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ABSTRACT

Pristine and MgO-coated 0.5Li;Mn0O3—0.5LiNig sMng sO, (LLNMO) composites were synthe-
sized by carbonate based co-precipitation method for cathode material in Li-ion battery. X-
ray diffraction confirmed the layered structure of pure material and no major change in
crystal structure with MgO-coating. Raman spectroscopy revealed ionic arrangement cor-
responding to space group of C2/m and R-3m for Li,MnOj3; and LiNip sMng sO,, respectively.
Scanning electron microscopy shows the primary particle size to be less than 0.5 pm. The
observed increase in charge/discharge capacity with number of cycles can be attributed to
more activation of Li,MnO3. However, MgO-coated 0.5Li,Mn0O3-0.5LiNig sMng sO, composite
cathode showed good cyclability and columbic efficiency, where lower surface layer
resistance may contribute to better performance with MgO-coated LLNMO.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

rechargeable batteries. However, layered composite oxide
cathode showed some drawback including (i) moderate
cyclability and (ii) larger first cycle irreversible charge capac-

Significant effort has been devoted in the past decade to
investigate low cost, high energy, and safe cathode material
for high energy density lithium ion battery. The layer com-
ponents Li,MnO3; and LiMng sNij sO, have interesting prospect
[1] at nanoscale. Lithium rich layered oxide materials are
attractive cathode materials due to their capacities >200 mAh/
g [1—-4], where large capacity was attributed to the activation
of Li,MnO3; component with Li-excess beyond 4.4 V vs.Li/Li* 1
The advantage of operating at high voltage and the abundance
of nontoxic Mn and Ni makes LLNMO as ideal cathode for next
generation economically viable and high energy density Li-ion

* Corresponding author. Tel.: +1 787 265 3844.
E-mail address: maharajs.tomar@upr.edu (M.S. Tomar).
http://dx.doi.org/10.1016/j.ijjhydene.2015.01.104

ity. The individual components Li,MnO3 and LiNig sMng sO, of
the composite have high impedance [5,6], and different
mechanisms have been proposed to understand the first cycle
charging behavior and the irreversible charge capacity [7—9].
Whether the irreversible capacity observed during the first
cycles is associated with solid electrolyte interface (SEI) film
formation or decomposition reaction has been addressed
recently [10].

In order to enhance the electrochemical properties related
to cycleability of such compound, Co was substituted in the

0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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second component LiNipsMngsO,, but safety and increased
cost are of concern. Studies revealed [11] good cyclability with
lesser concentration Co, i.e. Li[Lig7Nig17C0007MnNgs6]O2 by
controlling the upper voltage. The cyclic degradation is
believed to be due to the formation of cracks at the surface
during cycling, which could make amorphous crystal surface
and hence the capacity degradation. The approach to improve
electrochemical properties is by coatings, such as AlP,, Al,05,
Zr0,, Al,03, CoPOy, and treating by ZnO [12,13].These coatings
attributes to surface property by inhibiting the formation of
solid electrolyte interface (SEI) layer and thereby improving
fast charge transfer reaction because surface treatment with
fluorinated salts, such as NH,PFs, NH4BF, and (NH4);AlFs were
found to be beneficial for improving electrochemical proper-
ties of the active material [14].

Although, the reason for improvement due to coating is
not completely understood yet, for restraining the decom-
position of the electrolyte an inactive oxide coating is a good
way to avoid the direct contact with electrolyte. It enhances
stability of the interphase, decrease the reaction between
electrode and electrolyte [15], and avoids the dissolution of
Mn in electrolyte by collecting HF from electrolyte [16].
Nevertheless, oxide material coating layer may cause loss in
capacity and rate capability because of poor electronic and
ionic conductivity. In the present work, we used MgO
coating on  0.5Li;MnO3—0.5LiNigsMngsO,  composite
and investigated the and electrochemical
properties.

