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Abstract A modified ball-milling-assisted green solid
reaction method is provided to prepare LisTisO;,/C com-
posite materials with controllable carbon content. Thermal
analysis was utilized to investigate the reaction process and
the temperature for eliminating carbon. The added carbon
and the time for eliminating the carbon can affect the
particle size and greatly improve the cycling stability and
rate performance. Besides, the particle size can reach
~60 nm, the LisTisO;, eliminated carbon at 600 °C has
~178% higher discharge capacity than that without added
carbon after 500 cycles under the same conditions. As for
the LiyTisO, with a carbon weight of 10.6%, the second
discharge capacity can reach 177.2 and 120.8 mAh g~ at
1 and 20 C rates, respectively. Its discharge capacity still
remains at 118.3 mAh g~' after 500 cycles under various
current rates. The results are comparable to those of the
reported LiyTisO»/PAS composite.

Keywords Li,TisO,, - Carbon - Composite - Synthesis -
Electrochemical performance

1 Introduction

Along with the increasing energy emergency, novel sus-

tainable power devices have attracted more and more
attention. A growing market demand for electric vehicles
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and power tools makes it very necessary to develop high
power batteries or hybrid capacitors. Electrode materials
are crucial for high power batteries or hybrid capacitors.
Among various materials, spinel LisTisO;, is a promising
candidate due to its unique advantages. During the process
of Lit intercalating/de-intercalating, its structure changes
so little that it is also called a “zero-strain” material [1-3].
Also, LisTisO, has good lithium ion mobility [4]. Its
structure can be indexed to the cubic Fd3m space-group.
According to the Faraday law, the theoretical capacity is
175 mAh g~ when three lithium ions insert/extract during
the discharge/charge process. The chemical diffusion
coefficient of LiyTisO;, is about 2 x 1078 cm? s~ one
order of magnitude higher than that of carbonaceous neg-
ative electrodes [5]. Li4TisO;, has a better thermal stability
performance than natural graphite [6]. Furthermore, it has
excellent properties such as good power characteristic, high
safety factor, long and stable voltage plateau at 1.5-1.6 V
versus Li*/Li where capacity concentrates, environmental
compatibility, and so on. A high working voltage allows
Li4TisO;, to adapt to many organic electrolytes without
reaction. In addition, Li4TisO;, can combine with many
electrode materials present in current batteries or capacitors
to obtain new power sources, like high power batteries or
hybrid capacitors.

In order to prepare LisTisO,,, multifarious methods such
as high temperature solid reaction [1-12], high energy ball
milling-assisted solid reaction [13], sol-gel [14-21],
hydrothermal synthesis [22], template synthesis [23, 24],
rheological phase method [25], and microwave method [26,
27] are under investigation. Solid reaction is attractive and
has been used in current industrial production of many
commercial electrode materials because of its simple
technics and relative, low cost. Special morphology or
particle size is needed to improve the performance of
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LisTisO, [8, 13, 17, 19, 20]. Because Li4TisOq, is insu-
lative, metal [11, 12] or carbon [7-10, 14, 15, 28] has been
added to improve its conductivity and electrochemical
performance. In contrast with the added metals, carbon has
a low mass density, but carbon is cheap for enhancing the
conductivity and affecting the morphology and the elec-
trochemical performance of LiyTisO;, [7-10, 14, 15, 28].
Furthermore, carbon can improve the diffusion coefficient
of lithium ions in Li4TisO, [9]. At present, carbon has been
widely adopted to enhance the performance of electrode
materials such as LiFePO, or LiCoO, in spite of the low
mass density because it has a low cost and is convenient to
be used. Additive carbon is mainly acquired from activated
carbon, carbon black, polymer, or organic materials. Acti-
vated carbon with high surface area is interesting for the
preparation of materials because of its small particle size.
As for the reports, the carbon added to the precursor is
burned out either in the first step or in the second step at a
high temperature, leading to a high energy cost and aggre-
gation of particles of the product. Furthermore, the carbon
content will also affect the performance of LisTisO;5.

In this study, a modified green solid reaction method with
a controllable carbon content to prepare LiyzTisO;, with
small particle size was provided: the precursor containing an
activated carbon with high surface area was calcined first in
an inert atmosphere at a high temperature to form LisTisO,
with a good spinel structure, and then the as-obtained product
was further calcined at a relatively low temperature to move
the partial carbon to obtain Li, TisO;, with various carbon
contents and particle size. It is expected to obtain a small
particle size and a good morphology of LisTisO;, by using
carbon with a high surface area as an inhibitor for the particle
growth in the forming process of LiyTisO;, and using the
gases from the carbon to break up the initial aggregation
formed in the high temperature process. Simultaneously, the
carbon content in the Li4Ti5O;, can be controlled effectively
by managing the added carbon and the eliminating carbon
process. As far as we know, the method has not been reported
until now. Various characterization results demonstrated that
the time for eliminating carbon greatly affected the particle
size and the electrochemical performance of Li,TisO,. The
function of the carbon in both the synthesis process and the
product was analyzed. The Li4TisO;,/C composite materials
with appropriate carbon content have good electrochemical
performances in respect of various current densities.

