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The pH effect of the precursor solution on the preparation of LiCoO- by a solution phase reaction containing
malonic acid was carried out. Lavered LiCoO- powders were obtained with the precursors prepared at the dif-
ferent pHs (4. 7. and 9) and heat-treated at 700 °C (LiCoO--700) or 850 °C (LiC00.-850) in air. pHs of the
media for precursor svnthesis affects the charge/discharge and electrochemical properties of the LiCoO- elec-
trodes. Upon irrespective of pH of the precursor media. X-rav diffraction spectra recorded for LiCo(:-850
powder showed higher peak intensity ratio of 1(003)/I( 104) than that of LiCoQ--700. since the better crystalli-
zation of the former crystallized better. However. LiCoQO- synthesized at pH 4 displaved an abnormal higher
intensity ratio of I[{003)/I(104) than those synthesized at pH 7 and 9. The surface morphology of the LiCoQ--
850 powders was rougher and more irregular than that of LiCoQO--700 made from the precursor synthesized at
pH 7 and 9. The LiCoO- electrodes prepared with the precursors synthesized at pH 7 and 9 showed a better
electrochemical and charge/discharge characteristics. From the AC impedance spectroscopic experiments for
the electrode made from the precursor prepared in pH 7. the chemical diffusivity of Li ions (Dy;*) in Liq 5¢CoO-
determined was 2.7 x 107%cmrs™. A cell composed of the LiCoQ--700 cathode prepared in pH 7 with Lithiuun
metal anode reveals an initial discharge specific capacity of 119.8 mAhg™ at a current density of 10.0 mAg’
between 3.5 Vand 4.3 V. The fullcell composed with LiCoO.-700 cathode prepared in pH 7 and the Meso-
carbon Pitch-based Carbon Fiber (MPCF) anode separated by a Cellgard 2400 membrane showed a good cy-
cleability. In addition. it was operated over 100 charge/discharge cvcles and displaved an average reversible
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capacity of nearly 130 mAhg™.

Introduction

LiCoO- as a cathode material for a lithium 10n battery has
received much attention.' after Sonv Co. introduced a lith-
m-ion battery consisting a LiCoO- cathode and a carbon
anode at 1990s. Many studies™® have been carried out for the
preparation of LiCoO-, electrochemical characterizations.
etc. to obtain superior charge/discharge properties. LiCoOa
is usually prepared by emploving a solid phase reaction.
where the oxide/carbonate salts of cobalt and lithium were
treated at a high temperature for several hours after a
mechanical mixing of the compounds. On the other hand.
the solid phase reactions have disadvantages. such as non-
homogeneity of particles with abnormal grain growth and
poor control of stoichiometry. The solution phase reaction is
preferable to overcome the above disadvantages and to
lower the synthesis temperature of the precursor that leads to
get a good LiCoOs in homogeneous with smaller grain size.
We previously reported a low temperature synthesis of
homogeneous LiCoO powders by solution phase reactions
by emploving the complex formation reaction between
humic acid and cobalt and/or lithium ions in an agueous
solution using a sol-gel process. Ogihara et o' dissolved
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LINQ; and Co(NQ);- 6H-O m an aqueous solution. and
treated this solution with mist generated by an ultrasonic
vibrator at 900 °C. The specific capacity obtained from the
solution phase reaction was about 80-110 mAh/g and this 1s
comparable to one that was resulting from other solid phase
reactions using carbonates. However, there was some atten-
tion to the solution phase reaction for the preparation of
LiCoO-."" although several groups reported on the prepa-
ration of lithium manganese oxides in a solution phase reac-
tion of sol-gel processes.!*

