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Abstract: Glycine Nitrate Combustion (GNC)
method was successfully employed for the synthesis
of Li(NiysMny3C043)O, with powder characteristics
appropriate for the cathode of rechargeable Li-ion
batteries (LIBs). The outcome of this study proposed
an optimum value of 0.6 for the Glycine: Nitrate ratio
to obtain phase pure, well crystalline and rather
spherical shaped Li(NiysMn;3C043)0, micron size
secondary particles by the GNC process. These
secondary particles were composed of softly
agglomerated primary particles of 200 - 300 nm in
size. This particle morphology is regarded as a highly
favorable for the functioning as a cathode in LIB. The
electrical conductivity of  Li(NiysMny3C043)0,,
determined by the dc four-probe technique, revealed
the semiconducting nature with conductivity of the
order of 107 S cm™, at 25 °C. Lithium ion half-cell
constructed with this prepared cathode material
showed initial discharge capacity of 187 mAhg™ with
irreversible capacity of 25 mAhg™ at C/5 rate with a
cut-off voltage of 25 - 4.6 V, at 25 °C. This
performance can be attributed to the highly favorable
particle morphology obtained by the successful use of
GNC process for the powder synthesis.

Keywords: glycine nitrate combustion method,
powder morphology, Li(Niy3Mny3C043)O, cathode
material, Li-ion rechargeable battery.

INTRODUCTION

Particle morphology can play a critical role on
the performance of an electrode material,
especially in the electrochemical cells such as
rechargeable  batteries, fuel cells ...etc.
Therefore, in developing electrodes for
electrochemical cells, a greater attention has to
be paid on optimizing the particle morphology of
the electrode materials. Among the currently
evolving rechargeable batteries, the Lithium ion
battery (LIB) is the highly promising source of
portable energy. However, in order to make it

more  competitively  priced, performance
enhanced and durable, special attention has to be
paid to develop its electrode system. In the
development of electrodes for LIBs, much
attention has been paid on its cathode and
especially the morphology of the cathode
material (Liu et al., 2014; Oljaca et al., 2014,
Samarasingha et al., 2008). Cathode materials
with sub-micron size particles with primary
nano-scale particles were proposed as promising
cathode materials for LIB due to the
disadvantage of nano sized particles (Oljaca et
al., 2014; Shi et al., 2013, Zhang, 2007; Liu et
al., 2014). The method of synthesis and its
condition will play a very important role on
determining morphology of powder particles.
Therefore a number of different synthesis
methods and roots have so far been investigated
for synthesizing cathode materials for the LIB
(Chick et al., 1990; Samarasingha et al., 2008).

The Glycine Nitrate Combustion (GNC)
method involves formation of a chemically
homogenous precursor and auto-combustion
resulting in a short calcination time and highly
crystalline nano-scale powder particles (Wilcox
et al., 2009; Wijayasinghe, 2006; Patoux, 2004).
Further, the size and morphology of powder
particles synthesized by GNC process depend
critically on the fuel to oxidant ratio, cation
concentration to fuel ratio and the amount and
evolution rate of the gases released during the
combustion process (Chick, 1990). However,
investigations have not yet been carried out to
study the effect of the ratio of fuel glycine to the
oxidized metal nitrate, in relation to the synthesis
of Li(NiysMny3C043)0,, wWhich is presently a
highly promising candidate for LIB cathode. It is
expected that the optimization of this
Glycine:Nitrate (G:N) ratio may result in powder
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particles with more desirable characteristics. By
considering these factors, the present study
involved with optimizing the GNC method, by
investigating the effect of Glycine:Nitrate ratio
on powder properties. By doing so, it was aimed
to obtain Li(NiyzMny3Coy3)0, powders with
particle morphology and other characteristics
appropriate  for  Li-ion  battery cathode
application.