2 Experimental
2.1 Preparation

As shown in the schematic illustration, Fig. 1, a mixture of
Li,COj3 (battery grade, 99.65%), anatase TiO, (~20 nm,
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Fig. 1 Flow chart for preparing particular LisTisO;,/C composite

98.22%), a high surface area activated carbon
(~2000 m* g'), and a hexane dispersion solvent was
milled with stainless steel balls at 180 rpm for 24 h. In
order to study the influence of carbon on the performance
of the product, the same precursor without addition of
carbon was also prepared. The as-obtained black precursor
slurry was moved to a quartz tube furnace to be calcined at
800 °C in N, atmosphere for 12 h. Then, the resulting
product was further calcined at a low temperature for dif-
ferent durations under a controlled atmosphere to obtain
LiyTisO;, with varying carbon contents. In order to
develop a green technic for production, the exhaust gases
of carbon oxides as by-products could be adsorbed by a
LiOH solution to prepare Li,CO; material after being
transformed completely to CO, by blowing hot air.

2.2 Characterization

The products were characterized using transmission elec-
tron microscopy (TEM, JEOL JEM-100CX, Japan), scan-
ning electron microscopy (SEM, JEOL JSM-5900LV,
Japan), and X-ray diffraction (XRD). XRD was recorded
on a Philips X’Pert MPD diffractometer using Cu K«
radiation, 40 mA current, and graphite grid. In order to
analyze the reaction process and determine the carbon
content in the product, thermal analysis was performed
from 30 to 900 °C at 10 °C min~' ramp rate under a high-
purity nitrogen or air atmosphere using a NETZSCH STA
499C instrument, capable of simultaneous thermal gra-
vimetry (TG) and differential scanning calorimetry (DSC).
The room temperature conductivity was measured on a
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disc-shaped pellet (~30 MPa, ~3-mm thickness, and
~13-mm diameter) by a four-point probe meter (JK2812,
China).

2.3 Electrochemical measurement

Prepared lithium titanium oxide was mixed with 10 wt%
conductive acetylene black (Jiangxi Ganzhou Xinyang
Industrial Co., China) by ultrasonic vibration in ethanol for
10 min, and then the as-obtained composite was thor-
oughly homogenized in an agate mortar with 5 wt%
LA-132 binder (Chengdu Indigo Co., China) to make a
slurry to coat a cleaned copper current collector. The sheets
were rolled to get an appropriate thickness of 50 pm. After
being dried at 100 °C under vacuum for 8.0 h, they were
cut into 0.60 cm” wafers and used as working electrodes.
Metal lithium was used as the counter and reference elec-
trodes. The coin-shape lithium battery cells were assem-
bled in an argon-filled glove box by sandwiching a
microporous separator (Celgard 2400) between two elec-
trodes [13]. A 1.0 M LiPF¢/ethylene carbonate (EC)—die-
thyl carbonate (DEC) (1:1 in vol., Shenzhen Capchem
Chemicals Co. Ltd, China) was used as the electrolyte. All
the devices were tested between 1.0 and 3.0 V with con-
stant current charge/discharge cycles at 298 K using a
Neware battery-testing instrument (Shenzhen Neware
Technology Ltd, China) under various current densities.

3 Results and discussion
3.1 Thermal synthesis

The whole chemical reaction to prepare LiyTisOy, is as
follows:

2L12CO3 + 5T102 — Li4Ti5012 + 2C02 T (1)

In order to investigate the reaction process, thermal anal-
ysis with simultaneous TG and DSC was conducted.
Figure 2 presents the typical thermal analysis results for
the ball-milled precursor slurry including Li,COj3, TiO,,
carbon, and hexane. In a high-purity nitrogen (~99.99%)
atmosphere, the TG and simultaneous DSC are summa-
rized in one panel. It is evident that there are two parts of
rapid weight loss on the TG curve: one is before 300 °C,
which is originated from the evaporation of solvent or
absorbed water, while another is after 710 °C. From the
typical peaks on the DSC curve, two endothermic reactions
occur, at ~723 and ~742 °C during the programmed
heating process. According to the weight loss from thermal
analysis and thermodynamic calculation, the corresponding

reactions are possible, namely, C+ TiO, ~7ichiO +

COT and TiO + LibCO; ~ % CLi,0 4 Ti0, + CO 1.

respectively. When the temperature increases to ~755 °C,
there is a small endothermic peak without any weight loss,
indicating that the reaction of 2Li,O + 5TiO, N75—5:C
LiyTisO, will take place. In this way, it completed the
phase transitional reaction to form Li4TisO;, at ~755 °C.
Therefore, the structure of Li,TisO;, could not form before
710 °C, and the weight loss after 710 °C was the result of
the chemical reaction that formed spinel LiyTisO;,, which
was demonstrated by the XRD technique later. Considering
the difference between the above mentioned thermal
analysis results from the instrument and the muffle oven in
the laboratory, 800 °C was chosen to synthesize LisTisO;,/
C composite in this study.

