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The LiFePO; powder was synthesized by using the solid state reaction method with Fe(C,0,)2H,0, (NH;)HPO.,
L1;COx, and chitosan as a carbon precursor material for a cathode of a lithium-ion battery. The chitosan added
LiFePO, pow der was calcined at 330 °C for 3 hours and then 800 °C for 12 howrs for the calcination. Then we
calcined again at 800 °C for 12 hours. We characterized the synthesized compounds via the cryvstallinity, the valence
states of iron tons, and their shapes using TGA, XRD, SEM, TEM, and XPS. We found that the sy nthesized powders
were carbon-coated using TEM images and the ron 1on 1s substituted from 3+ to 2+ through XPS measurements. We
observed voltage characteristics and irutial charge-discharge characteristics according to the C rate in LiFePQy
batteries. The obtamed mitial specific capacity of the chitosan added LiFePO, powder is 110 mAl/g, which 1s much

larger than that of LiFePO, only posvder.
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Introduction

The lithium-ion battery has received much attention due to
its high voltages which lie in the range of 3.0 ~ 4.5 V. Until
recently. the transition metal oxides suchas LiCoO~." LiNiOx.”
and LiMn-O;” are examined as cathode electrodes. Lithium
metal phosphates LIMPO, (M = Mn. Fe. Co. and Ni) attracted
lots of attention because of their promising applications as
cathode materials for large batteries because of their low cost
in rechargeable lithium-ion batteries. " Among these materials.
lithium iron phosphate (LiFePO.) is one of the most interesting
materials to fabricate cheaper and safer lithium-ion batteries.”
LiFePO, cathode materials have a large theoretical capacity
up to 170 mAh/g and high stability during lithium extraction,
and are environmentally safe. inexpensive and naturally
abundant® that could have a major impact in electrochemical
energy storage. For LiFePO,. the discharge potential is about
3.4 Vs lithium and no obvious capacity fading was observed
even after several hundred cyvcles. However. LiFePO, has a
poor electric conductivity. If a high current density is applied
across the LiFePO, electrode. the capacity decreases abruptly,
this influences its applications significantly. Since the discovery
of the electrochemical properties in LiFePOs4, extensive efforts
have been made to improve the performance of LiFePO,
cathode materials, including addition of conductive Cu/Ag
powders and carbon black powders. super-valence cation do'gmg
carbon coating. and synthesis of nanocrystalline grains.

In search for improved materials for electrodes. it has been
recognized that NaSICON (a family of Na super-ionic con-
ductors) or olivine (magnesium iron silicate type) oxvanion

scaffolded structures offer interesting possibilities.”™” In
order to enhance the electric conductivity. carbon containing
LiFePO; composite seems to be a very promising candidate to
overcome the capacity because the well-dispersed carbons
provide a pathway for electron transport.’*"

Since this material has a very low conductivity at room
temperature, it is possible to aclue\e the theoretical capacm
only at a very low current denslt\ “oratelevated temperatures
due to the low lithium diffusion at the interface. Carbon
coated LiFePQy has been prepared using several methods. =
A carbon coating significantly improves the electrochemical
performance of this material: sucrose was proposedm as a

carbon precursor and it was used on the initial hydrothermal
S'Imples Added carbon increases the electronic contact
between the active malenals and the electronic conductor. and
controls the particle size.”

We have tried several methods in order to improve the
electric capacity of LiFePO.. For examples, we added organic
materials such as humic acid™ and clutosan as well as metal
elements by using the sol-gel method.” In this article. we
describe the obtained characteristics when chitosan is added.
We synthesized the chitosan added LiFePO; powders by using
the solid state reaction method and checked the cryvstallinity,
We confirmed the valence states of iron ions. and their shapes
for the carbon coated LiFePO,. To elucidate the characteristics
of the carbon coated LiFePQy significantly: powders were
investigated by using TGA, XRD. SEM. TEM. and XPS. For
the electrochemical properties. the electrodes were analyzed
using charge-discharge experiment anx compared pure LiFePQy
and carbon coated LiFePO..
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Fxperimental Details