EXPERIMENTAL

Powder synthesis by the GNC method

For this study, Li(Niy3C013Mny3)O, powders
were synthesized by the GNC method at
different Glycine to Nitrate ratios. In this
method, stoichiometric amount of metal nitrates,
LiNO3, Ni(NO3),.6H,0, Co(NO3),.6H,0 and
Mn(NO;),.4H,0 (Merck, Germany) were mixed
with distilled water. Glycine as a fuel for
combustion was added to the nitrate solution and
the new powder samples were prepared with
various Glycine to Nitrate ratios (G:N) in the
range from 0.2 to 1.5, to investigate the effect of
G:N on the powder properties. The precursor
solution was thoroughly mixed using a magnetic
stirrer hotplate at room temperature for two
hours. Then it was mixed at 60 °C for one hour
and at 100 °C another one hour. Then the
solution temperature was increased stepwise (25
°C) from 100 °C to 300 °C. During this process,
the resultant viscous liquid ignited and
underwent self-sustaining combustion producing
an ash composed of the oxides. Finally, the ash
product was further calcinated at 900 °C in air
for two hours, to obtain the final oxide product.

Powder characterization

X-ray powder diffraction (XRD, Siemens
D5000) using Cu K-o radiation was used for
phase identification and specially to identify the
crystalline nature of the synthesized materials.
Scanning electron microscopy (SEM, FEI
Quanta 200 FEG-ESEM) was employed to study
the particle size and morphology of synthesized
powders. Thermogravimetric analyses (TGA)
were carried out using a Perkin-Elmer TGS-2
Thermogravimetric System. For that, calcinated
powders (0.5 mg) were heated up to 800 °C in a
platinum pan at a heating rate of 5 °C min™,
under nitrogen atmosphere.
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Powder densification and electrical

characterization

In order to find the optimum pressing conditions
for solid pellets, the calcinated powders were
uni-axially pressed by applying pressures in the
range from 50 MPa to 350 MPa. Green pellets of
12 mm in diameter and 0.5 mm thick were
pressed and subsequently sintered at 1000 °C for
two hours, in air. For the electrical conductivity
measurements, the flat end surfaces of the
sintered pellets were gold pasted (G3535, Agar
Scientific Ltd., England) in order to improve the
contact between the specimen pellets and the
sample holder. The d.c. four probe electrical
conductivity measurements were performed on
the sintered pellets on heating and cooling in the
temperature range between 25 and 200 °C,
keeping the specimens in a sample holder, inside
a pot furnace.

RESULTS AND DISCUSSION

Phase analysis

In the GNC process, the metal nitrate acts as the
oxidant while glycine supplies fuel for the
combustion reaction (Chick, 1990). Therefore, in
order to study the effect of Glycine to Nitrate
ratio (G:N), on the powder morphology, few
different Li(Niy3Co13Mny3)0, powder batches
were prepared by varying the G:N ratio from 0.2
to 1.5. Figure 1 shows the X-ray diffractograms
obtained on different Li(Niy3C013Mny3)0,
powder samples prepared with different G:N
ratios. In this figure, the corresponding standard
diffraction pattern of the Li(Niy3C013Mny3)0,
phase is labeled as 333 (Samarasingha et al.,
2008). Accordingly, the existence of only the
appropriate R-3m phase of o-NaFeO, layered
structure of Li(NiyzCo13Mny3)0, is seen in all
these powder samples prepared in this study with
different G: N ratios.

Furthermore, as seen in Figure 1, this study
reveals the possibility of obtaining the
appropriate Li(Niy;3Coy3Mny3)O, phase even at a
very low G:N ratio such as 0.2. However,
increase of the G:N ratio up to 0.8 has clearly
improved the crystal structure of the material
evedent by the well defined sharper and narrower
peaks seen in the diffractograms. However,
further increase of G:N ratio caused a slight
degradation of the  Li(Niy3Coy3Mny3)0,
structure with the visible gradual reduction of
splitting of (006)/(102) and (108)/(110)
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diffraction peaks. It also created a slightly
brodere and less defined peaks at these high G:N
ratios. By considering these factors, the G:N
ratio of 0.6 seems to result in the optimum
crystal structure of Li(Niy3Coy3Mny3)O, with
highly defined narrow peaks and appropriate
peak splitting.