In order to determine the carbon content in the product and
the required temperature for the elimination of carbon, the
initial black product from the first step was further investi-
gated by thermal analysis in air atmosphere. The thermal
analysis results of TG and DSC are summarized in Fig. 3.
The small weight loss before 260 °C comes from the
absorbed water, while there is a rapid weight loss at
~560 °C and a big endothermic peak at ~590 °C, indi-
cating that the carbon in the product reacts with O, from air
from 560 °C. Furthermore, the reaction almost completes
after 600 °C and a stable weight is obtained. As shown in
Fig. 2, the spinel structure of Lis TisO;, could not be changed
before 600 °C, which was further demonstrated by the fol-
lowing XRD results. Therefore, 600 °C was chosen as the
temperature for eliminating carbon in the initial product.

Thus, deducting the weight of absorbed water before
260 °C and the LisTisO;, after 600 °C, the carbon weight
content C' (wt%) in the initial product could be calculated
using the following formula (the superscript “1” means the
first step for forming spinel structure):
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Fig. 2 Thermal analysis curves of the precursor containing carbon in

a high-purity N, atmosphere
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Fig. 3 Thermal analysis curves of the initial Li; TisO;, obtained from
the first step in an air atmosphere

1
C (Wt%) = Wlloss - W\lvater - W]1-14Ti5012 (2)

According to the calculation, the carbon weight content
in the initial product from the first step was 47.7 wt%. By
further subtracting the weight loss after eliminating the
carbon from 47.7 wt% at 600 °C, the carbon content
C? (wt%) in the other products was determined by the
formula (the superscript “2” means the second step for
eliminating carbon).

C? (wt%) =C' — Wi

loss

= 47.7 wt% — Wi (3)

Based on the above method, about 1 g LisTisO,/C
composite material was further calcined at 600 °C in air,
and the relationship between the carbon content in the
LiyTisO;»/C composite and the calcining time for
eliminating the carbon is provided in Fig. 4. The carbon
content decreases almost linearly with the increase of
calcining time firstly, which might be originated from the
quick reaction of surface carbon on the product with
oxygen. With the prolonging of the calcining time, the
carbon within/among/under the product would be burnt to
bring nonlinear relationship between the carbon content
and the calcining time because the diffusion of the oxygen
through the Li4TisO;, eliminated carbon became the
control step for the further oxidation of carbon.

3.2 XRD analysis

Figure 5 shows the XRD patterns of three kinds of prod-
ucts: LisTisO;», with no addition of carbon, initial
Li4TisO;, obtained from the first step without eliminating
carbon, and LisTisO;, eliminated carbon at 600 °C.
Obviously, they all have a good spinel structure, and each
peak is well indexed with the standard peak in the JPCDS
card No. 49-0207. They have a cubic crystalline and an Fd-
3m space group. The strongest peak is corresponding to the
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Fig. 5 XRD patterns of different Li4,TisO;, samples, a no added
carbon, b 47.7 wt% carbon, and ¢ eliminated carbon at 600 °C

(111) plane. Furthermore, there is no diffraction peak of
carbon in the initial product, suggesting that the crystal
structure of the carbon in the product is not very good, and
the carbon may be amorphous because the carbon content
is 47.7 wt%. According to the physicochemical characters
and the thermal analysis, the Li4TisO;, with no addition of
carbon or eliminated carbon at 600 °C is white, and the
carbon content is zero, whereas the Li;TisO;, obtained
from the first step without eliminated carbon is black and
the carbon content is ~47.7 wt%. Under the same condi-
tions, the LisTisO;, with no addition of carbon has the
strongest peak intensity, indicating that the grain size is the
largest. In order to avoid the possible influence of amor-
phous carbon on the background signal of the diffraction
peaks, grain size evaluation was only conducted on the
Li4TisO;, without carbon. Calculating from the main peaks
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of (111), (311), (400), (333), and (440) planes with the
Scherrer’s formula, the average crystallite size of the
Li4TisO;, with no added carbon or eliminated carbon at
600 °C are ~71 and ~41 nm, respectively. The decreased
crystallite size is originated from the added carbon to the
precursor because of the same reaction technics. Beside the
changes of the crystal size, the changes of particle size
were also demonstrated by the following SEM and TEM
images.