The LiFePQy materials were synthesized by using the solid
state reaction method, The starting materials were ivon{ll)
oxalate dihydrate [Fe(C204)2H-0, Aldrich, 99.99%], ammo-
nium hydrogen phosphate [(NH;):HPQ,, Aldrich, 99.99%)],
and lithium carbonate (L1-COs, Aldrich, 99.95%). The carbon
coated LiFePOyprecursor was prepared from the above mixture
by adding chitosan (Aldrich) gel in acetic acid. The LiFePO,
precursor was calcined at 350 °C for 5 hours and then 800 °C
for 12 hours under reduced atmosphere (Ar/H: — 90/10) to
reduce the oxidation of iron ions for the first calcination. The
material was cooled to room temperature, and the powder was
grinded by ball mill system. Then we calcined again at $00 °C
under reduced atmosphere {Ar/H:  90/10) for 12 hours. The
chitosan added [iFePQy was calcined twice as described in
LiFePOy only case. Then the chitosan added LiFePQO, was
ball milled for 24 hours and calcined again at 350 °C for 5
hours and 600 °C for 12 hours.

The thermal stability of both materials was analyzed by
using thermo gravimetric analyzer {TGA, TA Instruments
DSC 2920) with the heating rate of 5 °C/min from room tem-
perature to 900 "C. The synthesized materials were characterized
by using the conventional X-ray diffractometer (XRD, Rigaku
D-2400), X-ray photoelectron spectrometer {XPS, scalab
250). scanning electron microscope (SEM, Hitachi $-4200).
and transmission electron microscope {TEM, JEM 2011).

FFor the preparation of LilFePQy cathodes, the synthesized
LiFePQOy powders, acetylene 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 were used. The supporting electrolytes were a
propylene carbonate (PC, Mitsubishi Petrochemical Co, battery
grade). ethylene carbonate {(EC. Mitsubishi Petrochemical
Co. battery grade), diethyl carbonate {DT:C, Mitsubishi Petro-
chemical Co. battery grade) and ethyl methy| carbonate {EMC,
Mitsubishi Petrochemical Co. battery grade) solution [PC/EC/
DEC/EMC, 1:1:1:1 with the volume ratio] containing 1.12 M
LiPF, (Aldrich). For the electrochemical measurement, we
prepared LiFePQy electrodes by mixing 85 wi% bare LilFePO,
and chitosan added LiFePQ,. 8 wt% conducting compound as
a conductive agent, and 7 wt% PVDF binder to a NMP solution.
The kneaded slurry in an adequate viscosity was coated on an
aluminum toil, The prepared electrodes were dried at 100 °C
in a vacuum oven for 24 hours, Coin-type cell composed of
bare LiFePQ, cathode. lithium metal ribbon anode. polyethylene
(PE) separator were used in a supporting electrolyte, The
charge/discharge experiment was carried out galvanostatically
using battery testing instrument (TOSCAT-30001), Toyo).

Results and Discussion

The thermal analysis gives the optimum calcination tem-
peratures required to prepare the LiTePQOy powders tor the
decomposition pattern of LiFePOy precursors. Figure 1 shows
TGA curves for (a) LiFePOy precursor (the solid line) of
Fe(C204)2H>0, (NHy)-HPO, and Li-CO; as the starting
materials and (b) the chitosan added LiFePOy precursor (the
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dotted line). Since significant changes are observed around
350 “C and 800 “C as indicated two vertical arrows in Figure,
we chose these two points as the calcination temperatures of
the LiFePOy precursors. The chitosan added LiI'ePQy shows
weaker weight loss than LiFePO, precursor below 300 °C.
Thus the chitosan added 1.iFePO; looks more endothermic
below 300 °C region compared with LiFePO, precursor. which
means that the thermal stability is more enhanced due to the
added chitosan.

Figure 2 shows XRD patterns of (a} LiFePO, powder after
the second caleination and (b) the chitosan added 1.iFePO,
powder after the third calcination. Olivine type LiFePQ, phase
was observed in Lil'ePOy only case after the second calcina-
tions. For the chitosan added LiFePQy after ball mill process,
the XRD peak intensities slightly decreased (not shown). We
calcined again to remove acid precipitates during ball mill
process and got the patterns as shown in Figure 2(b). There are
additional peaks around 40° and 47° (indicated by two vertical
arrows) in Figure 2(b). These are due to the remained impurities
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Figure 1. TGA curves ot the () Lil'ePO; precursor (the solid ling)
and (b) the chitosan added 1iFePO; powders (the dotted line),
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Figure 2. XRD pattens ol (a) L.iFePQ, powder and (b) the chitosan
added LiFePOy powder. The upper spectra were shilied vertically tor
clarity.
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in the synthesized samples according to the JCPDS files. No
significant variation in the grain size was observed in each
calcination process.

