93, and 2.82, respectively. Therefore, theC@rbonate (DMC, EMC, or DEC) and EC-THF (mole ra-

cooperation between the permittivity and the viscosity leads
to a decrease of the conductivity of the electrolyte solution
in that order.

As the mole fraction of a low-polarity solvent increases,

tio 1:1) binary solutions containing 0.5 mol drh lithium
salt in Li/VoOs5 prototype cells at 25C. The values of
discharge capacity for 3-FLTBP were higher than those
for LTBP, but lower than those for LiRF Plateau poten-

the viscosity of the solvent mixed with a high-polarity solvent i@/ regions were narrow on the discharge curves for the

gradually decreases. The viscosity can be regarded as aninte
nal friction. The viscosity of an electrolyte solution increases

as compared to that of the solvent, because the electrolyte;

ions are solvated and the internal friction increaség. 2
shows the variations of viscosity coefficien) of EC-THF
binary solutions containing 0.5 mol dri 3-FLTBP or LTBP
with respect toXtyr at 25°C. The viscosity decreased in
the sequence 3-FLTBP > LTBP >solvent. A similar relation
holds for EC-DMC binary solutiongl4]. The viscosity of
the solution containing the lithium salt can be governed by

the size and mass of the anion. With increasing them, the

ionic mobility decreases. On the other hand, the conductivity
of the solutions containing 3-FLTBP was higher than that for
LTBP, as shown irFig. 1 A fluorine atom, which has the
powerful electron-withdrawing ability, disperses the charge
on the anion, and the degree of electrolytic dissociation of the
3-FLTBP is much higher than that for the LTBP4]. Thus,

the concentration of free ions becomes higher in the solution
of the 3-FLTBP, and the introduction of fluorine atoms into
the LTBP can lead to an increase of conductivity in spite of
the enhanced viscosity. In addition, since the anion mobility
of the 3-FLTBP is lower than that of the LTBP, the'Ldon-
ductivity or Li* transference number of the 3-FLTBP may

jithium chelatophosphates. The energy output per unit mass

of V205 (cathode material) determined from the discharge
curves at a cut-off voltage of 2.5V versuglLii* is shown

in Table 1 The magnitude of the specific energy strongly
depends on the smoothness for the insertion d&f ihto
V205, which can be governed by the conductivity, viscos-
ity and electrochemical stability of the electrolyte solution.
The order of the specific energy obtained was essentially
same as that of the conductivity in electrolyte solutions:
LiPFs>3-FLTBP >LTBP with respect to the lithium salt
and EC-THF > EC-DMC >EC-EMC >EC-DEC in regard
to the EC-based binary solvent.

3.3. Cycling efficiency of lithium anode and morphology
of surface films

Coulombic efficiency of the deposition/dissolution cy-
cling with respect to a lithium metal (cycling efficiency of a
lithium anode) reflects the reversibility in the procesbés.4
shows the variation of the cycling efficiency of a lithium an-
ode with the cycle number obtained for EC-based binary solu-
tions containing mixtures of LiRfFand lithium chelatophos-
phate at 25C. It was difficult to measure the cycling effi-

become higher. The idea that the charge delocalization in theciency for EC-chain carbonate (DMC, EMC, or DEC) so-

chelate anion accounts for the higher conductivity also holds
for lithium chelatobotate§18-20] These findings play an
important role in the design of novel electrolytes for lithium
batteries.

lutions of lithium chelatophosphate, because the efficiency
drastically decreased with increasing the cycle number. Thus,
mixtures of the lithium chelatophosphate and LgPkere
used as the electrolyte salts.
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Fig. 3. Discharge curves obtained for (a) EC-DMC, (b) EC-EMC, (c) EC-DEC, and (d) EC-THF (mole ratio 1:1) binary solutions containing 0.8 mol dm
lithium salt in Li/V2O0s prototype cells at 25C. Current density: 1 mA cr? (1.84 mA).
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Fig. 4. Variations of cycling efficiency of a lithium anode obtained for (a) EC-DMC, (b) EC-EMC, (c) EC-DEC, and (d) EC-THF (mole ratio 1:1) binary
solutions containing mixtures of LiRFand lithium chelatophosphate at 25 with respect to the cycle number. The plating and the stripping current density
were 1 mA cnT2. The plated charge density was 300 mCéyand the cut-off voltage was set-afl.0 V vs. LiLi* during the anodic stripping process.
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(d) 0.5 mol dmi® LiPFs / EC-THF

(e) 025 mol dn™®3-FLTBP+ 025 mol dni™ LiPFs / EC-THF

28kY KT, 500 Spm 181399
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Fig. 5. SEM photographs obtained after the 40th deposition/dissolution cycle of lithium.