3.3 SEM analysis

Figure 6 provides the SEM images of three kinds of
Li4TisOq, samples: LisTisO;, with no added carbon, initial
Li4TisO;, obtained from the first step without eliminating
carbon, and LisTisO;, eliminated carbon at 600 °C.
Obviously, the LisTisO;, with no added carbon has a
bigger particle size (>1 pum mostly) than the others, while
the agglomeration is serious and the shape is not regular
(Fig. 6a). After adding carbon to the precursor, the particle
size and the morphology were meliorated. The particles of
the initial Li4TisO;, obtained from the first step in an inert
atmosphere have a wide particle size distribution from
~100 nm to ~1.5 um, and small fragments increase
obviously in spite of some big agglomerations or sheet-like
shapes. However, those of the Li4TisO;, eliminated carbon
at 600 °C has many tiny fragments and quasi-spheres, and
the particle size of the LisTisO;, apparently becomes
smaller and more homogeneous, ranging from ~60 to
~200 nm. The good morphology with quasi-sphere shape
might be attributed to the effects of the gases from the
oxidization of the carbon within/among the product. The
above results were further demonstrated by the TEM
images shown in Fig. 7.

3.4 TEM analysis

Figure 7 offers the TEM images of Li,TisO;, with various
carbon contents: 47.7 wt% carbon, 10.6 wt% carbon, and
0.0 wt% carbon. In this section, except for the initial
Li TisO, with 47.7 wt% carbon, the other LisTisO,
samples were obtained by calcining the same initial
Li4TisO;, with 47.7 wt% carbon under an air atmosphere at
600 °C for different times. According to the TEM analysis,
the fuscous particles might be LiyTisO,, fragments and the
tinty particles might be carbon because of their different
lattice parameters. With the prolonging of calcining time,
the carbon content and particle size of LisTisO;, decrease,
while small fragments increase in size. The initial
Li4TisO;, with 47.7 wt% carbon has a wide distribution of
particle size from ~65 to ~300 nm, consistent with the
above SEM results. When the partial carbon is eliminated,
the particle size of the LisTisO;, with 10.6 wt% carbon

Fig. 6 SEM images of various Li;TisO;, samples, a no added
carbon, b 47.7 wt% carbon, and ¢ eliminated carbon at 600 °C

ranges from ~ 60 to ~ 130 nm, and some carbon particles
cover the as-synthesized LisTisO;,. When the carbon is
burnt off, the fragments are maximized and most particle
sizes can reach ~60 nm. Thus, a good spinel structure
Li4TisO;, with controllable carbon content could be gained
facilely by managing the temperature and the time for
eliminating carbon in an air atmosphere. At the same time,
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LiyTisO,

the product eliminated carbon, unlike that prepared with no
addition of carbon, was very loose and easy to be
dispersed.

Combining the above micrographic characteristics and
the changes in particle size of LisTisO,, carbon is the key
to break up the agglomerations of initial LisTi5O,, formed
at a high temperature to produce more fragments. Thus,
carbon in the product will affect the particle size and
morphology of the LiyTisO;, because the gases from the
carbon in the second step are relevant to the carbon con-
tent. Besides taking part in the reaction to prepare
Li4TisO,, the carbon in the precursor could confine the
particle size growth [7]. Therefore, the function of carbon
in the synthesis process could be described as follows, and
the possible schematic diagram is provided in Fig. 8. When
the precursor is calcined in a N, atmosphere, the carbon is
always present among/within the particles of these sam-
ples: the initial precursor including Li,CO5 and TiO,; then
the mixture of Li,COs3, TiO,, and Li4sTi50,,; and eventu-
ally the pure-phase Li;TisO;,. With many partition walls,
carbon confines the grain growth of LisTisO,, during its
spinel structure formation process, which was confirmed by
the above XRD results. Simultaneously, carbon might be
included in the aggregations of LisTisO;,, and so the car-
bon positioning among/within many LisTisO;, particles
would react with O, from air to produce gases when the
initial product was further calcined in an air atmosphere at
a low temperature. Results of mass spectrography analysis
also showed that the exhaust gases produced during the
process of eliminating carbon under air atmosphere was a
mixture of nitrogen from air, carbon monoxide, and carbon
dioxide. According to the gas equation of pV = nRT, a
higher temperature will lead to a higher pressure if the
volumes were not changed. With an increase of tempera-
ture, the gases produced from carbon will break up the
aggregations of LiyTisOy, so that the particle size becomes
small to obtain loose particles. Also, the morphology is
affected by the scouring of the carbon oxides produced.
Therefore, carbon oxides play an important role in thinning
the particle size and changing the morphology of
LiyTisOq,. It is possible to use carbon to control the

LiyTisO,

LiyTisO,
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Fig. 9 The second galvanostatic charge/discharge curves of different
LisTisO;, samples under various current densities

particle size of the product via managing the synthesis
technics and added carbon. At the first step, a good spinel
structure of LisTisO;, is formed, while using carbon to
confine its grain growth in an inert atmosphere, followed
by breaking up the initial Li4TisO,, aggregations produced

at a high temperature via utilizing the gases produced from
carbon at a relatively low temperature in an atmosphere
containing oxygen, and as a result of which spinel
Li4TisO;, with a special morphology and particle size will
be obtained successfully.