Particle properties

The Scanning Electron Microscopic (SEM) study
performed on the prepared Li(Niy;sMny3C04/3)0,
samples shows the existing of quasi-spherical,
sub-micron level soft agglomerates in the size
range between 10 and 75 um. These
agglomerates seems to be formed by the softly
aggregating nanoscale primary particles. These
primary particles are rather spherical in shape,
with 50 to 200 nm diameter in size. A direct
evidence for this is given in the SEM image
(Figure 2) obtained on Li(NiysMny3Co3)0;
sample prepared with G:N = 0.6. It was also
observed that the spherical shaped secondary
particles composed of primary particles of
around 200 nm, that can be an ideal particle
morphology  for a  greater integrated
electrochemical performance (Liu et al., 2014,
Ren,  2009). Therefore, a  favorable
electrochemical performance in the Li-ion cells
can be expected with Li(NiysMny3C013)0,
material prepared in this study by GNC process.
Furthermore, as seen in Figure 3, the Energy
Dispersive Spectra (EDS) analysis performed on
this Synthesized Li(Ni1/3Mn1/3C01/3)02 shows the
presence of only the Ni, Co, Mn and O (Li could
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not be detected by EDS). The Ni:Co:Mn atomic
ratio calculated based on this EDS result is
approximately equal to 1:1:1.

Figure 4 shows the thermogravimetric and
differential thermogravimetric (dW/dT) plots
obtained for Li(Niy3Coy3sMny3)O, samples
prepared with different G: N ratios of 0.2, 0.4,
0.6, and 1.0. It can be seen that in the
Thermogravimetric Analysis (TGA), the weight
loss takes place in three steps and they are
comparable with those found in literature (Kabi
and Ghosh, 2013). The first plateau of weight
loss seen in between 100 °C and 200 °C is very
likely due to the loss of water molecules (Kabi
and Ghosh, 2013) The Li (Ni1/3C01/3Mn1/3)02
samples prepared with different G:N ratios at 0.2
and 1.0 show the exothermic peaks at 206 °C and
244 °C, corresponding to the weight losses of 0.5
wt% and 0.2 wt%, respectively. There was no
significant exothermic peak to be seen within
this  region for the remaining  Li
(NiysMny3Co4/3)O, samples, presumably due to
their better thermal stability. From the XRD
analysis conducted on Li(NiyzsMny3Co43)0, at
high temperature, Nam et al has reported that the
structural changes of this material starts around
170 °C and the phase transition takes place
gradually up to 600 °C (Nam, et al., 2009).
Therefore, the weight losses corresponding to
exothermic peaks at temperatures from 100 °C to
550 °C seen in this study, may be due to the
combined effect of loss of absorbed water
molecules and structural phase transition.
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Figure 1: X-ray diffractograms obtained on different Li(Niy3C01,3Mny,3)O, samples prepared with different G:N ratios from
0.2 to 1.5. The standard diffraction pattern of Li(Ni;;3Co4,5Mny3)O, phase is labeled as 333 (Samarasingha et al., 2008).
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Figure 3: EDS spectra of Li(Niy3C013Mny;3)O, prepared with G:N = 0.6
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Figure 4: (a) Thermogravimetric and (b) Differential thermogravimetry (dW/dT) plots obtained on the
Li(Niy3Co13Mny3)0, samples prepared with different G:N ratios.