Figure 3 shows SEM images of (a) |.iFePO, powder after
the second calcination and {b) the chitosan added LiFePQOy
powder after the third calcination. All powders show uniform
structures with similar grain sizes in each case, /.¢., before and
after adding chitosan, According to the morphology shown in
the images, we can find that the influences caused by adding
chitosan and the longer calcination clearly.

In order to check the carbon coatings in synthesized powders,
we carried out the TEM measurements. Figure 4 shows high-
resolution TEEM images of the synthesized LilFePQy powder
after the second calcination (left) and the chitosan added
LiFePO, powder after the third calcination (right). When we
compare the two images, it is clear that carbon is deposited on
the surface of the chitosan added LiFePOy powder in a form of
a nanometer-thick layer of carbon, The thickness of carbon
layer is measured to be about 4.1 nm in most of the svnthesized
powders, We think that this carbon layer gives good electric
conductivity of the synthesized material as shown later in this
article.

When the precipitates are burned in the air-limited atmo-
sphere such as argon atmosphere in our calcination condition,
the oxygen is consumed in the furnace and carbons from the
precipitates would remain. These residual carbons are oxidized
to CO or CO: by taking oxygen. In order to see the oxidation
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Figure 3. SEM images ol {a) Lil'ePQy powder aller the second
calcination and (b} the chitosan added LiFcP(y powder after the
third calcination.

Figure 4. TEM images of the sy nthesized LiFeP(y powder after the
second calcination (lefl) and the chitosan added 1Lil'ePO, powder
afler the third calcination {right}. The nano-sized carbon layer in
chitosan added LiFcPO. powder is clearly observed.
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status of carbon and the valence state of iron, we took XPS
spectra in all powders. Figure 5 shows wide scan XPS spectra
for (a) LiFePOy4 powder after the second calcination and (b)
the chitosan added L.iFePO, powder after the third calcination.
All elements such as Li, P, C, O, and Fe are observed.

The carbon intensities increased a lot when chitosan is
added as shown in Figure 5 (The vertical scale of chitosan
added LiTFePO, powder is about 12 times stronger than 1.il'ePQ,
powder.). Since XPS spectra were taken in vacuum without
etching the surface of the samples, the carbon peak in LiFePQO,
powder (upper spectra) is considered due to the residual
carbon from the atmosphere or the precipitates in synthesis
process. [n order to see the oxidation and valence states of the
iron, we took narrow scan spectra.

Figure 6 shows narrow scan XPS spectra of iron 2p state in
synthesized LiFePO4 powders. The upper one represents the
LiFePO, powder after the second calcination and the lower
one represents the chitosan added LiT'ePO4 powder after the
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Figure 5. Wide scan XPS spectra for (a) Lil'ePO, powder after the
second calcingtion and (b) the chitosan added Lil'ePQy powder after
the third calcination.
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Figure 6. Narrow scan XPS spectra of iron 2p in LiFeP Oy powders.
The upper spectrum represents LilePOy powder alter the second
calcination and the lower spectrum represents the chitosan added
LiFcPQy powdcr after the third calcinations.
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Figure 7. The speceific capacity upon discharge rate 01/ 0.2 C with the
number of cyvcles. The squares and circles represent |iteP(),
powder alier the second calcination and the chitosan added Lil'ePO,
powder after the third caleination. respectively. Open and solid
points represent charging and discharging processes. respectively.
The inset shows the charge-discharge cycles of the LitePQ,
electrodes. The potential range was belween 2.5 Vand 4.3 V.,

third calcination, With the number of calcination times, the
iron 2ps:: binding energy shifts to lower side. We can think
that there is a reaction between LiFePOy powder and the
added chitosan, which means that we obtained LiFePOy powder
with difterent conditions. The shift of the iron 2ps:» binding
energy is related to the difference in the oxidation state of iron
ions. The shift range of the synthesized powders agrees with
the binding energy of the oxidation state of Fe'™ ™ We synthe-
sized LiFePQOs powders in air-limited atmosphere. [n this
case. burning out the emulsnon -precipitates gives rise to the
reduction of divalent ions,” Since there is no other secondary
phase in XRD patterns as shown in Figure 2. most of the iron
ions were reduced to Fe™" after the third calcination at 600 °C.
Figure 6 implies that the synthesized chitosan added LiFePO,
powder shows an olivine-type LiFePO, phase with no impurities
because the residual carbon contributes to the reduction dtlTl(J-
sphere during calcination which is sufficient to reduce Fe'' to

