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The sol-gel methodology is employed for the preparation of chitosan added carbon-coated Li,TisO;, anode material with
improved electrochemical properties for the lithium ion battery applications. The XRD shows that the coating of carbon does
not influence the formation of Li TisO;, and the carbon coating on the surface of lithium titanate, Li,Ti;O;, are confirmed by
XPS, TEM and Nano-SIMS. A charge/discharge test performed at 0.1 °C and 0.2 °C hour rate, shows that the rate capability
and cycle performance are improved due of the chitosan addition which produced carbon coating on the surface of the
Li,TisO;, material. Similarly the chitosan added carbon-coated Li;TisO;, show higher specific capacity 142 mAhg’ with
superior cycling properties against uncoated Li,TisO;, material 132 mAhg. Also the carbon coating improves the overall
electrochemical properties including discharge capacity, cyclability and rate capability against pure Li;TisOq,.
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Intrduction ‘zero-strain’ effect and the flat Li insertion voltage,

features flat operation voltage of 1.5V versus Li+/Li

The rechargeable lithium-ion batteries nowadays and are very promising for large number of
have been popular, due to their potential use in portable applications. Similarly, the lithium titanate operates at a
electronic devices and in other fields, including automotive higher voltage at which lithium ions are stable with
applications [1-5]. In search of highly improved cathodes respect to the electrolyte and hence the solid electrolyte
for the lithium ion battery applications, recently carbon interface, overheating problem is eliminated. Also

coated LiFePOy, [6], Al,O; and AlF; coated LiFePOy, [7], possess number of different applications such as PHEV,
chitosan added LiFePO, [8], LiCoO, [9, 10] cathodes EV, power tools, peak saving, and power grid [11-20].

with improved electrochemical properties has been reported The lithium titanate anode possess high theoretical
by us. In our continued interest on rechargeable lithium capacity, high cyclability and high rate ability to charge
ion batteries, the current research is directed towards and discharge, a very safe, cheap indeed have the
the search of efficient anode materials as new electrode limitation of electronic conductivity. It is envisioned
materials exhibiting high charge/discharge current rates that the drawback of lithium titanate anode having
are urgently requested. smaller electronic conductivity can be eliminated by
The carbon is the most exploited anode in the decreasing its particle size (which reduces lithium
commercial Li-ion batteries; however, chemical and diffusion path and enlarges interfacial surface) [21-23]
electrochemical concerns associated with carbon make or covering particle surface with carbon (conductive
it less preferred for long term and high power battery surface coating), [24-29] doping with metals (which
applications. Lithium titanate anode provides a number improves electrode stability by rising electronic con-
of significant advantages over its carbon counterpart, ductivity and deflating anode polarization), [30-37].
for eg. the lithium titanate based batteries can be fully There are several methods including solid state
charged within 10 minutes, have exceptional cycle, reaction, sol-gel, water burning; gel-emulsion process,
hybrid microwave synthesis, the structure and the
*g"l"feﬁggl}sdlin;aughl‘ga electrochemical performance of lithium titanate depend
ng; 182.51.974-6116 on the synthesis method. However through all these
E-mail: edjeong@kbsi.re kr methods nanosized particle could not be obtained; the
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transition from micron to nanosized electrode material
would improve the performance of lithium-ion batteries.
The introduction of nanosized LisTisO;; (n-LTO)
anodes for Li-ion batteries has opened new avenues to
the cycle-life in Li-ion batteries [38-41].

Here in we report the chitosan added carbon-coated
Li4TisOy, with improved electronic conductivity prepared
by adding chitosan to the precursors during sol gel
methodology. The various physical and electrochemical
parameters are discussed in detail. To elucidate significantly
the characteristics of the chitosan added carbon-coated
LisTisO;; powders, the thermal analysis, XRD, XPS,
SEM, TEM and Nano-SIMS have been employed.

The NanoSIMS which couples a high transmission,
high mass resolution mass spectrometer represents the
state-of-the-art for in situ microanalysis by secondary
ion mass spectrometry [42-44]. The primary ion beam
(down to <50 nm for Cs" primary ions and 150 nm for
O- primary ions) can be scanned across the sample to
produce quantitative secondary ion images. The
NanoSIMS provides a novel new approach to the study
of the isotope and trace element distributions and an
unprecedented ability for correlated analyses of morpho-
logical, structural, chemical and isotopic characteristics
with nanometer resolution using SEM, TEM and
NanoSIMS. In combination with other analytical such
as optical microscopy, AFM, SEM and EPMA it is
possible to carry out multi-technique analysis and
complement the chemical maps acquired by the
NanoSIMS in a range of projects in the analysis of
metallic and polymeric materials, cancer cells, cancer
tissue, trace elements in cereal grains and metal hyper
accumulator plants [45-50].

