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Abstract: Li[ Li;;3Tis304] spinetframework structure material is a kind of great interest for negative electrodes in ener

gy storage cell. The synthesis of nanocrystalline Li[ Lij;3Ti5/304] by soFgel method using inorganic compounds and citric

acid is developed,

and single phase powder is obtained above 700 ‘C. The electrochemical performances

of Li[ Li;;3Ti5304] cathodes in lithium cell are studied. Special capacities are 131 mA*h*g™ "at 0.5C rate and 154 mA*

heg” Lat 0.1C in cycle test. No passivation layer is formed on Li[ Lij;3Tis,304] anode in lithium ion battery, and it is

much safer than lithium metal and carbonaceous anodes. Faradic impedance in the charged cell is remarkably higher than

that in discharged state, which is caused by distinct conductivities of Li[ Lij;3T1is/304] and Liy[ Lijy3Tis304] .
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1 INTRODUCTION

Spinel Li[ Lij/3Tis;304] is a very attractive elec
trode material for its excellent cycle life and promising
charging rate in rechargeable energy storage cells.
During electrochemical reactions consisting of electron
and lithium ion insertion into or extraction from it,
its lattice constant changes very slightly, so it is con-
sidered a “zero-strain” insertion compound' ™. This
material was successfully used as anode coupled with
high potential cathode materials ( LiMny04, LiCoO;
or active carbon fiber) to provide a cell or hybrid su-
percapacitor with an operating voltage of 2.5 VI*®!
The electrochemical behavior of Li| Lij;3Tis/304] has
already been studied by previous authors'” ', There
is a plateau at around 1. 55 V vs. Li/Li" corre
sponding to the two-phase coexistence of the initial
spinel and a phase of stoichiometry Lip [ Liy3-Tis/3
04] (3- 91 In the spinel notation of Li[ Lii;3=Tis/304],
lithium ions occupy all tetrahedral 8a sites, lithium
ions and titanium ions are located at octahedral 16d
sites with ratio of Li: Ti= 1: 5, and oxygen ions are at
32e sites. During the interaction of Li" into the Li
[ Liy3Tis304] structure, Li" begins to occupy 16c
sites. Then Li" in the tetrahedral 8a sites also mi
erates to 16c¢ sites. Eventuallv. all 16¢ sites are occu-
pied by Li ions. The process of the insertion of Li"
into Li[ Lij;3Tis;304] spinel structure was described

as follows:
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1.5V vs. Li/Li" (1)
Each Li[ Liy3Tis;304] can accommodate one
lithium ion. The theoretic specific capacity corre-
sponding to the Eqn. (1) is 175 mA<h*g™ ', and its

practical specific capacity is 120 ~ 165 mA*heg™ '.
Electrochemical performance of transition metal
oxides depends on starting materials and preparation
conditions. In most studies, Li[ Li;;3Tis;304] have
been synthesized by a solid-state reaction of anatase
TiO2( anaTi02) with Li,CO3 or LiOH * H,0. This
process requires high temperature (800 = 1 100 C),
long time and repeatedly grinding and calcina

(3. 4 1 suffer

tions These conventional methods
from inherent disadvantage of inhomogeneous mixing
of solid constituents giving rise to local compositional
variations, which can be eliminated by long-time dif-
fusion of reactant ions or repeated calcinations and
grinding. The processes may result in non-homogene-
ity, irregular morphology, large particle sizes, broad
particle size distribution, poor control of stoichiome-
try, and contaminating from the grinding media af-
fecting the ultimate properties of interest. Sokgel is a
desirable method for preparing electrode materials
with good homogeneity, uniform morphology, and

. . . 12
narrow size distribution' !

Studies on the prepara-
tion of nanocrystalline Li[ Li;;3Tis;304] by solgel

method are scarce. Expensive organic compounds are
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commonly used as raw materials
we report the synthesis of nanocrystalline Li[ Lij/3
Tis/304] using the solgel method by inorganic com-
pounds and nitric acid. Characteristics and electro-

chemical behaviors of the product are discussed.
2 EXPERIMENTAL

2.1 Synthesis of Li[ Li1/3Ti5/304]

Analytical reagent grade TiCl,, HCl, LiOH °
H,0, C3H4(OH)(CO;H)3 and NH3*H,0 were used
as starting materials. TiCly is a very volatile and exci-
tive liquid. In order to be convenient, TiCL-HCI so-
lution was prepared by dissolving TiCly in 3 mol*L™ '
HCI with ice water bath. Titanium content was anal-
ysed gravimetrically as TiO» by calcinating the Ti
(OH) 4 precipitate.

LiOH * H,O and TiCl-HCl solutions were re
spectively added into CsH4(OH) (CO2H)3 and NHs*
H,0 aqueous solutions in proportion corresponding to
stoichiometric Lisy3Tis/304 composition. The mixture
was agitated and heated until forming thin-brown sol
at 70 ~ 80 C, and then dried to form loose drying
straw yellow gel at 150 C. White powder of spinel
Li[ Lii/3Tis,304] was obtained by calcinating the gel
in air at 800 C for 4 h. A flow chart of the synthesis

procedure is shown in Fig. 1.