3.5 Electrochemical characterization

Figure 9 illustrates the typical second galvanostatic charge/
discharge curves of various LisTisO;, samples at different
current rates of 1 and 5 C. 10.6 wt% carbon at 600 °C or
0.0 wt% carbon at 600 °C, respectively, means the carbon
content in the product or the temperature for eliminating
carbon was 600 °C. These curves all have a flat charge
plateau corresponding to Li™ ions extraction, and a flat
discharge plateau corresponding to Li* ions insertion,
indicating that there is a two-phase reaction based on the
Ti**/Ti** redox couple [1, 20]. When the coin lithium cells
were tested, the open current voltage (OCV) reached
~3.1 V and discharged first between the voltage range of
1.0 and 3.0V, and then the second charge/discharge
capacities were chosen to compare the performance.
Li,TisO,, is inserted with Li™ ions at first step and then the
extracted Li* ions in cycle [13]. The corresponding elec-
trochemical reaction is
_discharge

LisTisOqp + xLit + xe =

Lis 1, TisOpp(0<x<3)
charge

(4)
The maximum number of inserted Li™ ions is 3, and the
obtained compound is Li;TisO;, with a theoretical capacity
of 175 mAh g_l. When Li" ions are inserted in LisTisO1,,
the chemical valence of Ti changes from +4 to +3 grad-
ually, corresponding to the reduction reaction of Ti** +
e~ — Ti’" that occurs at ~1.5V versus Li*/Li. Vice
versa, when Lit ions are extracted from the Li;TisO1,, it
leads to an oxidation reaction of Ti* —e~ — Ti*" that
occurs at ~ 1.6 V versus Li*/Li. In fact, the charge/dis-
charge capacity and the voltage plateau are affected by
current density because of the polarization from the
velocity inconsistency between the electron transfer and
the reaction of Li* ions insertion/extraction. In order to
investigate the reversibility of Li* ions insertion/extrac-
tion, the coulombic efficiency # of the cell can be calcu-
lated by the following formula:

- 5)

n
where, Cy4 and C, are the discharge capacity and the charge
capacity, respectively.

From the charge/discharge curves under various current
densities, we note that the Li4TisO;, samples have different
voltage plateaus, suggesting that the ohmic polarization is
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dissimilar [10]. At a current rate of 1 C (175 mA g_1

current density), the LisTisO;, containing carbon has a
high charge/discharge capacity (even more than its theo-
retical capacity of 175 mAh g~') and the coulombic effi-
ciency is more than 100%, which is also found in another
research study [28]. The LisTisO,, with 47.7 wt% carbon
has the highest discharge capacity of 191.9 mAh g~ ' with
a corresponding coulombic efficiency of 115.3%, while the
Li4TisO;, with 10.6 wt% carbon has a discharge capacity
of 177.2 mAh g~' with a corresponding coulombic effi-
ciency of 108.0%. Relatively, the Li,TisO,, with no added
carbon or eliminated carbon has a low discharge capacity,
and the coulombic efficiency is close to 1. Furthermore, the
Li4TisOq, eliminated carbon at 600 °C has a higher dis-
charge capacity than that with no added carbon because of
the smaller crystallite size and particle size for Li* ions
transfer. During the discharge process, Li* intercalates into
the LisTisO,, while the carbon in the LisTisO, will also
react with Li™ ions [29, 30]. The latter reaction would lead
to an irreversible capacity included in the discharge
capacity. As for the LiyTisO;, with no added carbon or
eliminated carbon, the coulombic efficiency is close to
100%, indicating that the reversibility of Li* ions insertion/
extraction is good. However, the potential plateaus change
greatly with an increase in current. When current rate
increases to 5 C, the charge/discharge plateau becomes
short and departs level slowly because a high current will
lead to a large polarization, similar to that found in the
previous article [10]. Different from that at 1 C rate, proper
carbon content is beneficial in improving the rate capa-
bility, and the ohmic drop becomes serious with respect to
the Li4TisO,, without added carbon. Because particle with
large size has a long process for Li* ions diffusion, the
LiyTisOy, with 47.7 wt% carbon declines quickly when
current rate increases from 1 to 5 C rate. The second dis-
charge capacity of the LisTisO, with 47.7 wt% carbon
declines to 109.9 mAh g~ with a corresponding coulom-
bic efficiency of 98.7%, while that of the LiyTisO;, with
10.6 wt% carbon declines to 141.6 mAh g~ with a cor-
responding coulombic efficiency of 99.5%. In addition, the
Li4TisO;, eliminated carbon at 600 °C also has high
capacity retainability and reaches 130.8 mAh g~' with a
corresponding coulombic efficiency of 99.0%, which is due
to the size effect of small particle. The LisTisO;, with no
added carbon has a big capacity fade, and the discharge
capacity declines to 93.5 mAh g~ with a corresponding
coulombic efficiency of 96.1%, indicating that the carbon
plays an important role in enhancing the electrochemical
performance of LiyTisO5.