In this study, high resolution secondary ion mass
spectrometry (NanoSIMS) analysis has been performed
on LisTisO,, materials obtained from chitosan added
precursors. Elemental maps are obtained which
revealed the high concentrations of carbon throughout
the surface of the Li;TisO;, materials. The superior
spatial resolution (better than 50 nm) and ultrahigh
chemical sensitivity (<200 atom detection limit) of the
NanoSIMS technique provided carbon abundances
which were used to produce maps of the tiniest particles,
revealing a more detailed image of carbon distribution in
chitosan added carbon-coated Li,TisO;, material.

In addition, the electrochemical properties of the
electrodes including charge-discharge experiment to
compare the efficiency of bare Li;TisO;, and chitosan added
carbon-coated Li,TisO;, materials have been employed.

Experimental

The LisTi50;, based anode materials for lithium ion
battery were prepared using sol-gel method. The
LisTisOq;, precursor required for the present study was
prepared by mixing lithium acetate (LiAc - 2H,O, Aldrich,
98%) and titanium isopropoxide (Ti(OC4Hy);, Aldrich,

Fig. 1. A preparation diagram of the Li;TisO;, powder.

97%) thoroughly. Similarly the carbon coated LisTisO,
precursor, was prepared by adding chitosan, (Ci,H,4N,Oq,
Aldrich, viscosity 20,000 cps] in acetic acid to the
above mixture. Both the materials LisTisO;, precursor
and carbon coated LisTisO;, precursor were analyzed
using thermogravimetric analyzer (TGA, TA Instruments
SDT Q 600).

The LisTisOy, precursor was initially calcined at
400 °C for 6 hour and then calcined again at 750 °C for
2 hours. All calcinations were done under air. The chitosan
added carbon-coated Li;TisO;, was also calcinated twice as
described above. Then the chitosan added carbon-
coated LisTisO;, was ball milled for 24 hours and
calcined again at 400 °C for 2 hours in Ar/H,.

Fig. 1 displays the preparation diagram of the LisTisO;;
precursor. The synthesized materials were characterized
using the conventional X-ray diffractometer (XRD,
Rigaku D-2400), X-ray photoelectron spectroscopy (XPS,
Escalab 250), scanning electron microscope (SEM, Hitachi
S-4200), transmission electron microscopy (TEM, JEM
2011) and Nano-secondary ion mass spectroscopy
(Nano-SIMS, CAMECA).

The LisTisOy, electrodes required for the study was
obtained from the synthesized LijTisO;, powders,
Super P. carbon black as a conductive material, and N-
methyl-2-pyrrolidone (NMP) solution containing poly
vinylidene difluoride (PVDF, Aldrich, average MW:
534,000) as a binder. The electrochemical properties of
the Li TisO,, electrodes were investigated by mixing
85 wt% LisTisO1,, 10 wt% conducting compound as a
conductive material, and 5 wt% PVDF binder to a
NMP solution. The kneaded slurry with an adequate
viscosity was coated on a copper foils. The coated
sheets were dried under air 100 °C for 1 hour and pressed.
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The electrodes were in a vacuum dried at 24 hours.

Coin-type cell composed LisTisO;; anode, lithium
metal ribbon, and polyethylene (PE) separator were
used in a supporting electrolyte. The ethylene carbonate
(EC, Mitsubishi Petrochemical Co., battery grade), diethyl
carbonate (DEC, Mitsubishi Petrochemical Co., battery
grade solution [EC/DEC, 1:1 with the volume ratio]
containing 1 M LiPF (Aldrich) were used as supporting
electrolytes. The charge/discharge experiment was
carried out galvanostatically by using the battery testing
instrument (TOSCAT-3000U, Toyo). The galvanostatic
charge and discharge experiments were conducted with
the cutoff voltages set to be 1.0 V and 2.5 V for charge
and discharge, respectively.

Results and Discussion

Fig. 1 displays the preparation diagram of the chitosan
added carbon-coated LisTisO;, precursor.