structural

Experimental

We synthesized 0.5Li;MnO3;—0.5LiNipsMngsO, material by
carbonate based co-precipitation method. Nickel (II) sulfate
hex-hydrate (Sigma—Aldrich 99%), manganese (II) sulfate
monohydrate (Sigma—Aldrich 98%) and lithium carbonate
(Strem Chemicals 99.999%) were used as precursors for syn-
thesizing 0.5Li,Mn0O3—0.5LiNigsMngsO, powders by co-
precipitation method. The aqueous solution of 0.2 M of the
MnS0O4.H,0 and NiSO4.6H,0 was precipitated against 1 M
aqueous solution of sodium bicarbonate (NaHCO3) in a flask
with continuous string at 200 rpm at constant temperature of
60 °C. The pH of solution was kept at 9 by adding ammonium
hydroxide solution (NH4OH) (Sigma Aldrich 28—-30 %). After
complete precipitation of Ni and Mn sulfate solution on car-
bonate solution, the mixture was left for 12 h at 60° C with
constant stirring. Then solution were filtered and washed
with distilled water. Wet final powder was dried for 12 h at
100 °C to get nickel manganese carbonate powder. The ob-
tained powder was mixed with 2% excess amount of lithium
carbonate and grounded using a mortar and pestle. Finally,
the mixture was calcined at 950 °C for 12 h and then quenched
at room temperature. MgO (1.5%) solution was added to the
suspension of 0.5Li,Mn0O3—0.5LiNip sMng 50, (98.5%) and stir-
red for 1 h for to achieve MgO-coated 0.5Li,M-
n03—0.5LiNip sMng sO, powder. Finally, NH,OH solution was
added to suspension and pH was adjusted to 11 in order to get
effective precipitation of MgO. The powder sample obtained
was dried overnight at 110° C in air and calcined at 500 °C for
1h.

X-ray diffraction (XRD) with Cu K, radiation (Siemens
D5000) was used for collecting the patterns in the range 15° to
80° (20 scale) with 0.02 step size and 5 s counting time. Scan-
ning electron microscopy (SEM) analysis was conducted with
JEOL 7600 FESEM system interfaced to a Thermo-Electron
System Microanalysis Systems. Raman-scattering data were
obtained using a T64000spectrometer equipped with a triple-
grating monochromator and a Coherent Innova 90C Ar*-
laser at 514.5 nm.

The electrochemical properties of the synthesized powder
were carried out in two electrode CR2032 type coin cell
configuration using liquid electrolyte consisting of LiPF¢ (1M)
dissolved in 1:1 (by weight) mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC). The working electrode was
prepared by mixing calcined powder, polyvinylidine fluoride,
and carbon black in 80:10:10 weight ratio. A slurry was pre-
pared using N-methyl pyrrolidone (NMP) as solvent and the
slurry was spread on Al foil and kept for drying under vacuum
at about 110 °C for 6 h. Li metal foil was used as anode and
celgard 2400 was used as separator between anode and cath-
ode. The coin cell was assembled in Ar atmosphere inside a
glove box (MBraun). The electrochemical measurements were
performed on a computer controlled potentiostat/galvanostat
system (consisting a PC 750.4 controller and PHE 200 software
[Gamry Instrument]). The charge discharge measurements
were performed at room temperature in the voltage range
2.0—4.8 V using selected current density.

Result and discussion

Pristine and MgO-coated 0.5Li,MnO3;—0.5LiNipsMngsO, com-
posite material was studied for structural and impedance
properties, and electrochemical (cyclability and columbic ef-
ficiency) characterization.

Structure and Morphology

XRD patterns of the synthesized pristine and MgO-coated
0.5Li,Mn03—0.5LiNip sMny sO, (LLNMO) powder is shown in
Fig. 1. It shows the typical diffraction pattern of LLNMO
layered material, where every peak (except those which are
between 26 = 20-30°) agree well with the R3m (JCPDS #09-0063)
space group of the a-NaFeO, structure. The low intensity
peaks between 20 and 30° show monoclinic Li,MnO; phase
with space group C2/m (JCPDS# 84-1634). A clear distinction of
the peak (006) and (012) show the formation of well crystalline
layered structure without spinal structure [1]. At the nano-
scopic level two different kind of crystal structures are
possible because of the close-packed layer which have an
interlayer spacing close to 4.6 A [4]. The observed two phases
corresponds to the lower symmetry C2/m and higher sym-
metry R3m space groups, suggesting the successful formation
of composite structure. XRD pattern of MgO-coated LLNMO
powder is identical to that of the pristine LLNMO powder,
indicating the absence of reflections corresponding to MgO
lattice plane due to lower concentration.

