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Abstract

Monophasic, ultrafine cobalt ion-doped lithium manganate powders have been prepared via a reverse-micelle process. LiMn; §Co¢ ,04
powders were obtained after heating at 500 °C for 2 h. Both the required reaction temperature and duration for synthesizing this
compound were greatly reduced, compared to those in the conventional technique involving solid-state reaction. Increasing the
water to oil (W/O) volume ratio resulted in an increase in the particle size of LiMn; gCo(,04 as well as the formation of impure
Li,MnO; phase. Nanosized, monophasic powders were obtained when the W/O volume ratio was 1/5. Raising the heating tem-
perature led to an increase in the crystallite size as well as the particle size of LiMn; 3Coy,04. Based on the analytic results of
electrochemical properties, the derived cobalt ion-doped spinel phase was confirmed to exhibit moderate discharge capacity and
improved cycleability at ambient as well as elevated temperatures.
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1. Introduction

Lithium-ion secondary batteries have drawn great
attention in the field of portable devices due to their
high working voltage, low self-discharge rate, elevated
energy density, and long shelf life.!™* In lithium ion
batteries, several lithiated powders, such as layer-struc-
tured LiCoO,, LiNiO,, and spinel-structured LiMn,Oy,
are usually adopted as the cathode materials. Among
these cathode materials, LiMn,0y is the most promising
candidate owing to the inexpensive material cost of
manganese compound, acceptable environmental char-
acteristics, and better safety.>® However, LiMn,O, suf-
fers a severe capacity fading problem after long-term
cycling which limits its application to Li-ion batteries.
The capacity fading may be attributed to several
mechanisms such as tetragonal distortion caused by
Jahn-Teller effect,>> dissolution of active materials in
the positive electrodes,®’ electrochemical instability of
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the electrolyte charging at high voltages,®® and the pas-
sive film formation on the electrodes.

For improving the cycleability of LiMn,0,, doping of
other cations into LiMn,O, has been intensively
investigated.!®~!> The spinel compound can be stabi-
lized by doping M (III) cations into the host structure
during the processes of intercalation and deintercalation
of lithium ions. In the previous studies, cobalt ions have
been found to be an effective dopant for improving the
electrochemical performance of LiMn,O,.!2715 Cobalt
ion-doped lithium manganate powders have been pre-
pared using the solid-state reaction, sol-gel methods and
precipitation techniques;'®~'® nevertheless, these methods
resulted in powders with large particle size and less
controlled morphology. In order to obtain ultrafine and
uniform cathode powders, a reverse-micelle process has
been developed in this study. This process has been
found to be a promising method for synthesizing nano-
sized ceramic powders.!*23 Reducing the particle size
and increasing the specific surface area of cathode
materials will shorten the diffusing length of lithium
ions during the intercalation/de-intercalation process,
thereby improving the electrochemical performance. In
this study, the aqueous phase containing manganese,
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cobalt, and lithium cations with an appropriate ratio
was dispersed into the oil phase. By introducing a specific
surfactant and emulsifying treatment into this system,
the aqueous phase was thoroughly dispersed to form
discrete micelles in the oil phase. Since each micelle acts
as an independent reactor, the morphology and size of
the formed powders can be manipulated by the size of
micelles. Fine cobalt ion-doped LiMn,O,4 powders were
prepared via the reverse-micelle process, and the effects
of the volume ratio of water to oil on the electro-
chemical properties were examined. It was found that
the obtained powders exhibited not only good discharge
capacities, but also enhanced cycling performance at
ambient temperature as well as elevated temperatures.

2. Experimental

Three types of emulsion systems were prepared. The
water to oil (W/O) volume ratios were adjusted to be 1/5
(system I), 1/1 (system II), and 2/1 (system III). Kerosene
was chosen to be the oil phase, and sorbitan monooleate
(Span 80, Aldrich Co. USA) was used as the surfactant
to increase the stability of the emulsified system. The
amount of Span 80 was fixed to be 5 vol.% of the total
volume of oil and aqueous phases. Aqueous phase was
prepared by dissolving appropriate amounts of lithium
acetate, manganese acetate and cobalt acetate in de-
ionized water. In order to achieve good cycling perfor-
mance and high discharge capacity, the ratio of
Li:Mn:Co was set to be 1:1.8:0.2. The concentration of
the aqueous solution was maintained at 1 M with respect
to all cations. After mixing the prepared aqueous phase
with the oil phase, the mixed solution was agitated for 1
h using a homogenizer at a spinning rate of 6000 rpm to
obtain the well-emulsified solution. Then the solution
was dropped into hot kerosene (170-180 °C) slowly and
later dried at 300 °C for 1 h to obtain the precursor
powders.