The oxidation resistance of chitosan added carbon-
coated LisTisO;, was determined by thermogravimetric
analysis (TGA) in Fig. 2. The TGA profiles of the
uncoated and chitosan added carbon-coated LisTisO,
revealed that the chitosan added carbon-coated LisTisO;»
showed the main weight loss around 300 ~ 400 °C due
to oxidation of carbon, releasing CO, gas (which
manifested in an exothermic peak), and water removal
(below 300 °C). Significant changes are observed

Fig. 2. TG/DTA curves recorded for (a) the pure-LisTisO;,and (b)
chitosan added carbon-coated LisTisO,, powder.

around from 200 °C to 300 °C and these two points
were chosen as the calcinations temperatures of the
Li4TisOy; precursors. The comparative analysis of bare
and chitosan added carbon-coated Li TisO;, nanoparticles
revealed that the latter possess better oxidation
resistance than the bare LisTisO;,.

The X-ray diffraction patterns of the samples are
shown in Fig. 3, it can be observed that the main
phases of all investigated samples are Li;TisO;,, which
suggests that the addition of chitosan in the precursor
does not influence the formation of Li;TisOp, during
heat-treatment.

The XRD pattern showed no good crystallization at
650 °C calcination. The calcinations at 750 °C and
850 °C for 2 hours gave similar pattern. Furthermore,
Fig. 3 showed weak peaks at characteristic 2-theha

Fig. 3. XRD patterns for (a) the pure-LisTisO;, and (b) chitosan
added carbon-coated LisTisO;, powder which are calcined at
750°C. Small *peaks were TiO, powder.

Fig. 4. Wide scan XPS spectra for (a) pure-LiyTisOy,, (b) chitosan
added carbon-coated LisTisO;5.
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Fig. 5. SEM images of chitosan added carbon-coated Li;TisO;,
after the second calcinations at (a) 650 °C, (b) 750 °C, (c) 850 °C,
(d) pure LiyTisOp at 750 °C and (e) SEM EDS data chitosan added
carbon-coated LiyTisOy5.

indicating that the Li-Ti-O phase may contain smaller
amout of rutile phase TiO, powder.

Fig. 4 shows wide scan XPS spectra for pure-
Li;TisOq; (a), chitosan added carbon-coated LisTisOq,
(b). All elements such as Li, Ti, C and O are observed.
The carbon intensities were increased when chitosan is
added Li;TisO,. Since XPS spectra were taken in
vacuum without etching the surface of the samples, the
carbon peak appeared in Li;TisO;, power (a) is considered
due to the residual carbon from the atmosphere or the
precipitates in synthesis process.

Fig. 5 depicts the SEM images of the carbon-coated
Li4Tis0;, material obtained after calcinations at different
temperatures. It can be seen that the sizes of LisTisOy,
particles are 100 nm at 750 °C and are agglomerated. It
can be observed that the particles of LisTisO;, have
relatively less agglomerations at 650 °C while the
particles of Li;TisO;; form larger agglomeration at
850 °C. Furthermore, as is shown in the close up SEM
images the particle surface of Li;TisO;, is smooth at
higher temperature calcinations, whereas the LijTisOq,
calcined at low temperatures have a rougher surface,
which should be ascribed to particle growth during
heat-treatment. The SEM EDX image gives the composition
of the chitosan added carbon-coated LisTisOq, (Fig.

Fig. 6. TEM images of the synthesized chitosan added carbon-
coated LiyTisO,, powders.

Fig. 7. Elemental image mapping analysis by Nano-SIMS for (a)
pure- Liy TisOy, and (b) chitosan added carbon-coated LisTisOy5.

5(e)), the SEM image of pure Li,TisOq; (Fig. 5(d)).

In order to investigate the carbon coating on the
surface of LiyTisO;, powder, the TEM measurements
were carried out. The TEM images Fig. 6, showed that
chitosan added carbon-coated LisTisO;, powders at
400 °C for 2 hours in Ar/H,. It is clear that carbon is
deposited on the surface of the chitosan added carbon-
coated Li,TisOq; powders in a form of a nanometer-thick
layer of carbon. The thickness of carbon layer is measured
to be about 7.4 ~8.8nm. The electronic conductivity
study of the synthesized material indicated that they got
influenced by the carbon layer exists on the surface of
Li4Ti50,, as discussed latter in this article.
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Fig. 8. The discharge voltage profiles for the electrodes as a
function of the specific capacity for (a) pure- LiyTisO;; and (b)
chitosan added carbon-coated LisTisO1». In both cases, the charge/
discharge rates were (a) 0.1 C, (b) 0.2 C,(c) 0.5 C,(d) 1 C, (e)2 C.

The Fig. 7 represents the atom image mapping
analysis by Nano-SIMS of the uncoated and chitosan
added carbon-coated LisTisO, materials. By comparing
the images, it can be observed that the surface of the
latter materials is totally and uniformly covered by the
nanosized carbon layer. Consequently, Li, Ti and O
atoms mapping images are a little observed.