The third step of the weight loss occurs
between 550 °C and 760 °C resulting prominent
exothermic peak in dW/dT plots due to the
release of oxygen depending on its structural
stability (Kabi and Ghosh, 2013). It can be
clearly seen in the Figure 4 (b) that the
exothermic peak had shifted to low temperatures
for Li (NiysMny3Co0413)O, synthesized with low

G:N ratios, indicating their lesser structural
stability compared to those prepared with high
G:N ratios. The material prepared with G:N = 0.2
shows exsistance of the exothermic peak at 650
C, corresponding to weight losses of 1.5 wt%.
Even though the Li(Niy;3C013Mny3)O, prepared
with the G:N = 0.4 reported the lowest weight
loss, it is more thermally unstable since it has
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liberated oxygen at lower temperature.
Moreover, Li(Niy3Coy3Mny3)0, prepared with
higher G:N ratios of 0.6 and 1.0 show existence
of the exothermic peaks at 700 °C and 733 °C,
corresponding to weight losses of 1.2 wt% and
1.3 wt%,. Accordingly, Li(Niy3C013Mny3)O,
synthesized at the G:N ratio of 0.6 can be
regarded as most thermally stable sample in this
study.

Altogeter, the crystal structure as
evidenced by XRD analysis, and particle size and
morphology evidented by SEM, clearly indicate
that G:N ratio of 0.6 resulted the
Li(NiysCoy3Mny3)0,  with optimum  powder
morphology and appropriate crystal structure by
the GNC process. Thermal characterization also
reveals that the Li(Niy3C013Mny/3)O, synthesized
with G:N ratio of 0.6 is thermally more stable.
Therefore, G:N ratio of 0.6 was selected as the
optimum G:N ratio for the synthesis of the
Li(Ni1/3C01/3Mn1/3)02 and its derivatives by the
GNC process.

Powder densification and electrical

characterization

Figure 5 shows the variation of both the green
density (density before sintering) and the sintered
density (density after heat treating) of the pellets
pressed at different pressures by the cold uni-
axial pressing technique. As seen in the figure,
the green density is continuously increasing with
the pressing pressure, due to better packing of
powder particles in the green body under the
higher pressures. However, the behavior of the
sintered density with pressing pressure is
considerably different. With the increase of the
pressing pressure, the sintered pellet density has

increased to a maximum at around 250 MPa of
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applied pressure. Then sintered density started to
decrease with increase of pressure. This could be
due to the formation of internal cracking in the
green body under extremly higher pressures
applied on it, resulting a weaker packing. The
formed internal cracks extend during the
following heating and cooling process, and create
higher internal porosity, that lowers the strength
of the final sintered body. This higher intenal
porosity together with the internally fractured
structure had already made the pellet inferior to
be used for any meaningful characterization or
application. Hence, applied pressure of 250 MPa,
which resulted a well sintered solid body with
the highest sintered density, was selected as the
optimum pressing pressure for this material.

The electrical conductivity of the prepared
dense sintered pellets of Li(NiysMny3C013)0,
samples was measured by the d.c. four probe
technique. Figure 6 shows the d.c. electrical
conductivity ~ behaviour  of  these Li
(NiysMny3C043)O, samples prepared  with
different G:N ratio. The electrical conductivity
increases exponentially with the increasing
temperature indicating the semiconducting nature
of the material (Wijayasinghe, 2006). The room
temperature d.c. conductivity of these all
synthesized samples are in the order of 107 S cm’
! (see Table 1). The d.c. conductivity of the
Li(Ni]_/gMn]_/gCOl/g)Oz SyntheSized by the GNC
process in this study is lower by two orders of
magnitude to that reported for the same material
synthesized by  the  Pechini method
(Samarasingha et al., 2008; Samarasingha et al.,
2014). This decrease in electrical conductivity
may be related to the morphological difference of
the Li(NiysMny3Co43)0, materials prepared by
the two different synthesis methods.
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Figure 5: Variation of green density and sintered density of Li(Niy;3C0,3Mny3)O, pellets pressed at different

pressing pressures, under cold uni-axial pressing.
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Figure 6: The temperature dependence of d.c. electrical conductivity of Li(Niy;sMny3C04,3)O, prepared with

different G:N ratios.