In the present study. we have synthesized LiCoO: powders
by a solution phase method containing malonic acid at vari-
ous pHs. The solution phase reaction causes the powder to
be homogeneous with small particles and the growth was
affected by the pH of precursor synthesis media. Malonic
acid possesses two carboxylic acid groups that can form
complexes with metal ions. Generally. the complexation
ability of the acid tyvpe ligand depends on the pH of the
media. due to the different degree of dissociation. Thus. the
physical properties of the resulting powder of LiCoO- syn-
thesized in different pHs of the precursor media might differ
from each other. By having the above in mind. we compared
the electrochemical and charge/discharge characteristics of
the LiCoQO: powders prepared from the precursors synthe-
sized at pH 4. 7. and 9. To characterize the LiCoO- cathode
made from the precursors synthesized at different pH condi-
tions. the electrochemical experiments were performed using
cyvclic voltammetry. charge/discharge experiment. and AC
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mipedance spectrometry at various experimental conditions.
Besides that XRD. TG/DSC. and SEM studies were per-
formed to confirm its composition, structure, and morphol-
ogy of powders svnthesized at different pHs. Cycling test for
a full-cell was also carried out under the constant current
mode.

Experimental Section

Preparation of the LiCoQO; precursor. 0.2 mole of mal-
onic acid (Aldrich Co.) was dissolved in 100 mL water puri-
fied by a Milli-Q system (18 ME2). First. a 100 mL aqueous
solution containing 0.2 mol LiOH - H-O was added to the
malonic acid solution with stirring until the completion of
reaction at room temperature. The metal complex precursor
was finally prepared by adding a 100 mL aqueous solution
containing 0.2 mol Co(NO); - 6H-0 to the above solution at
pH 4, pH 7. and pH 9. which were adjusted by using NH;OH
and HCI solutions. The precursor was obtained as a gel type
followed by concentrating and evaporating the mixture solu-
tion on a hot plate. The gel was 1gnited in a furnace for 6 hrs
at 350 °C, then for 12 hrs at 430 °C. The final LiCoO- pow-
der was obtained by heating the precursor twice at 700 °C or
830 °C in a tube tvpe fumace under the stream of ar.

Preparation of the electrode and the cell. The cathode
was prepared by coating the following mixtures on a current
collector. The mixture was made of 83%(w/w) LiCoO- pow-
der. 10%(whw) acetvlene black, and 5%(w/w) polyvinyhidene
fluonde (PVDF) dissolved n z-Methy] pyvrrolidone (NMP),
The mixture was coated on the current collector of 1 cm®
stainless steel No. 316 ex-met by tape casting followed by
the evaporation of the NMP. It was then dried under vacuum
for 24 hrs at 120 °C. The weight of each electrode was at 20-
25 mg. Lithium metal nbbon (Aldrich Co.) pressed on a
stainless-steel No. 316 ex-met was used as both counter and
reference electrodes. A cell composed of the LiCoO» work-
ing, lithium counter. and reference electrodes were used in a
1.0 M LiClOa/propylene carbonate (PC) solution (Battery
grade from Mitsubishi Petrochemical Co.) under Ar gas
atmosphere at room temperature. A glass cell assembly was
used to record cyclic voltammograms (CVs) and AC imped-
ance spectra, and two electrodes system was used for gal-
vanostatic charge/discharge experiments. The charge/discharge
test for an actual lithium ion battery was undertaken for a
cvlindrical tvpe electrode with the size of 50 x 500 mm-.
The cell consisted of LiCoO»-700 or LiCoO--850 cathodes. and
the MPCF (Mesocarbon Pitch-based Carbon Fiber. PETOCA
Co.) anode in an EC/DEC (30% volume ratio) solution con-
taming 1.0 M LiPF¢ (Merck Co.).