I Titanium salt+citric acid+NH, - H,O ]

LiOH-H,0

| Clear splution ]

Drying at 80 'C

[ Light brawn sol 1

+——— Drying at 150 T

j Precursor '

-——— Sintering at 300 °C

| Li,Tis0,, powder|

Fig. 1 Flow chart for synthesis procedure of
LisTi5012 by solgel method

2.2 Characterizations

The thermogravimetric and differential thermal
analysis(TGA-DTA) were performed with & Al,O3 as
the reference substance at a heating rate of 20 C-

min~ ', and an air flow of 100 mL * min~'. The

structure and morphology of the oxide powder pre-
pared were characterized by several techniques. Pow-
der X-ray diffraction( XRD) patterns were collected
using a D/ max-rA diffractometer ( Japan) with Cu K¢
radiation( A= 1. 540 56 U) over the range 10° <20 <
70°. Li[ Liy3Tis;304] particle size distribution was
determined by laser particle analyticlmeter ( CILAS
1064 Liquid). The scanning electron microscope
(JSM-5600LV) was used to observe the morphology
and agglomeration.

The Li/Li[ Li;;3Tis;304] coin cells were con-
structed for the electrochemical tests. The composite
cathode was prepared by suspending 80% active ma-
terial, 10% acetylene black and 10% ( mass fraction)
polyvinylidene difluoride( PVdF) binder in N-methyl
pyrrolodone( NMP). The slurry was painted on Al
foil with a doctor blade. The electrodes were dried
under vacuum at 150 C for 10 h before using. Lithi
um foil was used as anode and reference, and 1 mol/ L
LiPFs in ethylene (EC)/1, 2
dimethoxyethane (DME) solution (1 1 in volume) as
electrolyte. The cells were assembled in a high purity
argon filled glove-box. All the electrochemical tests

carbonate

were carried out at room temperature. Cyclic voltam-
mogram, charge/ discharge tests and AC-impedance
spectra measurement were carried out using CHI660B
electrochemical work station system.

3 RESULTS AND DISCUSSION

3.1 Synthesis and characterizations

Fig. 2 shows TGA and DTA curves of the fresh
precursor powder. Mass loss of 3% below 200 C,
and that the precursor powder changes gradually yel-
low are due to the partially decomposition or oxidation
of citric acid and evaporation of water. The second
net 15% mass loss, and that the precursor gel has
converted brown, show that oxidation of citric acid
and decomposition of its ammonium salt correspond to
an endothermic peak at 247 ‘C. The third net 55%
mass loss between 300 'C and 500 C can be ascribed
to complexes decomposition and the combustion of re-
dundant carbon from the decomposition of citric acid
in accordance with two strong exothermic peaks at
436 C and 483 Cin the DTA curve. This is the evi-
dence of thermal decomposition of titanium complex
with citric acid ', There isn't any mass loss ranging
500 C to 900 C and endothermic or exothermic
peak. No clear exothermic peak corresponding to Li
[ Liij3 Tis;3 O4] crystallization is found; and it has
been probably formed during the strong exothermic
process. Such assumption has been confirmed with X-
ray diffraction pattern obtained when the sample was
heated at 483 C.

Orthogonal tests indicate that higher special ca-
pacity of Li[ Lij;3Tis;304] is delivered by precursor
calcined at 800 for 4h in air. According to TG-DT
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Fig.2 TGA-DTA curves of precursor pow der

analysis, X-ray diffraction measurements were carried
out for the gel precursor calcined in air at different
temperatures for 4 h. The XRD patterns of pow ders
obtained are shown in Fig. 3. There are many peaks
corresponding to Li [ Liy3Ti5304] ( signed in Fig. 3
(800 C)) and Li,Ti03, anaTiO; etc (signed in Fig.
3(483 C)) in the sample heated at 483 C, which
are in accordance with the chemical transformation in
the precursor powder toward Li[ Liy3Tis304], Lr
rich phase Li,Ti03, anaTi0; and unsharpness LiO.
Only the diffraction peaks of Li[ Lii; 3T i5/304] are ob-
served (in Fig. 3(700 C) and (800 C)), and the
other phases are not found in the samples after fired
at above 700 ‘C, which indicates that the rate of scat-
ter of Li* and Ti" ions in the reaction is quickened
with increasing temperature. All peaks of Li[ Lii3
Tis/304] in Fig. 3(800 C) are sharper than those in
Fig.3(700 C), which shows that crystalline growth
of single phase Li[ Lij;3Tis,304] have occurred. The
XRD pattern of the powder calcined at 800 T is
shown in Fig. 3(800 C) with a lattice parameter of a
= 8.365 U, which is in good agreement with refer-
ences [ 1, 3, 5]. Crystallite size was calculated by us-
ing the Scherrer formula: D= 0.9 ¥ Bcos6, where D
is the crystallite size in nm, Ais the radiation wave
length (0. 154 056 nm ), 0 is the diffraction peak an-
gle and Bis the line width at half peak intensity. The
crystallite size estimated from X-ray line broadening
of the (111) peak is 36 nm.