Tablel: Electrical conductivity of Li(Niy3Co4/3Mny/3)O, materials synthesized with different G: N ratios.

Glycine: Nitrate ratio (G:N) 0.2 0.4 0.6 0.8 1.0
Electrical conductivity at 25 °C (S cm™) 1.0x107  12x107 21x107 49x107 5.0x107
So far, this study revealed that the GNC  More interestingly, our Li(Niy3C013Mny3)0,

process is a promising method to synthesize
phase pure Li(Ni1/3Mn1/3C01/3)02. The main
advantage of this method is the possibility of
synthesizing the desired highly crystalline
material within a short calcination period.
Furthermore, the resulting particle morphology
consists of nanoscale primary particles with high
surface area, aggregated to from micron size
secondary particles. This is expected to be much
more favorable for improving the
electrochemical performance of the
Li(NiysMny;3Co13)0, as a cathode material in
LIB.

Under a further study, galvanostaic cycling
of a coin cell assembled with this fabricated
Li(NiysMny;3Co43)0, cathode as the working
electrode and Li foil as counter and reference
electrodes, were carried out between 2.5 - 4.6 V,
at a current density of 0.2 C (1 C = 140 mAg™).
In a previous study, phase  pure
Li(Niy3Coy3Mny3)0, was reported to be
synthesized by the Pechini method followed by
calcination at 900 °C for four hours
(Samarasingha et al., 2008). The microstructure
of that material was a sponge like agglomerate
composed of large primary particles in the range
0.8 - 1.0 um. That material reported an initial
discharge capacity of 160 mAhg™* at C/5 rate
between 3.0 - 4.5 V (Samarasingha et al., 2008).

material synthesized in this study by GNC
method, showed a significantly higher initial
discharge capacity of 187 mAhg™ at C/5 rate
between 2.5 V and 4.6 V. After the tenth cycle,
the irreversible capacity decreased to 3.2 mAhg™
with columbic efficiency of 97.9%. This
significantly better performance, resulted in the
present study, can be attributed to success of
obtaining appropriate powder particle
morphology. Therefore, this study reveals the
successful optimization of the GNC process to
synthesize Li(NiysCo13Mny3)O, with appropriate

microstructure for improved cathode
performance in LIB.

CONCLUSIONS

Phase-pure Li(Niy3C013Mny3)0, was

successfully synthesized by the Glycine-Nitrate
Combustion (GNC) process with different
Glycine to Nitrate ratios (G:N) in the range 0.2 -
1.5, with a shorter calcination time of two hours.
The increase of the G:N ratio decreased the size
of the resultant powder particles to nano-scale.
Further, the thermogravimetric study revealed
that Li(NiysMng3Co13)O, prepared with G:N =
0.6 as the most thermally stable material.
Therefore, this study suggests the optimum value
of 0.6 for the G:N ratio to obtain phase pure, well
crystalline  Li(NiyzsMny3Co43)0,  with rather
spherical shaped micron size secondary particles
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formed by the softly agglomerated primary
particles of 200 - 300 nm. The electrical
conductivity measured on the dense sintered
Li(NiysMny;3C013)O, materials by the dc four-
probe technique showed the semiconducting
nature with dc conductivity in the order of 107 S
cm™ at 25 °C. The lithium ion half cell prepared
with this cathode material showed initial
discharge capacity of 187 mAhg™ with 25 mAh
g™ irreversible capacity at cut-off voltage of 2.5 -
4.6 V at 25 °C. After the tenth cycle, the
irreversible capacity decreased to 3.2 mAhg™
with columbic efficiency was maintained at
97.9%. Altogether, this study reveals successful
use of GNC process to  prepare
Li(NiysCoy3Mny3)0, with  highly favorable
powder morphology for the LIB cathode
application.
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