Figure 10 shows the rate capability characteristics of
various LisTisO,, samples under different current densi-
ties. Obviously, the LisTisO, with 10.6 wt% carbon has a
better rate performance than that of other samples, and its
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second discharge capacity at 20 C rate still keeps
120.8 mAh gfl, 68.2% of that at 1 C rate. Furthermore,
the LisTisO,, with 47.7 wt% carbon or eliminated carbon
at 600 °C has a better performance than that of the
Li4TisO;, with no added carbon. The respective second
discharge capacity at 20 C rate of the Li4;TisO;, with no
added carbon, LisTisO, with 47.7 wt% carbon, Li;TisO1,
with 10.6 wt% carbon, and LisTisO1, eliminated carbon at
600 °C is 41.0, 60.9, 120.8, and 96.2 mAh gfl, corre-
sponding to the capacity retainability ratio to 1 C rate of
27.0,31.7, 68.2, and 59.6%. Furthermore, the capacity fade
trend changes slowly for the LiyTisO;, with 10.6 wt%
carbon when current increases. The improved rate capa-
bility originates from the combination of the carbon and the
small particle size.

Figure 11 presents the cycle performance of various
Li4TisO;, samples under different current densities, and
the key data are summarized in Table 1. The LiyTisO,
without added carbon has a relatively low discharge
capacity and a poor cycling performance, and the discharge
capacity declines from 160.0 to 36.1 mAh g~ ' after 500
cycles when the current rate increases from 1 to 10 C.
However, the electrochemical performances of the
Li4TisO;, with added carbon have been improved differ-
ently, especially for the sample eliminated partial carbon at
600 °C. Under the same conditions, the LisTisO»/carbon
composite (47.7 wt% carbon) without further elimination
of carbon has a high initial discharge capacity of
260.2 mAh g™, and declines to 65.1 mAh g~'. When the
Li4TisOq,/carbon composite (47.7 wt% carbon) undergoes
further elimination of partial carbon at 600 °C, the cycling
performance has been enhanced greatly. The LisTisO,
with 10.6 wt% carbon has good power characteristic and
cycling performance, and the discharge capacity declines
from 198.3 to 118.3 mAh g~' after 500 cycles. The
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Fig. 11 Cycle performance of various Li;TisO;, samples

retained discharge capacity is as ~3.3 times and ~ 1.8
times as that with no added carbon and that with 47.7 wt%
carbon, respectively. The rate performance and cycling
performance of the prepared LiyTisO,,/C composite are
comparable with those of the LisTisO,,/polyacene com-
posite reported previously [10]. Furthermore, the Li4TisO,
eliminated carbon at 600 °C also has a better cycling
performance than that either without added carbon or the
initial product without eliminating carbon, and the dis-
charge capacity declines from 171.0 to 100.2 mAh g~ !,
which is attributed to the small particle size.

It is noted from the above analysis that the carbon
content in the product affects the cycling stability and the
rate capability of LiyTisO;,, suggesting the carbon content
should be optimized to match the electrochemical perfor-