For elucidating the phase development, the precursor
powders were heated at elevated temperatures from 500
to 800 °C for 2 h, and the crystal structures of the
heated specimens were examined using powder X-ray
diffraction (XRD) analysis that employed a Mac X-ray
powder diffractometer. The crystallite size of the cal-
cined powder was calculated from the broadening at
half maximum of the (111) diffraction peak of
LiMn, 3Co(,04 based on the Scherrer equation.?* The
lattice parameters were calculated by the least-square
method. The particle size and microstructural morphology
of the precursor and calcined powders were examined
using transmission electron microscopy (TEM) (Hitachi
H7100).

The electrochemical characteristics of the obtained
powders were investigated by charging and discharging
the test cells. The composite cathode contained a mix-

ture of LiMn;3Co(-,04 powders, carbon black, and
polyvinylidene difluoride (PVDF) binder. The electro-
lyte consists of 1 M solution of LiPF¢ dissolved in (1:1)
mixture of ethylene carbonate (EC) and dimethyl car-
bonate (DMC). Test cells were assembled in a glove box
filled with extremely pure argon. All the electrochemical
cycling studies were galvanostatically undertaken at a
constant current density of 0.23 mA/cm? within the
range of 3.0-4.2 V.

3. Results and discussion

3.1. Formation of the reverse-micelle derived
LiMn; gCoy ,04 powders

The XRD patterns of the calcined powders prepared
by the reverse-micelle process in system I are illustrated
in Fig. 1. All the calcined powders were confirmed to
exhibit a spinel structure. Monophasic LiMn; gCog,04
was formed at as low as 500 °C. When the calcination
temperature reached 800 °C, the well-crystallized spinel
compound was obtained. Heating at higher tempera-
tures resulted in an increase in the crystallinity of
LiMn; 3Co0(,04. In the conventional solid-state process,
the pure compound of LiMn; 3Co,,04 was synthesized
after heating at 800 °C for 10 h.'® On the other hand,
the required heating time for the reverse-micelle derived
precursors was significantly shortened to merely 2 h.
The above results confirm that the reverse-micelle process
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Fig. 1. XRD patterns of the reverse-micelle derived precursors pre-
pared at a W/O volume ratio of 1/5 after calcination at (a) 500 °C,
(b) 600 °C, (c) 700 °C, and (d) 800 °C for 2 h.
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can greatly curtail the calcination time for synthesizing
LiMn,; 3Coq,04 powders.

Fig. 2 illustrates the respective XRD patterns of the
calcined specimens in system II and system IIT at 800 °C.
In both systems, a small amount of the impure
Li-MnO; phase was detected other than the spinel
compound. The relative percentages of the spinel phase
in the three systems are illustrated in Fig. 3. The amount
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Fig. 2. XRD patterns of the 800 °C-calcined powders obtained at a
W/O volume ratio of (a) 1/1 and (b) 2/1, respectively.
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Fig. 3. Three-dimensional presentation of the percentage of the spinel
LiMn,; 3Co,0,4 phase.

of the spinel LiMn; 3Co(,04 phase was estimated based
on the relative intensity of the major diffraction peaks
of the spinel and the Li,MnOj; phases via the following
equation:

Iimo(111)
Iimo(111) +1M0(133)

(M

Ximo =

I mo refers to the intensity of the spinel (111) peak and
Imo represents the intensity of the Li-MnO5 (133) peak.
It was found that the percentages of spinel phase
decreased with increasing the water to oil (W/O) volume
ratio. Monophasic LiMn, 3Coy,04 was obtained only
at a W/O volume ratio of 1/5 at all of the examined
temperature range. The W/O volume ratio appeared to
be a predominant factor for synthesizing pure
LiMn1A8C004204.