Instruments. Thermogravimetric analvsis (TGA) was per-
formed at the heating mncrement of 10 °C/min up to 900 °C in
air by using a Seiko Instrument Analyzer (Model SSC/5200
SID. X-ray diffraction (XRD) analyses of the LiCoO» pow-
der were carried out using a Rigaku X-ray diffractometer (D/
Max) with a CuK, (1.53403 A) radiation source monochro-
mated with a Ni-filter at the scanning range from 10° to 80°
(+2 6). Scanning electron microscopic pichues for LiCoOs
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electrodes were obtamed from Hitacli Co. Model S-2400
Scanning Electron Microscope (SEM). Cyelic voltanunograms
were recorded by emploving a PAR Model 273 Potentiostat/
Galvanostat (EG & G Co.) with Kipp & zonen X-Y recorder.
Expeniments for specific capacity versus cyvclability. proper-
ties of charge/discharge, and open circuit voltage (QCV) ex-
periments were carried out using a PAR 363 Potentiostat/
Galvanostat mterfaced with an [BM-compatible personal com-
puter using an in-house software program. The AC mmped-
ance measurements were carried out using a PAR Model
273 A Potentiostat/Galvanostat (EG & G Co.) coupled with
an EG & G 5201 Lock-1n amplifier. Impedance spectra were
recorded under the potentiostatic control of the cell voltage
and the galvanostatic measurements were camried out by
applyving an AC voltage of 5 mV-rms amplitude over the fre-
quency range from 100 kHz to 1 mHz after the electrode
attaming equilibrium potential. The unpedance spectrometer
was controlled by an IBM-compatible personal computer,
and the data were analyzed in terms of an equivalent circuit
by using software supplied by EG&G PAR. The full cells
cycling performance was done with a series 2000 Charge-
Discharge Tester MACCOR Co.) mterfacing with an IBM-
compatible computer mn a glove box (VAC Co))

Results and Discussion

TGA and XRD patterns of LiCoO: precursors synthe-
sized at various pHs. The thermal analysis technique gives
the optimum heat-treatiment temperature required to prepare
the LiCoQO- powder was determined for the precursors syn-
thesized n different pHs media. Figure | shows TGA curves
recorded for the starting materials for the precursor synthe-
ses. TGA curve recorded for LIOH - H-O(a), which 1s one of
the starting matenal for the preparation of the LiCoO- pre-
cursor, shows weight losses of 41.68% and 9.78% at 60-100
°C and 350-630 °C. respectively due to its degradation to
H-O and OH™. At around 630-740 °C a 22.70% m weight
was mcreased due to the formation of Li-O. In the case of
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Figure 1. TGA curves recorded for the related compounds to the

precursor synthesis, (a) LiOH -H;O, (b) Co(NQ,;)  6HyO, (¢)

malonic acid, and (d) LiCoOa.
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Figure 2. SEM photographs of LiCoO; powders synthesized at
PH 7. (a) 700 °C, (b) 830 °C.

Co(NO3) - 6H-O(b). the total weight loss observed was
73.72%. and the one of occurred at 60-122 °C was 17.86%.
and another at 170-250 °C was 43.33% due to the degrada-
tion to H-O and NO;™. TGA curve for malonic acid(c) shows
a 98.06% degradation at around 160-200 °C. All starting
materials were degraded to H-O and CO- in prior to 600 °C.
In addition to that the precursors svnthesized respectively at
pH 4, 7, and 9 showed the TG curves with similar weight
losses. Since there are no signals indicating the formation of
L1xO at 700 °C 1n the TGA curves recorded for LiCoO-(d).
Hence. it was assumed that all the precursors were cryvstal-
lized to LiCoO-. These results showed that the solution
phase reaction results in a lower heat-treatment temperature
for the LiCoO- precursor.

SEM photographs of LiCoO» were obtained for the pow-
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ders synthesized in an aqueous medium of pH 7. followed
by the heat-treatment separately at 700 °C and 830 °C as
shown in Figure 2(a) and (b). respectively. The size of grains
prepared at 700 °C was nearly | mm, and another prepared at
850 °C was several times larger grain size than that of 700
°C. Particle size of LiCoO- treated at 850 °C were different
from each other in different pHs of synthesizing media,
which were about 40. 29, 45 um for pH 4, 7. and 9, respec-
tively. It suggests that the particle size was not dependant to
the pH of the precursor media but to the heat-treat tempera-
ture. The surface morphology of all the particles was
smooth. but powders prepared at 850 °C were rather rougher
and uregular than that of at 700 °C. The morphology was
different from each other, depending on the pH of the solu-
tion. In addition, the particle size of the powder prepared at
pH 4 was larger and less homogenous than that prepared at
pH 7 or 9. The dissociation constants (pK.; and pK,») of mal-
onic acid are 2.8 and 5.7, respectively. This means that dis-
sociation of the acid 1s incomplete at pH 4. Thereby, the
formation of homogenous LiCoO- precipitates via the com-
plex formation reaction would be relatively more difficult
below pH 5.7. On the other hand, the homogenous precipi-
tates can be obtained over pH 7. which is due to the lugher
value than the pK...