Raman spectra corresponding to the pristine LLNMO and
MgO-coated LLNMO are shown in Fig. 2(a, b). In earlier work,
Raman studies on LLNMO have shown [17] three major Raman
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Fig. 1 — XRD patterns of the composite cathodes of
0.5LizMn03-0.5LiNio.5Mno,502.

active modes at 424, 476 and 594 cm ! with some indistinctive
bands between 200 and 400 cm ™. Although, layered lithium
metal oxide with rhombohedral R.s, symmetry showed
A;g + EgRaman active mode [18], theoretical calculation based
on Cy/r, symmetry indicates six Raman active mode 2A; + Bg
[19], and also the presence of Li;MnO; in LLNMO composite
structure in lower frequency at 424 cm™*. In the present work,
three major Raman active mode have been identified in
Fig. 2(a, b) at 424, 476 and 594 cm™* for both pristine LLNMO
and MgO-coated LLNMO, which is in agreement with earlier
researchers on the composite cathode composed of Li,MnO3
and LiNip sMng sO, [17]. No change in the Raman active mode
positions was observed in MgO-coated LLNMO.

Morphology of the material was examined using scanning
electron microscopy (SEM) and is shown in Fig. 3(a, b). Primary
particles are in micron size and spherical agglomerates. The
agglomerates of relatively smaller primary particles are
considered favorable for better charge/discharge capacity due

Intensity (a.u.)

— —
200 300 400 500 600 700 800
Wavelenght (cm™)

Fig. 2 — Raman spectra of (a) Pristine LLNMO, and (b) MgO-
coated LLNMO in 250—-800 cm ™" range.

to their higher trap density [20] that shortens the lithium
diffusion. Pristine LLNMO composite have highly agglomer-
ates compared to MgO-coated LLNMO, which helps to increase
specific capacity. Primary particle size in the case of LLNMO
and MgO—coated sample were between 0.5 and 1 pm.

Electrochemical properties

Charge/discharge profile of the pristine and MgO-coated
LLNMO are shown in Fig. 4(a, b). First charge/discharge pro-
file observed to be sloppy in both pristine LLNMO and MgO-
coated LLNMO composite cathode. Earlier reports explained
this type of behavior [21] when Co is replaced with Ni and Mn
which changes the phase transformation process and finally
resulting sloppy nature in charge/discharge curve [2,22].
Higher discharge capacity has been observed in the case of
pristine LLNMO compared to MgO—coated LLNMO. The
discharge capacity in the first cycle is approximately identical
in 3—3.5 V Fig. 4 shows the charge—discharge capacity at room
temperature for 1st, 2nd, 5th 10th and 20th cycles with LLNMO
and also for MgO-coated LLNMO composite electrode at
15 mA/g current density between 2 and 4.8 V for 19th and 25th
cycles. Continuous activation of Li,MnO; over the voltage
range 2—4.8 V and the final highest discharge capacity occurs
at about 19 cycles for pristine. For MgO-coated LLNMO layer
composite highest discharge capacity occurs after 15 cycles.
The activation of Li intercalation/deinterclation between 3.5
and 3 V considerably contributes to increase the overall ca-
pacity. Thus, for pristine LLNMO the capacity gradually in-
creases from 130 mAh/g in first cycle to 223 mAh/g for 20
cycles. After full activation of Li,MnO; component in the
present structure, the discharge capacity is 230 mAh/g and
73% columbic efficiency. With MgO-coated LLNMO cathode,
the first discharges capacity is 124 mAh/g and after 25th cycle
the discharge capacity is 143 mAh/g with 75% columbic effi-
ciency as shown in Fig. 4 (b). MgO-coated composite have low
discharge capacity because the oxide coating may have low
electronic and ionic conductivity. Morphology shows that the
particle are uniformly distributed, so that lithium have low
migration in comparison to the pristine LLNMO composite
cathode.

