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Abstract Positive electrode materials, LiMg,Nigps_,
Cops0, (x =0 <x <0.5), have been successfully syn-
thesized by microwave-assisted solution technique. The
precursor has been analyzed by TG/DTA and the powder
was calcined at 850 °C. The XRD patterns reveal that the
synthesized materials exhibit hexagonal layered structure
corresponding to R3m space group. Coin cells of 2016 type
have been fabricated using the synthesized layered material
as cathode active material and lithium foil used as counter
and reference electrode. Test cells were operated in the
potential limits between 2.7 and 4.3 V using 1 M LiPFg in
1:1 EC/DEC as electrolyte. LiMg,Nig3Coq 50, material
delivers an average discharge capacity of around
165 mA hg~ ' at 0.1 C rate over the investigated 20 cycles.

Introduction

Lithium-ion batteries have long been considered as a
suitable power source for portable electronic devices,
electric vehicle, and hybrid electric vehicles (HEV) due to
their high working voltage, high power density, and long
cycle life [1, 2]. Nowadays, LiMO, (M = Co, Ni, Mn),
LiMPO, (Fe, Co, Ni, Mn), and LiMn,0, cathode materials
are widely used as cathode materials for lithium ion
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batteries. Among the cathode materials, LiCoO; is the most
attractive cathode (positive electrode) material because it
has the theoretical capacity of 273 mA hg™'. LiCoO, is the
widely used cathode material in commercial lithium-ion
batteries because it has many advantages such as high
specific energy, high discharge capacity, high power den-
sity, low self-discharge rate, and good reversibility during
charge and discharge [3-6]; however, the practical capacity
of LiCoO, is limited to about 140 mA hg™' i.e., around
half of its theoretical capacity (273 mA hg™") [7-9]. The
main disadvantage of LiCoO, is the specific capacity
which decreases significantly when the material is cycled
above 4.2 V, this is because extracting more Li ions than
Lip5Co0, leads to a decrease in the lattice constant, tran-
sition from hexagonal to monoclinic phase, and thereby
collapses the structure [10]. To improve the cycling sta-
bility of LiCoO,, different attempts made to involve doping
or coating with some inactive materials [11-15] have been
investigated. Coating with oxides of Al, Mg, and Sn
improves the cycling performance of LiCoO, [16-19].
These coating materials form a solid solution at the surface
and provide a pathway for Li intercalation/deintercalation
as they act as buffer to phase transition. LiNi; _,Co,0, has
drawn much attention from many research groups owing to
the improved electrochemical properties with higher
capacity and better cycleability. The existence of Co is one
of the key factors to stabilize the crystal structure of LiNi;_,
Co,0, [20]. Among them LiNi, 5Cog 50, is more attractive
and is used as cathode material for lithium rechargeable
batteries as reported by many researchers [21-23]. This
material is expected to be structurally and thermally much
more stable than any other nickel-rich cathode materials,
especially after several cycling which provides
150 mA hg~' capacity at a cutoff voltage of 4.3 V [24, 25].
Mladenor et al. [26] have reported that magnesium doping
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improves both the cycling stability and the discharge = Experimental

capacity of LiCoO, material. In this paper, we investigate the

structural and electrochemical properties of Mg-doped  For the synthesis of LiMg,Nigs_,Cogs0,, the stoichiom-
LiNig 5sCog 50, synthesized by microwave-assisted solution etric amount of anhydrous LiNOj;, Ni(NOj3),-6H,0,

technique. Co(NO3),-6H,0, and Mg(NO;),-6H,O were mixed and
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Fig. 1 TG/DTA curves of a LiCOOz, b LiNi0_5C00_502, c Lngo_lNio_4C00_502, d LngO_ZNiO}COO,SOZa and e Lng()_zSNi()_zsCO()_SOz
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dissolved in minimum amount of distilled water. The
resulting metal ion solution was concentrated by stirring
continuously under slightly warmed condition (100 °C).
The above concentrated solution was transferred to china
dish and placed at the center of a rotating plate of micro-
wave oven (ken star, India 2450 MHz, 800 W) which is
kept in closed chamber. The evolving NO, gases from the
reaction chamber are passed into water to avoid the haz-
ardous nature of the gases. It is converted into nitric acid
while reacting with water. The reactions are as follows:

3NO, + H,O — 2HNO; + NO
NO + NO, + H,O — 2HNO,
4NO, + 2H,0 + O, — 4HNO;

The solution was irradiated (50 % power) for 15 min.
After completion of the reaction, the product was dried in
an air oven for 2 h. The resulting product was ground well
and then calcined at 850 °C for 2 h in air to obtain phase
pure LngxNio_s_XCO()jOz.