Table | shows the observed lattice parameters of LiCoO-
powders synthesized at pH 4, 7. and 9. such as ¢ and ¢ val-
ues, line mtensities of 1(003) and 1(104). and «/c ratio. The
Miller indices indicate that the powder has a pure hexagonal
structure with a R3m space group. Generally, the (003) line
mtensity decreases when a metal (M) atom partially occu-
pies a part of the octahedral sites of the Li layer in LIMO-
(M=Co. Ni. V, and Cr). In the present study. the strongest
peak was observed at the miller index (003) n all samples of
LiCo0--700 and LiCoQ--830. The latter had a little stronger
mtensity of the (003) line than the former. This indicates that
the degree of the cryvstallization of the powder was higher
when prepared at 850 °C than that did at 700 °C. However,
the electrochemical performances for the former were better.
For LiCoO--700 °C, d values for (003). (101), and (104)
lines moved slightly to the lager one as the pH of synthesiz-
g media went to lugher pHs. Especially, LiCoO- synthe-
sized at pH 4 displaved larger intensity ratios of I(003)/
[(104) than those synthesized at pH 7 and 9. The electro-
chemical charactenistics of LiCoO- synthesized at pH 4 were

Table 1. Lattice parameters calculated from XRD data of LiCoO; heat-treated at 700 °C and 830 °C

e R Lattice parameters . Intensity
TParan;;:te}‘_l dvalue (A) (hexagonal) “d ratio ot
emp. - _
a4 (003) (101) (104) a(A) c(A) (003 ¥I(104)
700 °C pH4 4.657 2.396 1.999 2.806 13.97 4.979 1.33
PH? 4.682 2.402 2.003 2813 14.05 4,989 1.14
pH?Y 4.684 2403 2.003 2.816 14.05 4.991 1.03
830 °C pH4 4706 2.408 2.007 2.822 14.12 3,003 10.12
PH? 4.696 2.408 2.006 2.827 14.04 4.992 6.17
pH?9 4.679 2.401 2.003 2.814 14.04 4.988 8.02
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poor. This means that the shift in d value and abnormally
larger intensity ratios of I{003) and I(104) shows that it
affect to lithium insertion/deinsertion processes. Gummow
et al.[4] had reported that the crystal structure of the LiCoO-
powder was depend on the heat treatment temperature. Thus.
the abnormal intensity ratios of I{003)/I( L04) for the powder
obtained at 850 °C from the precursor svnthesized at pH 4
might have a distorted structure. In the present study. the
XRD patterns of the powder were shghtly different from
each other depending on the heat treatment temperature. The
lithium and cobalt lavers of LiCoO» prepared with precur-
sors svnthesized at pH 7 and 9 are well spaced in the rock
salt structure. indicating that well-crystallized LiCoOxcan be
obtained even at a lower heat-treatment temperature when
compared to the other reports.>*"’

Cyclic Voltammetric and charge/discharge behavior of
the LiCoO; electrode. The CVs recorded for the LiCoO»
electrodes. which were prepared with the precursor svnthe-
sized using malonic acid n different pH media (pH 4. pH 7.
and pH 9) and heat-treated at the low temperature (700 °C).
show only one set of redox peaks being independent on the
pH (see Figure 3(a)). The peak potentials of the LiCoQ- pre-
pared at pH 4, 7, and 9 were 4.0]1 V/3.85 V. 4.02 V/3.86 V.

