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Abstract

Li[Liz0Niy10C02/10Mns/19]O, was synthesized by a sol-gel method using glycolic acid as chelating agent. The prepared compound
was subjected to XRD, SEM, cyclic voltammetry and charge—discharge analysis. The electrochemical studies reveal that the compound,
Li[Liy10Nij10C0210Mns/10]O,, delivers a capacity of about 340 mAh g~! during the first charging cycle with an irreversible capacity loss of
180mAhg~! and also undergoes capacity fading upon prolonged cycling. The cyclic voltammetry data are reflected in the charge—discharge
studies. The effect of the dopants on the electrochemical properties of the compound is discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of lithium batteries has gained an unprece-
dented significance in the last two decades, as the demand for
portable telecommunication devices, computers and eventually
hybrid electric vehicles has been on the rise [1-3]. Among the
lithium transition-metal oxides studied so far as possible cath-
ode materials for lithium batteries, layered LiMeO, (Me=3d
transition-metal element) with a «-NaFeQ, structure has drawn
the attention of many researchers [4]. Although the commercial-
ized lithium batteries with LiCoO; possess good reversibility
and rate capability, their high cost and toxicity still remain a
problem area [5,6]. On the other hand LiNiO» based cells render
electrolytes less prone to oxidation and also leads to poor stoi-
chiometry [7]. In the recent past, several reports are available on
cathodes based on LiMn,O4, which offers a theoretical capacity
of 148 mAh g~!, excellent reversibility for the lithium interca-
lation reaction, good voltage regulation on cycling especially in
the 4 V region at ambient temperature, and are inexpensive and
eco-friendly [8—10]. However, it exhibits a significant capac-
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ity loss when cycled in the 3V region. On the other hand,
LiMnO, exhibits better cycling performance than LiMnyOy4
spinel when cycled between 2 and 4.5 V versus Li [11-16]. The
charge—discharge rate capability, the electrode formulation and
the safety of the cells are mainly influenced by the particle size
and the morphology of the cathode materials and high current
densities could be realized by improved mass transport aris-
ing out of much reduced distance in nanoparticle-based systems
[17,18]. Furthermore, the lattice parameters of the smaller par-
ticles are not much affected when compared with larger one.
The conventionally prepared cathode materials using solid-state
method requires long calcination time with intermittent grinding
and moreover this method has several disadvantages like inho-
mogeneity, irregular morphology, larger particle size and poor
stoichiometry. On the other hand, the preparation of cathode
materials by sol-gel method has several advantages like smaller
particles of uniform size, better stoichiometry and relatively low
calcination temperature [19-22]. As we discussed in our ear-
lier report [23], the structural and electrochemical properties of
Li-ion in layered manganese oxide solid solutions vary greatly
when they are doped in the transition metal layers. In order to
find this a systematic study is obviously required and this study
focuses the redox process of Li[Liz/19Nii/10C02/10Mns/19]02
material at different voltage regions namely, 2.5-4.1, 2.5-4.3,
2.5-4.5, 2.5-4.6 and 2.5-4.8V, respectively. The com-
pound, Li[Liz/19Nij/10Co2/10Mns/19]O2 was prepared by sol—gel
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method using glycolic acid as chelating agent and the struc-
tural and electrochemical features of the product as lithium-
intercalating cathode materials are presented.

2. Experimental

Stoichiometric amounts of CH3COO Li-2H,O (CH3COO),Ni-4H,O
(CH3COO0); Mn-4H,0, (CH3COO), Co-4H,0 were dissolved in double dis-
tilled water. The glycolic acid was used as chelating agent and the pH of the
solution was maintained between 5 and 5.5 using nitric acid. The prepared
solution was evaporated between 70 and 80 °C. The resulting precursors were
decomposed at 450 °C with a ramping rate of 1°Cmin~! for 10h in air. Thus,
the decomposed powders were calcined for 10h at 950 °C with intermittent
grinding.