mance. More or less carbon will not benefit the

electrochemical performance of LisTisO;, because the
carbon in the LiyTisO;,/carbon composite affects the par-
ticle size, improves the conductivity, stores, and penetrates
liquid electrolyte containing Li* ions [28]. When the car-
bon in the composite is eliminated at a low temperature, the
produced carbon oxide gases will break up the initial
aggregations formed at high temperature to produce small
fragments, which is demonstrated by the above SEM and
TEM images. Small particle size, relating closely to the
temperature and time for eliminating the carbon, ensures a
short diffusion path and large surface reaction sites during
the charge/discharge processes [8, 17]. Also, carbon can
store electrolyte for the reaction of LiT ions’ insertion/
extraction, similar to the function of carbon nanotubes [31,
32]. Activated carbon with a high surface area may be
beneficial in storing electrolyte to enable Li* ions to insert/
extract easily because of the high adsorption capability. At
the same time, electrolyte can penetrate easily to minimize
the ionic resistance. Similar to the carbon in LiFePQO,,
carbon particles can form good conductive dot paths to
enhance the conductivity of electrode materials [28, 32—
36], and the conductivity is affected by the carbon content.
Adopting 4-probe method, the specific conductivities of the
Li4Tiso]2 with 47.7 wt% Carbon, Li4Ti50]2 with 10.6 wt%
carbon, and Li4TisO;, with no added carbon or eliminated
carbon were ~0.6, ~0.08, and ~107°S cm_l, respec-
tively. The conductivity of the LisTisO,, without carbon
agreed well with the report [10]. Consequently, carbon in
the Li,TisO;, will affect the ohmic polarization because of
the combination of storing electrolyte and specific con-
ductivity. More carbon will result in less permeability for
Li* ions [28] and less LisTisO;, as an active component in
the electrode, while less carbon could not form effective

Table 1 Summarization of the

cycling performance of various Sample Iﬁlte versus capacity Sample
- (mAh g™)
LiyTisO,, samples No added 47.7 wt% 10.6 wt% carbon at 0.0 wt% carbon at
carbon carbon 600 °C 600 °C
1C
Ist capacity 160.0 260.2 198.3 171.0
2nd capacity 151.8 191.9 177.2 161.5
50th capacity 134.6 147.3 169.2 156.5
3C
51st capacity 121.0 136.6 162.0 151.0
240th capacity 102.0 119.0 149.6 139.6
5C
241st capacity 93.6 110.1 142.0 131.0
370th capacity 84.1 101.7 136.5 123.3
10C
371st capacity 65.0 85.5 132.0 116.0
500th capacity 36.1 65.1 118.3 100.2
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electronic paths to decrease resistance. Therefore, the
carbon content in the Li4TisO;, plays an important role for
synthesizing LisTisO;,/C composite material with good
electrochemical performance, and the carbon content needs
further optimizing, like the minimum amount of carbon for
effectively electronic wiring active materials [28].

4 Conclusions

A modified green solid reaction method that contains two
steps has been proven to be useful in synthesizing
Li4TisO;,/C composite material with controllable carbon
content. The results of thermal analysis indicate that the
spinel structure of LisTisO;, cannot form until 710 °C, and
the proper temperature for eliminating carbon should be
600 °C. A decrease of the LisTisO;, particle size was
clearly demonstrated after the elimination of partial or all
of the carbon from the initial product, and the particle size
could reach ~60 nm when the carbon was eliminated. The
carbon in the precursor may confine the growth of particles,
and the gases from carbon in the process of eliminating
carbon will break up the initial Li4TisO;, aggregations to
form small fragments and change the morphology by the
scouring function. XRD results show that the LisTisO5,
whether with no added carbon or added carbon, has a good
spinel structure except the peak intensity. Galvanostatic
charge/discharge testing results confirm that proper carbon
content and small particle size can enhance the electro-
chemical performance of LisTisO;, at various current
densities. The discharge capacity of the Li;TisO;, elimi-
nated carbon at 600 °C reaches 100.2 mAh g_l, ~178%
higher than that of the LisTisO;, with no added carbon
after 500 cycles under the same conditions. The second
discharge capacity of the Li TisO;, with 47.7 wt% carbon
declines from 260.2 to 60.9 mAh g~' when current rate
increases from 1 to 20 C, indicating that big particle size
and more carbon will not benefit the power characteristic in
spite of good conductivity. The Li4TisO, eliminated par-
tial carbon at 600 °C has a good rate capability and cycling
stability. As for the LiyTisO;, with 10.6 wt% carbon, the
second discharge capacity at 20 C rate still retains the
values of 120.8 mAh g_l, 68.2% of those at 1 C rate, and
the discharge capacity can still reach 118.3 mAh g~ ' after
500 cycles at various rates of 1, 3, 5, and 10 C, which are
comparale with those of the reported LisTisO,,/PAS
composite [10]. The balance of carbon content and particle
size are therefore a key factor for the enhancement of the
electrochemical performance.

It is interesting to form a good spinel structure of
Li4TisOy, in an inert atmosphere first, and then to use the
gases produced in the process of eliminating carbon at a
low temperature in an atmosphere containing oxygen to

@ Springer

break up the initial aggregations to obtain a particular
Li4TisO;,. Managing the temperature and time for elimi-
nating carbon can control the carbon content and the par-
ticle size of the LisTisO;,. This technique is compatible
with current industrial equipment for the preparation of
materials and can easily be performed. The exhaust gases
can also be reused to prepare raw materials. Therefore, the
modified solid reaction is of great interest to the develop-
ment of particular LisTisO,,/C composite materials with
good electrochemical performance.