14 4.0 36 32 28
Potential (V) vs. Li/Li+
Figure 3. Cyclic voltammograms of LiCoO; electrodes prepared
at different pHs and heat-treatment in 1M LiC104/PC at 0.01mV/
sec: heat treated at (a) 700 °C and (b) 830 "C. The potential range
was 3.0 V-44 Vs LVLI.
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and 4.00 V/3.87 V at the scan rate of 0.01 mV/sec, wlich did
not change according to the pH of the preparing solution.
CVsrecorded for LiCoO--700 electrodes prepared used with
the precursor synthesized at pH 4. 7. and 9 show a set of
well-separated redox peaks. However. the anodic peak cur-
rents are larger than that of the corresponding cathodic one.
This indicates that the redox process is not fully reversible
and the litluum 1ons that de-intercalated at a higher potential
than 4.0 V are wreversibly re-intercalated during the cathodic
process. This made the mtial charge/discharge efficiency
lower. This behavior may be due to that as the lithium 1ons
are de-intercalated from the LiCoO- crvstal and Co™ oxi-
dized to Co™, which increases the concentration of Co*™ in
LiCoO- at ligh potentials. In addition. one set of redox
peaks appearing in the CV recorded for the LiCo(O--700
electrode indicates that it has a single-phase transition pro-
cess during charge/discharge between 3.0 and 4.4 V. Here,
the Lithium intercalation and de-mtercalation reactions are
also a one-step process.

While. the CV recorded for the electrodes treated at 850
°C (Figure 3(b)) shows three redox peaks as like the LiCoQ-
electrodes synthesized in the solid phase reaction except that
the electrode prepared the precursor synthesized at pH 4.
Three redox peaks i the CV must be a result of the phase
transitions, and/or cation disorders in the structure. Excep-
tionally, the electrode prepared with the LiCoQO- powder
made up of the precursor synthesized at pH 4 and heat
treated at 830 °C shows only one anodic peak at4.25 Vand a
large cathodic peak at 3.75 V and very large peak separation
compared with that obtained at pH 7 and 9 (see Figure 3(b)).
This indicates that the electrode prepared with the precursor
synthesized at pH 4 and heat-treated at 850 °C has different
electrochemical properties when compared to that obtained
from pH 7 an 9. The CV recorded for the electrode prepared
at 830 °C shows smaller cathodic peaks than anodic ones,
which were independent on pHs of precursor synthesis media.

To mvestigate the effects of the heat-treated temperature
using the precursors synthesized at various pH conditions of
the precursor preparing media on the charge/discharge cha-
ractenstics, the charge-discharge expeniments between 4.2
and 3.6 V were undertaken with a LiCoO-/Li cell at 0.4 mA/
cm- (see Figure 4). Large decrease in the discharge capacity
was observed for the electrodes prepared with the powder
that was synthesized at pH 4 and heat-treated at 700 °C and
850 °C. While, the decrease of the discharge capacity was
slow for the electrodes obtained at pH 7 and 9. This means
that charge/discharge characteristics did not depends on the
heat-treated temperature, but on the pH of synthesis media
of the precursor. It 1s due to the difference of the complex
formation ability that affects the oxide formation according
to pH. Thus. The charge/discharge efficiency was good for
the electrode made of LiCoQ- powders synthesized at pH 7
and 9, wluch 1s due to the complete complexation to be given
homogeneous particles at low temperature.

OCV patterns of the LiCoO; electrodes. Charge/dis-
charge charactenistics of LiCoQ- powders, which were pre-
pared with malonic acid at pH 7 and 9 were better than those
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Figure 4. Variation of discharge capacities as a function of cycle
number for LiCoOn electrode at a current density of 0.4 mA/cm? in
1 M LiCIOJ/PC. (a) 700 "C-pH 4, (b) 850 "C-pH 4, (¢) 700 “C-pH
7.(d)830 °C-pH 7. (e) 700 °C-pH 9. and (f) 830 °C-pH 9.

prepared at pH 4. LiCoO- prepared at pH 4 shows a poor
cvcle ability and charge/discharge properties. while proper-
ties of the LiCoO- powders prepared at pH 7 were similar to
that prepared at pH 9. This agrees with the CV results. in
which the reversibility of the redox reaction in the CV was
good for LiCoO- prepared at pH 7 and 9. For LiCoO- pre-
pared at pH 4. charge/discharge experiment between 4.2 and
2.6 V at the current density of 0.4 mA/cm> shows a decrease
in the discharge capacity that was larger than those prepared
at pH 7 and 9.