The powder X-ray diffraction (XRD, D/Max 2500, Rigaku) measurement
using Cu Ko radiation was employed to characterize the crystalline phase of
the synthesized material. The morphology of prepared material was observed
by field emission scanning electron microscope (FE-SEM, S-4700, Hitach).
The electrochemical characterization was carried out using 2032-type coin cell
(Hohsen). For the fabrication of cathode electrode, 20 mg of prepared com-
pounds were mixed with 12 mg of conductive binder (8 mg of Teflonized acety-
lene black and 4 mg of graphite). The mixture was pressed on 20 mm? stainless
steel mesh used as the current collector and dried at 100 °C for 10h in a vac-
uum oven. The cells were composed of the cathode and the lithium foil (Cyprus
Foote Mineral) anode, separated by porous polypropylene film separator (Cel-
gard 3401). The electrolyte was a 1 M LiPFg-ethylene carbonate (EC)/dimethyl
carbonate (DMC) with a 1:2 volume ratio (E. Merck). The cells were assembled
in an argon-filled dry box and tested at room temperature. All cells were charged
and discharged at a current density of 0.4 mA cm™2 with a voltage range between
2.5and 4.8 V.

3. Results and discussion
3.1. XRD and SEM characterization

Typical powder X-ray diffraction pattern recorded for the
compound, Li[Liy/10Ni/10Co2/10Mns/10]O3 is shown in Fig. 1.
The XRD patterns are indexed in a-NaFeO, type structure,
space group R3m. The main peak, at 20 =21°-25° appears as
a result of short-range ordering of Li, Ni, Co, and Mn atoms
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Fig. 2. SEM images of Li[Liz/loNi1/10C02/10Mn5/10]02.

in the transition metal layers [11,12]. The peaks at 26 =45°,
37°, 38°, 38.5°, 54.5° and 65.5° corresponding to the planes
(104), (101), (006), (012), (018) and (1 10) respectively,
substantiates the formation of hexagonal structure [23]. The lat-
tice parameter, a, was calculated by Rietveld program (Fullprof
2000, LLB) as 2.844 A. The significantly split (00 6), (1 02) and
(108), (110) peak pairs in the XRD patterns and the c/a ratio,
4.99, indicate the formation of a layered structure. The inte-
grated intensity ratio ‘R’ of the (00 3) to (1 04) line was found
to be 2.75. As pointed out by Dahn et al. [24] and Morales et al.
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Fig. 1. Powder X—ray diffractogram of Li[Liz/loNi1/10C02/10Ml’15/10]02.
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[25] the higher intensity for the (00 3) reflection compared to
the (1 04) reflection further confirms the formation of expected
two-dimensional structure.

Fig.2(a) and (b) depict the SEM pictures of the prepared com-
pound Li[Lis/19Nij/10Co2/10Mns/19]O2. The particles are more
or less uniformly sized and seem to be hexagonally shaped and
the average particle size of compound is 250-400 nm.

3.2. Differential capacity

The differential capacity plots were recorded between
2.5-4.1, 2.5-4.3, 2.5-45, 25-4.6 and 2.5-4.8V for the
sample Li[Liy/1oNij/10Co2/10Mns/10]O2 and are displayed in
Fig. 3(a)—(e), respectively, as this study is a complimentary and
useful technique to evaluate the electrochemical characteristics
of oxide cathode materials. As can be seen in the figures, there
are two regions of electrochemical activity: one around 4.0V,
and the other one above 4.4 V. In the present study, in addition
to the nickel ion other substituent, Co is also present. In addition
to the electrochemical processes of Ni and Mn the properties of
Co is also reflected. Fig. 3(a) shows the CV recorded between
2.5 and 4.1 V. The first anodic scan shows a broad peak around
3.9V and a corresponding cathodic peak at the same poten-
tial. After that any discernible shifts could not be seen in the
subsequent cycles and this electrochemical activity is attributed
to Co**3* couple, which is responsible for major reduction and
oxidation processes at 3.6—3.9 V [26]. The cyclic voltammogram