The thermal decomposition behavior of the precursor
was examined by thermogravimetric analysis and differ-
ential thermal analysis in oxygen flow from 0 to 850 °C
with the heating rate of 10 °C/min. The calcined product
was characterized by means of XRD (‘Xpert PRO PANa-
lytical PW 3040/60 ‘X’Pert PRO’) using Cu-Ko radiation
(A =1.5418 A), while the voltage and current were held at
40 kV and 20 mA (20 = 0-80°) at a scan rate of 1° min~ .
The surface morphology and microstructure of powder
particles were characterized by scanning electron Micro-
scope (SEM HITACHI S—3000 H from Japan). Fourier
Transform infrared spectrum was recorded on Nicolet
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Fig. 2 XRD patterns of a LiCoO,, b LiNijpsCo¢s0,, ¢ LiMgg;
Nig4Co0.50,, d LiMg;Nig3C00.50,, and e LiMg 25Nig25C00.50,
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SDX-FTIR Spectroscopy using KBr pellet method in the
range of 400-4000 cm ™.

The cathode disk was prepared by mixing 80 wt% active
material, 10 wt% acetylene black, and 10 wt% polyvinyl-
idene fluoride (PVDF) binder in N-methylpyrrolidone
(NMP) solvent to form homogeneous slurry. The slurry
mixture was coated on to an aluminum foil and dried under
ambient condition and cut into circular disks of 18 mm
diameter. The cut disks were further dried under vacuum at
120 °C for 12 h. Finally, coin type cells of 2016 type were
assembled in an argon-filled glove box, in which lithium
was used as the counter and reference electrode, celgard
2400 as the separator, and 1 M LiPFg in 1:1 EC/DEC as the
electrolyte. The charge—discharge measurements were
carried out on the assembled coin cell using a program-
mable battery tester at C/10 rate in the potential limits
between 2.7 and 4.3 V.

Results and discussion
Thermal analysis

Figure la—e represent TG/DTA curves of LiCoO,,
LiNij5C0y.50,, and LiMg,Niys_,Coy 50, precursors syn-
thesized by microwave-assisted solution technique. The
thermal behavior of TG/DTA plots (Fig. lc—e) for the
precursors of LiMg,Nij 5_,Cog 50, show a similar trend.

TG curve of LiCoO, (Fig. 1a) exhibits two significant
weight loss regions. In the first decomposition step
(0-131 °C), there is an exothermic peak at 131 °C due to the
loss of superficial water molecules, the weight loss is about
10 % in this process. At the second step (261412 °C) (41 %
weight loss), a sharp exothermic peak at 401 °C corresponds
to the decomposition of nitrate precursors and can be asso-
ciated with the formation of LiCoO, layered phase.

Figure 1b shows the TG/DTA curve of LiNijs5C0y50;
precursor. It can be seen from the curve that the formation
of LiNij 5Co 50, from the precursor stage can be divided
into two main regions. The weight loss observed in the
temperature range 0-256 °C could be ascribed to the
departure of water molecules; the weight loss is about

Table 1 Unit Cell parameters for LiMg,Nij 5_,Cog 50,

X a (A) a (A) cla Ioos/lios R Crystallite
size (nm)

LiCoO, 2.818 14.014 4973 249 0.53 107

0 2.845 14.069 4945 1.80 048 158

0.1 2.843 14.087 4951 1.29 0.40 87

0.2 2851 14.095 4943 233 0.35 74

0.25 2853  14.108 4944 226 049 133
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21 % in this reaction step. The second weight loss between
325 and 515 °C (16 % weight loss), an exothermic peak at
487 °C corresponds to the formation of LiNijsCog 5O,
material.

Figure 1c—e depict the TG/DTA curves of LiMg,Nigs_
xC0050, precursor. TG curve shows three significant
weight loss regions. The first step (0-200 °C) corresponds
to the loss of superficial water molecules, 25 % weight loss
in this reaction step. The second weight loss between 200
and 510 °C (5 % weight loss), an exothermic peak at
240 °C due to the decomposition of nitrate precursors.
16 % weight loss occurs between 370 and 510 °C due to
metal trioxides decomposition. An exothermic peak at
around 510 °C corresponds to the formation of
LiMg,Nip5_,CopsO, phase. The presence of two endo-
thermic peaks at 225 and 487 °C can be attributed to the

Fig. 3 SEM images of

a LiCOOZ, b LiNiO‘SCOO‘SOZ,
¢ LiMgo.1Nig.4C00 502,

d Lng042NiO.3COO.5023 and
e LiMgg 25Ni 25C00.50,

melting process of metal trioxides. All the precursors show
thermally inactive regions after the formation of layered
phase indicating the closure of thermal events, and further
heat is used to make the material more crystalline in nature.