Figure 5 presents the first galvanostatic intermittent charge
curves at the charging capacity of 0-180 mAlv/g recorded for
(a) LiCoO»-700 and (b) LiCoO--850 electrodes wlich were
prepared with the powder synthesized at pH 7. The cell was
charged for a given tune, then the current was stopped and it
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Figure 5. The first galvanostatic intermittent charge curves in Li/
IM LiClOsm PC. (a) 700 “C-pH 7 and (b) 850 “C-pH 7. The
current density was 10 mA/g.
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was allowed to relax. By applying a constant current (10mA/
) to the cell for 1800 sec during charging, the open circuit
voltage recorded for 600 sec varied as shown n Figure 3.
Both the LiCoO--700 and LiCoQO--850 electrodes showed a
two-phase reaction until 90 mAh/g charging state, Liss7CoO-. ™!
After this, the former has no potential plateau and mdicating
a lithiume-1on diffusion proceed in a single phase. The latter
has two potential plateaus due to the phase transition, as
reported by Reimer and Daln.” This result is consistent with
the CV result that the LiCoO--700 and LiCoO--850 elec-
trodes showed one and three redox peaks, respectively.
Impedance spectroscopic hehavior of the LiCoO; elec-
trode. The previous data shows that the electrode made up
of the precursor synthesized at pH 7 was best. Thus, we per-
formed the impedance spectrometry for the electrode pre-
pared with the precursor synthesized at pH 7. Figure 6(A)
shows a Nyquist plot for a LiCo0--850 (pH 7) ¢lectrode at
various cathodic potentials (intercalation processes of lith-
ium ions) from 4.3 to 3.2 V vs. LVLi* electrode. In order to
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Figure 6. (A)Nvquist plots obtained for the LiCoQ; (850 “C-pH
7) electrode at various applied reduction potentials. (a) 4.30 V. (b)
420V, () 4.15 V. (d) 4.10 V, (&) 4.03 V, () 4.0 V. (2) 3.95 V. (h)
390 V(1) 383 V. (1) 3.80 V.(K) 3.70 V. (1) 3.65 V., () 3.60 V. (n)
340V, and (0) 3.20 V v, LVLi™. Measuring frequency range = 100
kHz-1 mHz. (B)Equivalent circuits for CNLS-fitting.
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Table 2(a). Values of the parameters of the equivalent cirewit simulated for the impedance spectra of LiCoQ; (830 °C-pH 7) electrode

recorded in the positive voltage direction

1) Ry{(QiRa)Qz 2) RO [Ru( Q2[RauQs]3])

Oxidation R« R Q Rud Q: C Q: Remark
potential, V. 0 £ Yo mhox 10 m 2 Yo mhox 107 e Yo, mho 13
320 7962 1331 16.27 08714 - 59.71 0.3295 9425 — — (g
340 7962 1331 16.27 08714 - 59.71 0.3295 9425 - - !
3.80 7867 1317 16.04 0.6380 - - - - - - !
3.90 7893 16.61 10.98 0.6750 3637 18.21 08532 — 0.1284 0.7393 2)
395 7729 16.98 14.51 0.6485 61.84 18.09 0.7899 - 0.1819 0.7583 !
4.00 80.29 15.54 9533 0.7078 4351 17.31 0.7927 - 0.2234 0.7368 !
4.05 79.73 14.78 74.90 0.7405 30.91 15.90 0.7857 - 0.6889 0.5307 !
4.10 81.21 14.70 66.40 0.7374 31.03 15.30 0.8064 - 0.6709 0.6008 !
4.20 79.65 14.22 71.34 0.7348 3328 14.60 0.8002 - 0.2795 04630 !
4.25 80.09 14.45 84 .49 07386 4249 14.15 08417 - 0.2248 04496 !
4.30 80.61 16.32 14.87 0.6629 63.61 14.70 0.8780 - 04230 0.5614 !