For investigating the effects of W/O volume ratio on
the formation of LiMn; gCo(,0,, the stability of the
prepared emulsion was examined by measuring the
separation time of the aqueous and the oil phases.
When the W/O volume ratio was 2/1, the separation
time was merely 20 s. As the W/O volume ratio
decreased to 1/1, the separation time increased to 1 min.
The separation time was greatly prolonged to 20 min
when the W/O volume ratio equaled 1/5. The above
results revealed that the stability of the emulsion system
was significantly enhanced by decreasing the W/O
volume ratio. At a high W/O volume ratio, the emulsion
system became unstable, so that the aqueous phase was
not able to evenly disperse in the oil phase, thereby
resulting in the inhomogeneity of the precursors and the
formation of the impure phase.

3.2. Microstructure of the reverse-micelle derived
LiMn; 3Coy ,04 powders

The average crystallite size of LiMn; 3Co,04 versus
the calcination temperature from 500 to 800 °C is shown
in Fig. 4. It was found that the crystallite sizes of the
500 °C-calcined specimens of system I, II, and III were
25, 31, and 34 nm, respectively. Raising temperature
monotonously increased the crystallite size for all sys-
tems. When the calcination temperature was raised to
800 °C, the sizes of the specimens obtained from system
L, I1, and III were 38, 74, and 87 nm, respectively. It was
found that large W/O volume ratio resulted in an
increase in the crystallite size. The microstructures of
the calcined LiMn,; gCo(,04 powders in system I are
shown in Fig. 5. The average particle size of the 600 °C-
calcined powders was 32 nm [Fig. 5 (a)], whereas that of
the 800 °C-calcined powders increased to 98 nm [Fig. 5 (¢)].
These results demonstrate that nanosized LiMn; gCo( 04
powders were prepared via the reverse-micelle process.
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Fig. 4. Crystallite size of the calcined powders obtained at a W/O
volume ratio of (a) 1/5, (b) 1/1, and (c) 2/1.
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On the other hand, the particle size of the heated pow-
ders increased with a rise in the W/O volume ratio. As
shown in Fig. 6(a), the average size of the 800 °C-cal-
cined sample in system II was 117 nm. Once the W/O
volume ratio further increased to 2/1 as in system III,
the average particle size greatly increased to 138 nm
[Fig. 6(b)]. For the sol-gel derived LiMn; 3Co( 04, the
average particle size of 800 °C-calcined specimen was
around 1 pm.?® Therefore, the particle size of
LiMn, 3Coy,04 powders prepared via this method is
much smaller than that of powders obtained by the
sol-gel process. In the reverse-micelle process, numer-
ous tiny micelles were generated with intense agitation
in the emulsifying process. After calcining the emulsi-
fied precursors, the tiny micelles resulted in the for-
mation of fine powders. When the W/O volume ratio
increased, the emulsion system became unstable, and
part of the formed micelles tended to coagulate to
form large droplets. Therefore, a high W/O volume
ratio resulted in the formation of large LiMn; gCog,04
particles.

100 nm

(b)

(c)

_100 nm

Fig. 5. TEM photos of the calcined LiMn, gCog,04 powders calcined at (a) 600 °C, (b) 700 °C, and (c) 800 °C in system I.
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Fig. 6. TEM photos of the 800 °C-calcined LiMn; gCoy,04 powders prepared at a W/O volume of (a) 1/1 and (b) 2/1.

3.3. Electrochemical properties of the reverse-micelle
derived LiMn; 3Coy 04 powders

The room-temperature charge and discharge curves of
800 °C-calcined LiMn,0O4 (W/O volume ratio=1/5) and
LiMn; 3Co0y 04 (system I, II, IIT) are shown in Fig. 7.
The first charge and discharge capacities of the undoped
LiMn,O4 were 120.5 and 115.6 mAh/g, respectively [see
Fig. 7(a)]. After 30 cycles, the discharge capacity
decreased to 102.9 mAh/g, and the capacity retention
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Fig. 7. Charge and discharge curves of the 800 °C-calcined (a)
LiMn,04 powders and LiMn, gCoy,0,4 powders prepared at a W/O
volume ratio of (b) 1/5, (¢)1/1, and (d) 2/1.