(CV) of the cell between 2.5 and 4.3 V does not change much
(Fig. 3(b)). More interestingly, on the other hand, the CV shows
three distinct redox processes when cycled between 2.5 and
4.5V (Fig. 3(c)). The first cycle shows anodic peaks at 3.3, 3.96
and 4.5V and their corresponding cathodic peaks at 3.25, 3.8
and 4.4V, respectively. But on the second cycle, the first anodic
peaks are shifted to 3.2, 3.8 and 4.4V and their corresponding
cathodic peaks to 3.1, 3.75 and 4.3V, respectively, which indi-
cate better reversibility of the electrode [16]. A similar trend was
observed when the cells were cycled between 2.5 and 4.6 V and
2.5-4.8 V. An apparent change was observed when the upper cut-
off voltage of the cells was increased above 4.3 V. A new peak
appears at 4.49, 4.48 and 4.55 in the Fig. 3(c)—(e), respectively,
and abruptly disappears in the subsequent cycles. This new peak
arises during the first charge process, when lithium is extracted
from Li[Lip/10Niy/10Co2/10Mns;10]O2 as-prepared sample and is
attributed to irreversible capacity and this is reflected in the cor-
responding charge—discharge curves also (to be discussed in the
next section). According to Lu and Dahn [11] and Park and Sun
[12] this peak arises due to the removal of electrons from the oxy-
gen atom in the structure of the cathode material at higher applied
voltage which, results a partial loss of oxygen from the electrode.
The observed peaks at 3.7 and 4.1 V in the first charge process are
attributed to the oxidation of Ni** to Ni** in the material. On the
other hand no oxidation peak of Mn** to Mn** could be observed
in the first charging process, which, partially proves that the
prepared pristine sample contains Mn** and is not involved in
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Fig. 3. Differential capacity vs. voltage plots of Li[Li/19Nij/10Co2/10Mns/10]O2/Li cells at different cell voltage regions: (a) 2.5-4.1 V; (b) 2.5-4.3V; (c) 2.5-4.5V;

(d)2.54.6V; (e)2.5-4.8V.
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Fig.4. Atypical charge—discharge curve of the Li[Liz/10Ni1/10C02/10Mns/10]02/Li cells for different upper cut-off voltages: (a) 2.5-4.1 V; (b) 2.5-4.3 V; (¢) 2.54.5V;

(d) 2.5-4.6V; (e) 2.5-4.8 V.

the redox process. These results are in accordance with those
reported earlier [11,12]. A discontinuity is seen at 4.4 V in all the
cases and a similar behavior was obtained by Kim et al. [15] for
the system xLiNij»Mnj202(1 — x)Li» TiO3 and Shaju et al. [16]
for LiNij/;3Co13Mny30,. This is attributed to the intense charge
transfer process during first oxidation and reduction process
[16]. The oxidation and reduction process of Mn**/3* is taking
place at higher voltage region. According to Delmas et al. [27],
the oxidation of Ni%* is taking place very easily when compared
to Mn?* because in the layered oxides in which both Ni and Mn
ions are present, the Ni>* (ryiz+ = 0.69 A ) which, is bigger than
that of Mn** (ryer = 0.53A) or Mn** (ryp3+ = 0.654A)
and the NiOg octahedra is more compressed than MnOg octa-
hedra structure [28,29]. As discussed by Shaju et al. [16], the
Mn3* and Ni** are not clearly seen in the cyclic voltamme-
try and these ions are merged with that of Ni** and Ni*
couple.

3.3. Charge—discharge studies

Electrochemical charge—discharge studies were performed in
a galvanostatic mode between 2.5 to 4.8 V at 0.2 C rate. Typical
charge—discharge profiles for all the voltage ranges are shown
in Fig. 4(a)—(e). On starting the current, the voltage of the cell
was suddenly increased to 3.75V and then slowly increased
to 4.1V (Fig. 4(a)). These results are in accordance with those
reported earlier [13,14,18]. Reflecting the cyclic voltammogram,
the charge—discharge curves also showed a voltage plateau, the
3.7-3.9V region. This compound showed an irreversible capac-
ity loss about 10mAhg~! during the first charge—discharge
cycle and there after shows a stable cycling. A similar obser-
vation was observed when the cells were cycled between 2.5
and 4.3V (Fig. 4(b)) regions.

In order to gain the maximum possible capacity, the cells
were cycled between 2.5-4.5, 2.5-4.6 and 2.5-4.8V and
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Table 1

The values of discharge capacities (DC) at the end of different cycles for different voltage ranges

Voltage range (V) DC 1st cycle DC 10th cycle DC 20th cycle DC 30th cycle DC 40th cycle DC 50th cycle
2.5-4.1 63.0 64.8 65.1 65.2 65.2 65.0