Table 2(b). Values of the parameters of the equivalent circuit simulated for the impedance spectra of LiCoO= (850 °C-pH 7) electrode

recorded in the negative voltage direction

1) R QiRe)Qz 2) Ri(Q) [Ral Q2[RaeQ: D)

Oxidation R R. Q Rus Q: Qs Remark
potential, V Q 2 Yomhox10® 2 Yo, mhox 107 n: Yo. mho x 107 m
4.30 80.35 14.18 31.17 (1.83 1740 2.30 1 34.89 0.39 2)
420 80.10 14.39 39.98 079 3221 224 1 38.53 042 !
413 79.10 15.49 51.33 076 3328 228 1 3427 043 !
4,10 7958 13.72 A8.06 0.77 3609 218 1 61.22 041 !
4,03 7729 16.17 3561 076 3937 21.0 0.99 63.77 041 !
4,00 7729 16.82 35.30 .76 4350 208 0.99 67.94 0.40 !
3.90 75.88 22.32 107.0 .66 8023 20.0 0.96 88.26 0.30 !
380 76.62 2372 116.0 .67 - 13.6 0.90 - - 1)
370 T7.00 2528 137.9 (1.65 - 15.3 0.91 - - !
3.40 79.39 29.09 162.5 .63 - 1.90 0.93 _ - !
320 77.94 30.03 12.89 (1.66 - 1.10 0.93 - - !

interpret the impedance spectra. we described an equivalent
circuit derived from a CNLS (complex non-linear least square)
fitting analvsis. The circuits shown in Figure 6(B) in which
two equivalent RC circuits are present to describe the
impedance responses shown in Figure 6(A). The impedance
spectra were analvzed with the “Equivalent Circuit” soft-
ware provided by the Unmiversiteit Twente through EG&G by
working out approprate equivalent circuits and fitting to the
expenimental data. Here CPEs stand for constant phase ele-
ments.

From 3.8 V to the open circuit voltage, impedance spectra
display an arc, an inclined line. and a normal line to x-axis at
the region of high, nuddle. and low frequencies, respec-
tively. The arc and lines correspond to the charge transfer
resistance (R) and diffusion and charge saturation pro-
cesses.”” As the applied potential goes from 4.3 to 3.8 V,
which 1s around the peak potential in the CV. the second arc
in the higher frequency range begins to appear from the set-
up potential of the CV (as shown mn Figure 3). It corresponds
to the resistance caused by another charge-transfer process

(Raa) that 1s due to insertion/extraction of Li ions in the inter-
face of the electrolyte/oxide electrode. While. the mclined
line in the lower frequency range below 20 mHz 1s attribut-
able to the Warburg impedance (CPE3). where the charge
transfer 1s controlled by the diffusion of lithium 1ons through
the LiCoO- electrode. The Ry of the second arc gradually
mcreased with decreasing the applied potentials (the lithium
mtercalation process), because of increasing the resistance
of the adsorption layer formed on the electrode surface by
accumulation of lithium.”"=*** Impedance spectra for a
LiCoO- electrode at various oxidation potentials (de-interca-
lation process of lithium 1ons) with a vanation from 3.2 to
4.3 V us. Li/Li" electrode are similar to the spectra recorded
for the above reduction process, except for small differences
n the values. Results of the equivalent circuit analysis dur-
ing the anodic process are listed in Table 2. As the apphed
potential goes to the anodic direction, the second arcs in the
higher frequency range begin to appear from the set-up
potential (3.9 V), which 1s around the peak potential in the
CV. The Ruq of the second arc gradually decreased with
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increasing the applied potentials to the electrode because de-
intercalation inducts electrostatic repulsion of oxvgen lavers.
thereby. the lattice expansion allows to reduce the internal
resistance.

Figure 7 shows that the resistance. Ry fluctuation accord-
ing to the potential vanation. Ry values gradually decrease
as the applied oxidation potential goes from 3.95 Vto 4.2 V.
This means that lithium 1ons easily come out from the inside
the electrode during the de-intercalation process (Figure 7
(a)) when compared with the process being mserted into the
electrode during the intercalation process (Figure 7(b)). As
previously mentioned. this result is in consistent with the CV
results and that shows a decrease in the internal resistance of
the electrode at the potentials bevond the oxidation peak.
While. a higher mternal resistance in the lower oxidation
potential region is attributable by increasing mternal resis-
tance with large degrees of lithium ions intercalation. This
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the carbon (MPCF) anode and the LiCoQO- cathode separated by
Cellgard 2400 using an electrolyte of 1.0 M LiPF; in an EC/DEC
(1:1) solution.

behavior is similar to that for LiCoyNi;..O» and LiMn-Oy
electrodes previously reported.> However, this result is dif-
ferent from that of a LiCoQO- thin layer electrode of Nishima
et al.*® They reported that the electrode had only one semi-
circle on umpedance spectra. A Nyquist plot at a constant
charge/discharge current was similar to the result obtamed at
various potentials (not shown).

