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Abstract

The desire for long driving range and low cost of electric vehicles necessitates

the use of superior rechargeable lithium batteries. These batteries with

enhanced energy density addresses the demand for cutting-edge cathode mate-

rials which can deliver amplified voltage and capacity. Lithium-rich manga-

nese is one among such promising cathodes for lithium-ion batteries. In this

work, three different organic acids, including oxalic (OX), tartaric (TA) and

ascorbic (AS) acids were used to synthesis Li [Li0.2Ni0.3Mn0.7] O2 (LNMO)

materials with three unique microstructures. Physicochemical and electro-

chemical characterization techniques were used to investigate a range of prop-

erties. Electrochemical investigations demonstrated regulated morphology-

enhanced electronic conductivity, increased energy density and prolonged

cycle behavior. Among the three samples, AS-LNMO unveiled a capacity of

308.02 mhAg�1 nearing the value of theoretical capacity. Whereas, TA-LNMO

exhibited a remarkable stability even after 200 cycles with capacity retention

of 99.3%. With specific discharge capacities of 308.02, 278, 252, 228 and

212 mAhg�1 at 0.1C, 0.2C, 0.5C, 1C and 2C respectively, AS-LNMO exhibited

superior rate capability. Collectively, this research offers valuable insights in

using complexing agents which positively impacts the morphology and electro-

chemical performance of LNMOs in upcoming lithium-ion batteries.

KEYWORD S

complexing agents, good capacity retention, high energy density, sol-gel synthesis

1 | INTRODUCTION

Lithium-ion batteries and layered transition metal oxides
remain in the spotlight due to their unique electrochemi-
cal performance. For decades, cathode materials contain-
ing layered LiCO2, LiMnO2, LiFePO4, and LiNixMyCo2O2

have dominated the LIB industry. These materials have
energy densities of 600 Whkg�1, which is not suitable in

large-scale applications for electric vehicles and energy
storage. As a result, the next-generation cathode mate-
rials face a criterion to have higher energy densities than
any other materials. Fortunately, Li and Mn-rich layered
oxide (LMRO) falls into this category of attaining high
energy density and high theoretical capacity
(280 mAhg�1). In practical applications, its capacity
exceeds even the theoretical value in the range of 280 to
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350 mAhg�1, depending on the proportion of Li-ions par-
ticipating in the intercalation/de-intercalation process.
The material's energy density increases roughly by 1000
Whkg�1. Additionally, LMROs have a large operating
voltage range as cathode materials ranging from 2 to
4.9 V. Due to such a wide operating voltage range, it
serves as a suitable cathode material for the upcoming
LIB production.1,2

As years progress, new protocols for the synthesis of
hierarchical nano/micro structured materials with
improved electrochemical performance are being devel-
oped and optimized. Several well-known methods that
focus on influencing morphology in order to improve
electrochemical performance include hydrothermal syn-
thesis, carbonate co-precipitation, hydroxide process,
solution combustion methods, solid state reactions and
sol-gel process.3-7

Hydrothermal synthesis employed for LMRO cathode
materials primarily resulted in octahedral-like particles
with good crystallinity. In addition, the inclusion of suit-
able metal dopants were able to eliminate the impurity
phases. Facile hydrothermal method suggested by Zhang
et al. achieved a highest initial discharge capacity (352.8
mAhg�1) with layered material and faded drastically after
50 cycles with a capacity retention of 75.5%.8-11

Co-precipitated LMRO materials exhibit well-matched
layered behavior and a high initial discharge capacity. Most
of the as-prepared samples display spherical and extremely
porous micro-structure, high tap density, and agglomeration
driven by diverse primary particle packing behavior. The
surfactant or chelating agent used in the process regulates
the morphology.6,12,13 To produce polycrystalline materials
from solid reagents, solid-state reactions are used as a typi-
cal synthesis technique where very high temperatures are
used to induce the reaction. Chemical and morphological
characteristics of the reagents such as surface area, reactiv-
ity, and free energy changes during the solid-state reaction,
as well as other reaction parameters including pressure,
temperature, and the reaction environment also influence
the solid-state reaction. Large-scale manufacturing and sim-
plicity are two benefits of such solid-state reaction
approach.14-16