Fig. 5 shows the cyclability for the 50 cycle at constant
15 mA/g current density, where this experiment sample was
kept at fully charge state at 4.8 V for about 20 min before
discharge to ensure the structure stability. In pristine charge/
discharge capacity continues increase up to 19th cycle and
then fall down while the charge/discharge capacity has been
observed quite stable up to 50 cycle in MgO-coated LLNMO.
These results clearly indicate that MgO coating improve the
columbic efficiency from 73 % to 75 %, which means less
irreversible capacity and less than 7% of capacity fade after 50
cycle discharge which is a good capacity retention. This stable
behavior in electrochemical performance makes MgO-coated
LLNMO a good candidate for low cost and nontoxic cathode
material for lithium ion battery.

Impedance of the electrochemical cell is a crucial param-
eter to determine its performance. Electrochemical imped-
ance spectroscopy (EIS) is used to determine electrochemical
cell impedance in response to small ac signal at constant DC
voltage over wide frequency range from MHz to mHz [23]. EIS
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Fig. 3 — Scanning electron microscopy (SEM) (a) pristine LLNMO showing the agglomerates of primary particles, and (b) MgO-

coated LLNMO composite cathode.

measurement have been carried out on the coin cell and the
results are shown in Fig. 6 (a) - 1st cycle, and Fig. 6 (b) - 20th
cycle in Nyquist plot. Various models have been proposed in
the past to explain the EIS data [24].

The model used for fitting the current data is shown in
Fig. 7. The appearance of two suppressed semicircles suggests
the contribution of two different resistance elements — Rgs due
to surface layer by solid electrolyte formation [25] at high
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Fig. 4 — Charge/discharge curve for different cycles at
15 mA/g (a) pristine LLNMO (b) MgO-coated LLNMO.

frequency and the charge transfer resistance R across the
interface. Capacity fading of cathode material is due to SEI
layer which grows thicker by electrolyte—electrode reaction
during charge/discharge and deteriorates the performance.
Analysis of the data indicates that the major contribution to
the impedance is form Rss and R, because the observed
intrinsic capacitance Ciy: is almost same in both cases. The
diffusion coefficient Z, is highest (16.43e~” cm?S™?) in pristine
LLNMO which facilitates diffusion of lithium in solid material.
Increase in Rgrin both cases is expected because of the growth
of SEI layer at the interface of the electrolyte and electrode
surface. In pristine LLNMO composite it increases rapidly, and
additional resistance is added to increase Rgs in MgO-coated
LLNMO. After 20 cycles, Rqf is low in MgO-coated sample in
comparison with pristine LLNMO. Thus, MgO-coated LLNMO
composite layer should have more structure stability and
improved cyclability during charge/discharge reaction.
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Fig. 5 — Charge/discharge capacity vs. cycle number at
constant current density for pristine and MgO-coated
LLNMO.
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Conclusion

In order to improve the electrochemical properties (cyclabil-
ity) of Li-ion battery, pristine and MgO coated 0.5Li,M-
n03—0.5LiNig sMng sO, cathode materials were used. Materials
were synthesized by co-precipitation method. Results

CPE,
11 11
1l 1l Z,

CPE,

— MA—
R,

R, R,

Fig. 7 — Fitted model for EIS spectra, where R.—electrolyte
resistance, Ry-surface layer resistance, R.,-charge transfer
resistance, CPE-constant phase element and Z,-Warburg

impedance.

indicates that MgO-coated LLNMO restrains the subsidiary
reaction between electrode and electrolyte during charge/
discharge reaction. It also stabilizes the structure of the
composite as indicated by improve columbic efficiency from
73 % to 75 % - meaning less irreversible capacity. After 50 cy-
cles at 15 mA/g which indicates good capacity retention.
Further work is required to optimize MgO content to get best
specific capacity.
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