To determine the chemical diffusivity of the LiCoO-, Dy,
the data from Figure 6. which have Qs values of the range
from 0.4 to 0.5 (See Table 2(b)) indicating the presence of
Warburg impedance. was used to plot CNLS fitting. There-
fore. the value of the chemical diffusivity. Di;*. m LiCoO-
was calculated by using the Eq. (1).>*

Du*= 7/ 94 (n)

Where. fr 1s the frequency at the transition from the semi-
mfinite diffusion behavior to fimte-length diffusion behav-
1or, and 7 is the average radius of the LiCoQ- particles. Its
values were obtained by the SEM analysis. Here. the chemi-
cal diffusivity of Liy 55CoQx (4.2 V) was determined to be 2.7
x 107 em~s™.

The cycling performance of the full-cell composed of
MPCF/LiCo0O:. To represent an actual battery system. the
cycling performance was mvestigated for a full cell com-
posed of the carbon (MPCF) anode and the LiCoO- cathode
separated by Cellgard 2400 using an electrolyte of 1.0 M
LiPF: m an EC/DEC (1l : 1) solution (sce Figure 8). The
cycling tests were performed between the potential range of
4.2 Vand 2.7 V at a charge and discharge current density of
100 mA/g and 50 mA/g. respectively. Figure 8 illustrates the
specific discharge capacity as a function of the number of
cycles for LiCoQ--700 and LiCoO--850 cathodes using the
precursor synthesized at pH 7. Although the curve of the
LiCo0--700 exhibited a similar form compared with that of
the LiCo0--850. the performance of the LiCoO--700 was
better than that of the LiCoQ--850 cathode. The average dis-
charge voltages of these systems are above 3.6 V. As the
number of cycles increases. the discharge capacity gradually
decreases by around the 100" cycle (see Figure 8). The dis-
charge energy decreases to 77% and 74% of the iitial value
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for the LiCoO2-700 and LiCoO--B30. respectively at 100
cveling. In this case. the coulombic efficiency was 98-99%.

Conclusions

The CVs, charge/discharge data indicates that single-phase
LiCoO: powders with fine and well-developed lavered
structure can be svnthesized by an aqueous complex forma-
tion reaction using malonic acid. The pH of the media for the
svnthesis of the precursor affects the crvstal structure and
electrochemical properties of the LiCoO: powder due to the
incompleteness of the complex formation reaction at the
lower pHs than the pKa» value of the ligand. The LiCoQO--
700 made of the precursor synthesized at pH 7 gave an ex-
cellent CV cveling behavior at the potential range between
3.0 Vand 4.4 V vs. LI/L1™ electrode. It shows only one redox
peak due to a single-phase transition. whereas the LiCoO:-
850 gave three redox peaks due to a complex phase-transi-
tions and/or cation disorders on the structure. These results
are consistent with the OCV curve patterns. From the AC
impedance studies. the resistance due to the adsorption of
lithium 1ons into oxide electrode was gradually decreased
with increasing the applied potentials to the electrode. The
chemical diffusivity of the lithium 10ns in Liq 5sCoO; svnthe-
sized at pH 7 in the present study was calculated to be 2.7 X
10* em®s™!. The charge and discharge capacity of the lith-
wm 1on battery, which composed of the LiCoO;-700 (svn-
thesized at pH 7) cathode and carbon (MPCF) anode. were
119.8 and 117.9 mAl/g, respectively at the first cvcle. While
the number of cvcles increase to 100, the discharge capacity
dropped to 91% of the first cvcle, having the charge/dis-
charge efficiency of 98-99%. The performance of the LiCoO--
700 electrode was better than that of the LiCoO1-850 elec-
trode in this work. which was obtained from the CV and
OCV studies.
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