Since there is no other secondary phase except impurities as
shown in XRD patterns shown Figure 2, most ot'the iron ions
were reduced to Fe™™ after the third calcination at 600 °C. The
shift range of the samples agrees with the binding energy of
the oxidation state of Fe™

As shown in Figure 6, the valence states of iron shifted
from 3— to 2+ with calcination times, Hence the more Fe™
exists in LiFePQy. the more lithium ion can deintercalate from
the host and more lithium ion will intercalate into the guest,
resulting in higher capacity.™ In other words, more calcination
results in the formation of more Fe™

The electrochemical properties of all synthesized powders
were analyzed using constant current discharge-charge experi-
ment, Figure 7 shows the charge-discharge profiles obtained
at a 0.2 C rate for the LiFePQy powder after the second
calcination and the chitosan added LiFePOy powder after the
third calcination, The potential range was between 4.3 V and

Kvong-Soo Hong et of.

Voltage (V)

0 20 40 60 80 100
Capacity (mAh/g)

Figure 8. The discharge voltage profiles for the clectrodes as a

tunction ol the specific capacity for (a) Lil'ePO, powder and (b) the

chitosan added 1LiFePQy powder. In both cases. the charge rate was
(.2 C and discharpe rates were ditferent.

2.5 V. The specific capacity of LiFePO, powder is slightly
decreasing with the number of cycles, but that of the chitosan
added LiFePO, powder is slightly increasing with the number
of cyceles; from cycle No. 7 to No. 10. As a whole, the capacity
shows a decrease, However in both cases, the obtained specific
capacities for charge and discharge processes are almost
constant with the number of cycles for all compounds. The
obtained specific capacity of the chitosan added LiFePO,
powder is larger than that of LiFePQ, only powder, but they
are still lower than the theoretical value 170 mAh/g,

We think that this behavior can be controlled by optimizing
the electrolyte system and the fabrication technique condition
for lithium battery test cell. We can think that the carbon coating
improves the cyclability of the cathode materials and adding
chitosan can upgrade the electrochemical performance for
rechargeable batteries. The charge-discharge cycles of the
LiFFePOy electrodes were shown as an inset in the Figure 7.

Figure 8 shows the voltage profiles of the LiFePO; electrodes
as a function of the specific capacity. The charge rate of the
electrodes was 0.2 C in all cases in order to assure identical
initial conditions. The chitosan added LiI'ePO, powders show
larger specific capacity compared with those of LiFePO,
powder for the same conditions. The electrode was discharged
galvanostatically under different rates from 0.1 C to 2 C. The
cut-off voltage was about 2.3 V in all cases. At lower discharge
rates, the voltage profiles were kept almost constant during
the following intercalation step. For the lowest discharge rate
0.1 C. the electrode was able to deliver a specific capacity of
almost 90 m Ah/g: which comresponds to the discharge time of
about 11.3 hours for the chitosan added LiFePQ4 powders. By
increasing the discharge rates, we observed a decrease of the
average discharge voltages and an increase of the electrode
voltage drops.

From the above analysis, we can say that it is possible to
svnthesize carbon-coated LiFePO; powder by mixing chitosan
by using the solid state reaction method, and the chitosan
added LiFePOy powder increased the electrochemical properties
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such as the cvclability of the cathode materials significantly
compared with LiFePO, only powders.

Summary

Regardless of high capacity and stability during lithium
extraction. LiFePO, materials have difficulty in applications
such as high electrical density because of low electric conduc-
tivity, For the electrochemical study of this material, we
synthesized LiFePO4 powders and carbon coated LiFePO,
powders by adding chitosan using the solid state reaction
method. All powders were calcined in reduced argon atmo-
sphere to avoid the oxidation of carbon. With the number of
calcinations. we observed that Fe’* is reduced to Fe™" state
from XPS study. We found that the carbon coating improved
the cvclability of the cathode materials and the chitosan added
LiFePO, increases the electrochemical performance for
rechargeable batteries.
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