was only 89%. For the LiMn; gCoy,04 specimen in
system I, the first discharge capacity was 105.8 mAh/g
and that of the 30th cycle was 103.2 mAh/g [see Fig. 7
(b)], indicating that the capacity retention of system I
after cycling was as high as 97.5%. In addition, the dis-
charge capacity of system I was higher than that of the
powders having the same composition prepared by sol-gel
process.?¢ In system II and III, the first discharge capa-
cities of LiMn; gCo(,04 dropped to 80.8 and 70.6 mAh/
g, respectively [see Fig. 7(c) and (d)]. As shown in Fig. 3,
increasing the W/O volume ratio led to an increase in the
percentage of the electrochemically inactive Li,MnOs,
which in turn decreased the amounts of lithium ions that
can participate in the intercalation and de-intercalation
processes, so that the capacity was lowered accordingly.
In addition, the particle size is also considered to play
an important role in influencing the capacity. The large
LiMn, 3Coy,04 particles obtained at a high W/O
volume ratio constituted a greater diffusion barrier for
lithium ions diffusing in and out of the spinel compound
during the charging and discharging processes, thereby
reducing their capacity.

Based on the earlier results, it is obvious that the
cobalt ion-doped lithium manganate (system I) exhib-
ited excellent cycleability and maintained nearly the
initial discharge capacity after 30 cycles. With doping
cobalt ions into the spinel structure, the proportion of
Mn3" in the spinel compound is lowered, which will
reduce the Jahn-Teller effects in the spinel skeleton.?’
Moreover, the bonding energy of Co—-O (1067 kJ/mol)
in the spinel structure is higher than that of the original
Mn-O (946 kJ/mol).!! Therefore, with doping Co3*
into the spinel, the trivalent cations on the octahedral
sites of LiMn, gCog 0,4 will become more stable in the
presence of the Co—O bonding, and the spinel structure
will become more rigid during the intercalation and
deintercalation process, thereby reducing the capacity
fading.
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The electrochemical characteristics of the prepared
powders at elevated temperature were also investigated.
Fig. 8 illustrates the charge and discharge characteristics
of the undoped LiMn,04 and LiMn; gCo 04 in system
I at 55 °C. Fig. 9 shows the relationship of the dischar-
ging capacities of these cathode materials versus the
cycle number. The first discharge capacities of LiMn,Oy4
and LiMn,; 3Co,,04 were 99.8 and 93.5 mAh/g, respec-
tively. After 30 cycles, the discharge capacity and the
corresponding retention of LiMn,04 were 80.8 mAh/g
and 80.96%, whereas those of LiMn; gCoy,04 were
90.2 mAh/g and 96.47%, respectively. In comparison
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Fig. 8. Charge and discharge curves of the 800 °C-calcined (a)
LiMn,0O4 and (b) LiMn, gCo(,04 powders at 55 °C. Both powders
were prepared at a W/O volume ratio of 1/5.
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LiMn; §Co,,04 powders at 55 °C, where both powders were prepared
at a W/O volume ratio of 1/5.

with the electrochemical performance at room tempera-
ture shown in Fig. 7, the capacity of LiMn,O, suffered a
serious fading at 55 °C; however, LiMn; 3Co( 0Oy still
possessed good capacity retention even at high tem-
perature. The above results revealed that the capacity
fading of the spinel compound was apparently
improved at ambient and elevated temperatures with
the doping of cobalt ions. The reverse-micelle process is
demonstrated to be a promising method for preparing
other cathode materials of Li-ion secondary batteries.

4. Conclusions

Cobalt ion-doped lithium manganate powders serving
as the cathode material in Li-ion batteries have been
successfully prepared by a newly developed reverse-
micelle process. After calcining the precursors at 500 °C
for 2 h, monophasic LiMn, gCo,,04 powders with a
Fd3m structure were obtained.

Heating at higher temperatures resulted in an increase
in the crystallinity of the powders. The W/O volume
ratio was found to be a determinant factor for synthe-
sizing LiMn; gCoy,04. Increasing the W/O volume
ratio led to an increase in the particle size of LiMn, g-
Co0p,04 and the formation of an impure Li,MnO;
phase. When the W/O volume ratio was 1/5, nanosized,
monophasic powders were formed. Doping cobalt ions
into the spinel structure slightly decreased the discharge
capacity. However, the degree of capacity fading during
cycling was successfully reduced at ambient and elevated
temperatures.
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