The cycling efficiency for EC-chain carbonate (mole ratio hand, the EC-chain carbonate binary solutions showed the
1:1) binary solutions increased with increasing a mole ratio lowest cycling efficiency over the range of high cycle num-
of LiPFg to 3-FLTBP. The values for equimolar mixtures of bers in the absence of the 3-FLTBP. The differences in the
LiPFg and 3-FLTBP were less than 55% beyond the 30th cy- cycling efficiency described above were reflected in SEM
cle. Moreover, the cycling efficiency for the EC-EMC and photographs on a Ni electrode. The SEM photographs shown
the EC-DEC solution decreased rapidly with increasing the in Fig. 5were obtained after the 40th deposition/dissolution
cycle number. However, in the case of a 9:1 mole ratio, the cycle of lithium. The morphology of the surface film was
values were highly steady and were close to 70% over thehomogeneous for the EE€DMC binary solution containing
range of high cycle numbers. The addition of a small amount 0.45 moldm3 LiPFg+0.05moldnt® 3-FLTBP. The sur-
of 3-FLTBP can improve the morphology, thickness, density, face film consisted of grains of regular size, and the thickness
and chemical composition of a surface film formed by the seemed to be relatively thin. Similar morphology of the sur-
reaction with lithium deposited on a Ni working electrode face film was observed for ECEMC and EC-DEC binary
and hence can decrease the interfacial resistance between theolutions. On the contrary, the morphology of the surface film
electrode and the electrolyte solution. Reductive-degradationwas coarse and heterogeneous for the- BMC binary solu-
products of the 3-FLTBP on the lithium anode may form a tion containing 0.5 mol dm? LiPFg. Particle- and fiber-like
passive film into which Li ion is permeable. On the other deposits were observed. The grain sizes of the surface film
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were very small for the EEDMC binary solution containing
an equimolar mixture of LiP§Fand 3-FLTBP. In addition, the
surface film seems to be relatively thick.

lithium batteries. The solutions containing the 3-FLTBP
showed higher conductivity than that for the LTBP in spite
of the enhanced viscosity. This is because the degree of elec-
The cycling efficiency for the EC-DMC binary solution trolytic dissociation of the 3-FLTBP is higher. The values
containing 0.45 mol dm? LiPFg + 0.05 mol dnm3 3-FLTBP of discharge capacity obtained for the 3-FLTBP in prototype
was higher than that in the corresponding binary system of Li/V 2Os cells were higher than those for the LTBP, but lower
LiPFs + LTBP over the range of cycle numbers investigated. than those for LiP§. The addition of a small amount of the
However, in the case of the EADEC binary solution, the  3-FLTBP to EC-based chain carbonate binary solutions con-
value for LiPF + 3-FLTBP was slightly lower after the 15th  taining LiPFs improved the cycling efficiency of a lithium
cycle. The introduction of fluorine atoms into the LTBP may anode and the morphology of passivating films formed on
change the chemical composition of the surface film, and the a Ni electrode surface. When the cycling efficiency became

difference can be reflected in the cycling efficiency.

higher, the SEM photograph obtained after the 40th cycle

The cycling efficiency for an EC-THF (mole ratio 1:1) showed that the surface film was uniform in grain sizes and
binary solution containing an equimolar mixture of 3-FLTBP that the thickness was relatively thin.

and LiPF was highly steady and ca. 70% over the range of
high cycle numbers. This value was comparable to that in
a one-component system of LiRFThe cycling efficiency
decreased when a mole ratio of Ligte 3-FLTBP increased
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