Structural analysis

Figure 2a—e show the XRD patterns of LiCoO,, LiNigs.
Cog50,, and LiMg,Ni 5_,Co( 50, calcined at 850 °C. The
XRD patterns are in good agreement with JCPDS card No:
44-0145. Tt shows single—phase formation of synthesized
materials and is indexed on the basis of a-NaFeO, layered
structure with R3m space group. The atoms Co, Li, and O
are located in the Whyhoff sites 3a, 3b, and 6c, respec-
tively. The synthesized layered materials are free from
NiO, Co304, and LiNOj impurity phases whose intense
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Fig. 4 FT-IR spectra of a LiCoO,, b LiNiy5C050,, ¢ LiMgg;
Ni0_4C00_502, d Lngo_zNio_:;CO()jOz, and e Lngo_zsNi0_25C0()_502

peaks are expected at 18.012°, 33.812°, and 25.682°,
respectively [25]. Furthermore, the patterns of the doped
material exhibit a leftward shift in the axis of 26 compared
with LiNipsCog 50, because the ionic radius of Mg2+
(0.72 ;\) is larger than Ni** (0.69 A). The hexagonal lat-
tice parameters of the synthesized materials are presented
in Table 1 and calculated by unit cell package software
with the estimated standard deviation of 0.0132. The lattice
parameter ‘a’ does not vary much but the °‘c’ lattice
parameter slightly increases after doping with Mg>" ion
because the size of the Mg®" (0.72 A) ion is larger than
Ni*™ (0.69 A) ion. The small lattice constants for LiCoO,
may be due to the fact that decrease of electrostatic
repulsion between the oxide ions across the vander walls
gap as observed by Vankatraman et al. [27]. It can be noted
that the ratio of the intensities of 003 and 104 ( Iyg3/I104)
peaks is greater than unity, which suggests that there is no
cation disorder, hence it is consistent with the values of c/a,
i.e. >4.89. Further, as can be seen in Table 1, the c/a ratios
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are in the range of 4.95-4.97 thereby indicating no cation
mixing. According to Reimers et al. [28], we observe that
the ‘R’ factor i.e. the ratio of (Ipog + I102)/110; are minimal
for x = 0.2 compositions which are attributed to increased
layer characteristics than LiCoO, and other dopant com-
positions. Crystallite sizes of the powders are calculated by
Debye—Scherrer’s equation and are presented in Table 1.
All the results mentioned above clearly confirmed the
formation of well-ordered layered structure.

Surface morphology

Scanning electron microscope images of LiCoO,, LiNi s.
Co0y.50,, and LiMgNiys_Coy 50, synthesized by micro-
wave-assisted solution technique calcined at 850 °C are
shown in Fig. 3a—e and show that the particles are inho-
mogeneous with serious agglomeration. As can be seen in
figure, the composition with x = 0.2 has smaller particle
size compared to other doped and undoped materials. This
kind of materials should exhibit good electrochemical
activity during cycling.

Vibrational spectroscopy

Figure 4a—e show the FTIR spectra of LiCoO,, LiNigs.
Coy50,, and LiMgNi 5_,Coy 50, synthesized by micro-
wave-assisted solution technique calcined at 850 °C. The
band at around 536 cm ™! [29] has been assigned to Li—O
stretching vibration, which indicates the formation of LiOg
octahedra. The characteristic vibrations of Co-O are
560-590 cm™' [30], Ni-O and Mg-O are 579 and
630 cm™!, respectively [31, 32]; but in this present work,
the broad band located at around 580 cm ™" is attributed to
the asymmetric stretching modes of MOy (M = Ni, Co)
group. The broadening of the high-wavenumber IR bands
may be related with inhomogeneous Mg/Ni/Co distribu-
tion, variation in the cation—anion bond lengths, and/or
polyhedral distortion occurring in these materials [32]. It
has been reported [34] that the local distortion increases
with the decrease of the cobalt concentration in the solid
solution.

XPS analysis

Figure 5 presents the XPS analysis of LiMgg ,Nig3C0( 50,
cathode material. The binding energy observed for Mgl s
is 1302 eV which is characteristic of Mg in 42 oxidation
state [35]. The Co2p binding energies observed at 780.3
and 793.9 eV correspond to Co2ps, and Co2p;, spin
states. These ascertain that the presence of Co is in trivalent
state [36]. The binding energy observed for Ni2p core level
at 854.6 eV with a satellite peak of 862. 8 eV indicates that
Ni is in 2+ state [37]. The observed binding energies of

Ni2p and Co2p which are consistent with LiNigsCog 50,
cathode material were reported by Zhou et al. [38].
Therefore, the missing charge in the Ni site after doping
with Mg®" ion is compensated by oxygen vacancies. These
kinds of oxygen vacancies usually occurred in Li,Ni;_,O
type materials, which was confirmed by XAS analysis of
Ols reported by Kuiper et al. [39].