2543 85.3 87.1 87.1 87.3 87.2 87.4

2.5-4.5 189.9 224.0 228.6 228.9 229 229

2.5-4.6 238.5 225.2 218.7 215.3 - -

2.5-4.8 2743 246.4 236.4 234.7 232.6 230.4

their corresponding discharge capacities are displayed in
Fig. 4(c)—(e), respectively. Upon increasing the voltage, the
length of the 4.5V plateau is increased. It is seen in the figure
that the initial discharge capacity of the system is 165 mAh g~!
with an irreversible capacity loss of about 60 mAh g~! during
first charge and discharge cycle. Further more when the voltage
was increased to 4.6 and 4.8 their corresponding irreversible
capacity has also been increased to 120 and 150mAhg~',
respectively. A similar observation has been reported by Shaju et
al. [16] where the authors discussed the electrochemical proper-
ties and decomposition of electrolytes in the Li[Mng sNig 5]O>
systems. Table 1 summarizes the discharge capacity of the
Li/Li[Liz/1oNij/10Co2/10Mns;19]O> cells versus cycle number at
different voltage regions. Voltage profile also mirrors the cyclic
voltammetry data with two-voltage plateau system and an
increase in the length of the 4.5 V plateau observed. According
to Amine et al. [26] who reported the two-electron redox couple
involving the transition of Ni>* — Ni** — Ni** based on XPS
analysis that the minor amount of Mn3* is responsible for this
activity. The observed irreversible capacity loss of 60 mAh g~!
reveals full re-insertion of the extracted Li-ion is possible and is
attributed to the cation mixing (Ni’* occupy Li* site and vice-
versa) in the compound. The sizes of the lithium ion (ionic radii
r+ = 0.76 A and r o+ = 0.69 A ) also facilitate for this event
and subsequently collapse the inter slab space which results
due to the oxidation of Ni2* to Ni** or (Ni**). This eventually,
leads to considerable irreversible capacity loss. The observed
capacity fading in Li[Lip/10Nij/10C02/10Mns;10]O2 compound
upon cycling could be due to the polarization of electrode and
in addition to the decomposition of the electrolyte [16].

The discharge capacity of the Li[Lip/1oNij/10Coz/10Mns/qo]
Oy/Li cells as a function of cycle number for various
upper-cut off voltages are shown in Fig. 5. It can be seen
from the figures that the discharge capacity of the cell
Li[Lip/10Ni/10Co2/10Mns;10]O2/Li decreases exponentially up
to 15 cycles then it becomes stable up to 50 cycles with a fade
in capacity of 0.9 mAh g~! when the upper cut-off voltage was
4.8 V. The theoretical capacity of the cathode material in the 5V
region was calculated as 307.02mAh g~!. A similar trend was
observed when the upper cut-off voltage was 4.6 V. The observed
increase of discharge capacity with the increase of upper cut-off
voltage is attributed to the involvement of oxidation of Mn** to
Mn>* [30-33]. According to Sigala et al. [30] this plateau could
be related to Mn>*/Mn** couple or the removal of lithium. Hong
et al. [34] also suggested that the oxidation of Mn** to Mn>* is
a unique property because it involves a change in the electronic
configuration from d? to d%. Some reports are also available on
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Fig. 5. Discharge capacity as a function of cycle number for the
Li[Li2/10Ni|/10C02/10Mn5/|0]02/Li cells: (a) 2.5—4.1V; (b) 2.5—4.3V; (C)
2.5-4.5V;(d) 2.5-4.6 V; (e)2.5-4.8 V.

the redox activities of Mn in the 5V region [35-37]. Further
more the discharge capacity was increased (Fig. 5(c)) with the
increase of cycle number (from 180 to 225 mAh g~!) initially
and becomes stable up to 50 cycles studied. This increase of
discharge capacity at the initial stage is attributed to stabiliza-
tion of manganese oxide structure upon cycling [38]. However,
it is worthy to note when the cells were cycled between 2.5 and
4.5V the cycling stability was better at the expense of obtainable
reversible capacity.

4. Conclusions

The layered compound Li[Lis/19Nij/10C02/10Mns/19]02 was
synthesized by sol-gel method with glycolic acid as chelat-
ing agent. The prepared compound was subjected to XRD and
SEM analysis. The electrochemical profile of the compound
was analyzed by CV and charge—discharge studies. Maximum
irreversible capacity loss was observed in the 2.5-4.8 V region
upon reducing the upper cut-off voltage to 4.2V the cycling
stability was better at the expense of obtainable reversible
capacity.
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