References

1. Ohzuku T, Ueda A, Yamamoto N (1995) J Electrochem Soc
142:1431
2. Ariyoshi K, Yamato R, Ohzuku T (2005) Electrochim Acta
51:1125
3. Ouyang CY, Zhong ZY, Lei MS (2007) Electrochem Commun
9:1107
4. Takai S, Kamata M, Fujine S, Yoneda K, Kanda K, Esaka T
(1999) Solid State Ion 123:165
5. Zaghib K, Simoneau M, Armand M, Gauthier M (1999) J Power
Sources 81-82:300
6. Yao XL, Xie S, Chen CH, Wang QS, Sun JH, Li YL, Lu SX
(2005) Electrochim Acta 50:4076
7. Guerfi A, Sévigny S, Lagacé M, Hovingtona P, Kinoshitab K,
Zaghib K (2003) J Power Sources 119-121:88
8. Guerfi A, Charest P, Kinoshita K, Perrier M, Zaghib K (2004)
J Power Sources 126:163
9. Wang GJ, Gao J, Fu LJ, Zhao NH, Wu YP, Takamura T (2007)
J Power Sources 174:1109
10. Yu HY, Zhang XF, Jalbout AF, Yan XD, Pan XM, Xie HM,
Wang RS (2008) Electrochim Acta 53:4200
11. Wen ZY, Yang XL, Huang SH (2007) J Power Sources 174:1041
12. Huang SH, Wen ZY, Zhu XJ, Lin ZX (2007) J Power Sources
165:408
13. Wang GX, Xu JJ, Wen M, Cai R, Ran R, Shao ZP (2008) Solid
State Ton 179:946
14. Huang JJ, Jiang ZY (2008) Electrochim Acta 53:7756
15. Gao J, Ying JR, Jiang CY, Wan CR (2007) J Power Sources
166:255
16. Bach S, Pereira-Ramos JP, Baffier N (1999) J Power Sources
81-82:273
17. Kavan L, Prochazka J, Spitler TM, Kalbac M, Zukalova M,
Drezen T, Gritzel M (2003) J Electrochem Soc 150:A1000
18. Rho YH, Kanamura KS (2004) J Solid State Chem 177:2094
19. Aldon L, Kubiak P, Womes M, Jumas JC, Olivier-Fourcade J,
Tirado JL, Corredor JI, Vicente CP (2004) Chem Mater 16:5721
20. Hao YJ, Lai QY, Xu ZH, Liu XQ, Ji XY (2005) Solid State Ion
176:1201
21. Kanamura K, Chiba T, Dokko K (2006) J Eur Ceram Soc 26:577
22. Fattakhova D, Krtil P (2002) J Electrochem Soc 149:A1224
23. Sorensen EM, Barry SJ, Jung HK, Rondinelli JM, Vaughey JT,
Poeppelmeier KR (2006) Chem Mater 18:482
24. Woo SW, Dokko K, Kanamur K (2007) Electrochim Acta 53:79
25. Liu H, Feng Y, Wang K, Xie JJ (2008) J Phys Chem Solids
69:2037
26. LiJ, Jin YL, Zhang XG, Yang H (2007) Solid State Ion 178:1590
27. Yang LH, Dong C, Guo J (2008) J Power Sources 175:575
28. Dominko R, Gaberscek M, Bele M, Mihailovic D, Jamnik J
(2007) J Eur Ceram Soc 27:909



J Appl Electrochem (2010) 40:821-831

831

29.

30.

31.

32.

Habazaki H, Kiriu M, Konno H (2006) Electrochem Commun
8:1275

Striebel KA, Sierra A, Shim J, Wang CW, Sastry AM (2004)
J Power Sources 134:241

Wang GX, Zhang BL, Yu ZL, Qu MZ (2005) Solid State Ion
176:1169

Wang GX, Shao ZP, Yu ZL (2007) Nanotechnology 18:205705

33.

34.
35.

36.

Chung HT, Jang SK, Ryu HW, Shim KB (2004) Solid State
Commun 131:549

Yang MR, Teng TH, Wu SH (2006) J Power Sources 159:307
Lai CY, Xu QJ, Ge HH, Zhou GD, Xie JY (2008) Solid State Ion
179:1736

Wang YG, Wang YR, Hosono E, Wang KX, Zhou HS (2008)
Angew Chem Int Ed Engl 47:7461

@ Springer



	Facile synthesis and high rate capability of Li4Ti5O12/C composite materials with controllable carbon content
	Abstract
	Introduction
	Experimental
	Preparation
	Characterization
	Electrochemical measurement

	Results and discussion
	Thermal synthesis
	XRD analysis
	SEM analysis
	TEM analysis
	Electrochemical characterization

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