The Fig. 8 shows the charge—discharge curves of the
Li4Tis0,, and chitosan added carbon-coated LisTisO;,
electrodes at different rates from 0.1 to 2.0 C viz. 0.1,
0.2, 0.5, 1 and 2 C. There, it can be seen that both the
materials have similar graph—which indicates that the
addition of chitosan did not affect the electrochemical
reaction process of LiyTisO1,. When charge-discharge rate
increases from 0.1 to 0.2 C the capacity decreases quickly
from 133.1 mAhg to 130 mAhg" which is 97.67% rate
capacity for the pure LijTisO;, material, similarly from
142 mAhg" to 141.8 mAhg™ which is 99.85% rate capacity
for the chitosan added carbon-coated Li TisO;, material
which indicates that the improved electrochemical
properties of the latter material. It is obvious that the
discharge capacity of chitosan added carbon-coated
Li;TisOq; had better performance than that of LisTisO1,
by delivering higher charge and discharge capacity at
the same current densities of 0.1, 0.2 C etc.

At the rates from 0.1 to 0.5 C, the variation of
discharge capacity and discharge plateau potential are
very small. The discharge potential is near 1.55V

Fig. 9. The specific capacity electrode materials at discharge rate
of 0.2 C with the number of cycles. The squares represent pure
LisTisOy; (a), and circles represent chitosan added carbon-coated
LiyTisOy, (b). In both cases, the charge/discharge rates were (a)
0.1C,(1)02C,(c)0.5C,(d)1C,(e)2C.

(reversible redox potential of LisTisO;, material).
Furthermore, the margins between the charge and
discharge plateau potentials of chitosan added carbon-
coated LisTisO;, are obviously smaller than in the case
of LiyTisOy,, and the has the smallest margin at 0.1 C,
which means that the polarization of chitosan added
carbon-coated Li,TisO,, are lower than that of
LisTisO1,, and the chitosan added carbon-coated
Li4TisOy; has the smallest polarization at 0.1 C. The
voltage profile of the chitosan added carbon-coated
Li4TisO;; showed smoothly sloped shape compared to
bare Li4Ti5012.

The Fig. 9 shows the cycling behavior of our
chitosan added carbon-coated lithium titanate anode
material at 0.2 C operated between 1.0 and 2.5 V. As
shown in Fig. 9, the discharge capacity gradually
decreased with the increased cycle for all the samples.
The initial reversible specific capacity of the bare
Li;TisO;, sample is 132 mAhg' and after 40 cycles its
value remains at 119 mAhg™' in comparison to 142 mAhg™!
and 132 mAhg' respectively for the carbon coated
Li;TisO;; material. The capacity fading was almost
concentrated in the first 10 cycles in the former,
whereas the cell cyclability in 40 cycles clearly
demonstrates the absence of negligible capacity fading
in the chitosan added carbon-coated Li TisO,, material,
similarly, the chitosan added carbon- coated Li;TisO;,
manifested a higher reversible capacity than the
Li,TisO;, sample, especially at higher cycles indicating
the carbon coated material exhibits the better rate
capability. The chitosan added carbon-coated LisTisO1,
nanoparticles show superior cycling properties compared
with the uncoated ones as in the latter, most of the
capacity was lost after 20 cycles. Columbic charge
efficiency is excellent with efficient and rapid insertion
and extraction of lithium, independent of rate. A rate
capability of 142 mAhg™ at 0.1 C demonstrates its potential
toward its uses in moderate to high rate applications, while
capacity at 0.2 C rates is 141.8 mAhg™.



Structural and electrochemical properties of carbon-coated Li,TisO;, anodic material obtained using chitosan... 309

Conclusions

The chitosan added carbon-coated LisTisO;, was
synthesized and its electrochemical characteristics were
investigated in the present study. For comparison,
LisTisO;, were also investigated. The results show that
chitosan added carbon-coated LisTisO;, has better
electrochemical performance due to the conductive
second carbon phase which uniformly coated on the
surface of LisTisOy, particles and could improve the
rate capability and cycling stability of Li;TisO;, and are
favorable to the electrons transfer thereby improving
electronic conductivity. These characteristics indicate
that chitosan added carbon-coated LisTisO;, is
advantageous as a good candidate as negative electrode
for solid state lithium ion batteries and super capacitor
with safety, long life period and reliability. Phase
purity, high crystallinity and small particles with
narrow size distribution are always required.
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