Electrochemical performance

The initial charge—discharge curves of LiCoO,, LiNigs.
Co.50,, and LiMg,Niys_,Co 50, are shown in Fig. 6a.
Test cells were operated over the voltage range of
2.7-4.3 V at 0.1 C rate. The initial discharge capacities of
LiCOOZ, LiNi0_5C00.502, Lngolei0'4C00.502, Lngo_Q_
Ni0'3C00'502, and Lng0_25N10'25C00.502 are 128, 142, 154,
170, and 162 mA hg™', respectively. The shapes of the
charge—discharge curves are in good agreement with the
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Fig. 6 Initial charge—discharge curves and cycling performance of
LiMg,Nij 5_,Coo 50, cathode materials at 0.1 C rate
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previous workers [40—42]. The Mg-doped materials exhibit
large discharge capacity, which is attributed to the
improved structural stability with the addition of dopant.
The dopant prevents the dissolution of transition metal ions
in the electrolyte and thwarts the collapse of the structure
during charge—discharge by the limited action of Co** ions
which assisted to retain its layered structure. In the case of
pristine LiCoO,, the over intercalation—deintercalation
reaction of Li ions disintegrate the LiCoO, structure which
further increases the internal impedance of the cell [43] and
decreases the discharge capacity. Due to the large polari-
zation and large change in unit cell volume during cycling
in LiNij 5sCoy 5O, which exhibits lower discharge capacity
as compared to the Mg-doped materials.

Cycling performance of the synthesized LiMg,Nigs_
Cop 50, materials at 0.1 C rate over 20 cycles are shown
in Fig. 6b. The capacity retentions of LiCoO,, LiNigs.
Co0.50,, LiMgg 1Nip4Co¢.50,, LiMgp2Nig3C0050,, and
Lng0425N10425C00A502 are 7812, 8591, 909, 94.1,and

retention of the LiMgg,Nip3Co0g50, materials is larger
than the material synthesized by same microwave process
[25]. The dopant Mg*" ion provides the cycling stability as
well as structural stability which are due to pillaring effect
[44, 45]. It facilitates the free movement of Lit ion and
prevents the vacancy ordering because the dopant ion
increases the ‘c’ lattice parameter. This enlargement of the
crystal lattice provides more space for lithium ion inter-
calation and deintercalation which enhances the cycling
stability. The obtained discharge capacities and capacity
retentions are superior to LiNig sCog 50, cathode materials
[46—49] and Al doped LiNig sCoy 50, [50] materials.
Figure 7 presents the differential capacity curves of Li-
COOz, LiNi0_5COO.502, and Lng0_2N10.3C00_502 cathode
materials which are derived from charge/discharge mea-
surements. The anodic peak located at 3.9, 4.1, and 4.16 V
corresponding cathodic peaks at 3.75, 3. 81, and 3.85 V for
LiCOOz, LiNio_5C00.502, and Lng()AzNi()A3C0()_502, respec-
tively. These are the characteristic behaviors of lithium

91.9 %, respectively, after 20 cycles. The capacity intercalation/deintercalation process of these cathode
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Fig. 7 Differential capacity curves of a LiCoO,, b LiNij 5sCo( 50,, and ¢ LiMg,,Nig3Co( 50, materials at 0.1 C rate
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materials. In the anodic region of LiCoO, and LiNigs.
Cog50,, we observed the additional peaks at4.16 and 4.2 V,
respectively, which are due to the phase transformation of
hexagonal to monoclinic [51] but it does not happen in
LiMg( ,Nig 3C0q 50, cathode material which is evident that
the Mg?" ion prevents the phase transformation during
cycling. In the present work oxidations of Ni*™ ions and
Co’* ions occur at single step which is in good agreement
with the previous works [52-54].

Conclusion

Layered LiMg,Nij 5_,Cog 5O, was successfully synthesized
by microwave-assisted solution technique. XRD patterns of
LiMg,Nig 5_,Cog 50O, powder showed the formation of lay-
ered structure (space group R3m) and its phase purity. The
synthesized material LiMgq ,Nig 3Co( 50, delivers an aver-
age discharge capacity of 165 mA hg ™" after 20 cycles when
cycled between 2.9 and 4.3 V. Charge—discharge studies
confirmed that Mg doping improves the electrochemical
performance of LiNij 5Cog 5O, materials.
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