Fig. 4 shows the scanning electron microscopy
(SEM) images of the sample calcined at 800 T,
which reflect the porous agglomerate nature of the
fine powder and irregular morphology. The particle
size is about 1. 0 Pm, which is in good agreement
with laser particle size distribution analysis (in Fig.

5).

3.2 Electrochemical analysis
The cyclic voltammetric curves for a sokgel
Li[ Li1/3Tis/304] electrode are shown in Fig. 6. The

voltage was circularly scanned between 2. 5 and
1.0 V at a scanning rate of 0. 2 mV*s™ . One reduc

& — Li4sTiss0O
o— Anatase
¢ — Li2Ti(Os

483 °C

10 20 30 40 50 60 70

Fig. 3 XRD patterns of precursors calcined
at 483 C, 700 C and 800 C

Fig. 4 SEM images of Li[ Lii/3T1i5304] sample
calcined at 800 C for 4 h in air

tion and oxidation process appears, which is in a
greement with the previous reports by other meth-
odst™ 31,
cathodic and anodic peak potential respectively located
at 1.26 V and 1. 83 V. The difference between the
cathodic and anodic peak potential is about 0.6 V. It
is probably caused by the different synthesis pro-

It is characterized by the corresponding
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Fig. 6 Cyclic voltammogram of Li/
Li[ Lii/3Tis/304] cell at scanning rate of
0.2 mVes !

cess'”'. The reduction peak and oxidation peak cur-

14 Which is possibly associated

rent is not symmetric
to the conductivity of titanate lithium (refer to AC
impedance tests) .

Fig. 7 displays the charge and discharge behavior
of Li/ Li[ Liy/3Tis/304] cell at constant current densi-
ty at 20 ‘C. The initial open-circuit voltage is 2. 8 ~
3. 1 V. During the discharge, the voltage drops
quickly down to below 2.0 V and decreases until the
voltage reaches about 1. 55 V, after the voltage does
almost not shift corresponding to the two-phase coex-
istence, and 80% of above discharge capacity is in
this process. When the discharged cell is charged, the
voltage follows just the above process in the reverse
direction. The special capacity of the first discharge is
about 189 mA*heg .
selected from one cycle test are also shown in Fig. 7.
The cell exhibits 154 mA<*h*g™ ' of rechargeable ca-
pacity at C/ 10 rate between 1.0 V and 3.5 V, and
131 mA*h*g ' at C/2 rate between 0. 8 V and
3.5V, which does not fade rapidly upon 50 cycles.

At openrcircle potential following full charge and
discharge, AC impedance analysis was carried out in

the frequency range of 100 kHz~0.01 Hz with 5

The charge-discharge curves

Capacity/(mA-h-g-!)

Fig. 7 Charge/ discharge cycling profiles of
Li/ Li[ Lii/3Tis/304] at different constant current

mV amplitude. The Nyquist plots of the cell are pre-
sented in Fig. 8. A single semicircle displays along the
real axis in the high frequency rang. At middle and
low frequencies, a straight line inclines to the real ax-
is with an angle of 45°, corresponding to the Warburg
impedance. Two main characteristics are observed.
The first one is the absence of a second semicircle re-

4Tt ap

lated to the presence of a passivation layer!
pears that the passivation free Li[ Li;/3Tis304] anode
in lithium ion battery is much safer than either lithi
um metal or carbonaceous anodes'”'.
is the higher value of the Faradic impedance at states
charged in comparison with the states discharged, but

their ohm impedances are the same. It is possibly due

The second one

to the intrinsic electrical conductivity of lithium ti

tanate[ 4

, because the conductivity of Li[ Lii/3Tis/3
04] is only 107 ?S*em™ ?; on the contrary, the conduc

tivity of Lip[ Lii/3Tis304] is as high as 10~ *Seem” 2.
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Fig. 8 AC impedance spectra of Li[ Lij;3Tis/3] O4

cell at charge and discharge states

4 CONCLUSIONS

Single-phase spine Li[ Lij;3Tis,304] was success
fully synthesized from citric complexes of titanium

and lithium by solgel method above 700 C for 4 h in

air. The powder prepared is irregularly porous ag-
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glomerate of nanocyrstalline Li[ Lij;5Tis;304], and
mean particle size is about 1.0 Pm. The electrochem-
ical properties of Li[ Lii/3Tis304] electrodes in lithi
um cells were tested using voltammetric, charge dis-
charge and AC impedance experiments. The powder
prepared at 800 C for 4 h has higher specific capacity
and excellent cycle-life. No passivation film formed
on the surface of an anode indicates that Li| Liy 3T is/3
O4] anode is much safer for battery operation than er
The dis
tinct electrical conductivities of the oxides take differ
ent effects to their electrochemical performance.

ther lithium metal or carbonaceous anodes.
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