Whereas, sol–gel method is a simple, inexpensive,
flexible, implementable, and effective chemical pathway
for the synthesis of complex multicomponent compounds
with a wide range of morphologies. Many factors includ-
ing solvents, complexing agents, pH of solutions, and
other parameters influencing the structure of materials
also affect the electrochemical performance of the LMRO
generated by sol-gel technique. The use of complexing
agents has become a significant choice where the com-
plexation between various complexing agents and transi-
tion metal ions is exposed visibly.

Few researchers have reported on sol-gel synthesis
routes for LMRO cathode synthesis using complexing
agents. Mehemet et al. prepared Li1.2Mn0.6Ni0.35Co0.15O2

by self-ignition combustion process using glycine as com-
plexing agent at discharge capacities 200, 250, and
290 mAhg�1 at C, C/2, and C/4 rate. However, long-term
cycling causes the ability to decline in capacity.17 Peng-
dong et al. published a comparative study of Nickel Alu-
minium Cobalt (NCA) cathode materials synthesized by
sol-gel technique with glycine, citric acid, and EDTA
complexing agents. NCA-EDTA exhibited good electro-
chemical performance with an initial discharge of 175.1
mAhg�1 at 0.2C and capacity retention of up to 97.3%.18

According to Rong Yong et al., LiFePO4/C prepared using
the sol-gel method with acetic acid has a discharge capac-
ity of 161.1 mAhg�1 that decreased to 157.5 mAhg�1 after
30 cycles.19 Chenhao Zhao et al. reported a solid-state
synthesis of Li12Ni0.16Mn0.56Co0.08O2 using tartaric acid,
citric acid, and oxalic acid complexing agents. At 0.1C,
LNMC-Oxalic acid had the highest initial discharge of
267.52 mAhg�1.20 In this study, three different organic
acids were used as complexing agents in the sol-gel
method to prepare Li [Li0.2Ni0.3Mn0.7] O2 composites.

The structure, morphology, and electrochemical per-
formance of these Li-rich materials were thoroughly
examined and compared with respect to the three com-
plexing agents. A comparison and understanding of the
benefits and drawbacks of effectively engaging different
complexing agents are expected to aid in the selection of
an appropriate organic acid for constructing a highly sta-
ble LMRO cathode structure with enhanced electrochem-
ical performance.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of LNMO-OX/TA/AS

The process of synthesizing Li[Li0.2Ni0.3Mn0.7] O2 pow-
ders includes sol-gel formation, drying, pre-heat treat-
ment, and high temperature sintering. The LMRO
cathode material of given weight ratio Li[Li0.2Ni0.3Mn0.7]
O2 is prepared by sol-gel method with oxalic acid, tartaric
acid, and ascorbic acid as complexing agents. The resul-
tant products were labeled as LNMO-OX, LNMO-TA,
and LNMO-AS. The metal precursors Mn (NO3)2.6H2O
(Sigma Aldrich >99%) and Ni(NO3)2.6H2O (Sigma
Aldrich >99%) were taken separately in 15 mL ethanol
and sonicated for 20 min at room temperature. 1 M of
each of the complexing agents (OX/TA/AS) were dis-
solved in 120 mL of deionized water accompanied with
mild stirring at 480 rpm to generate a transparent solu-
tion that was kept at 120�C. Then, stoichiometric amount
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of Li2CO3 was slowly added to the complexing agent solu-
tion. Further, the metal precursor solutions were fed into
a burette and slowly dropped into the saturated complex-
ing agent solution at 1 mL per minute rate. A greenish
precipitate started to appear in all the three solutions
with different complexing agents and the colour variation
signified the reaction between the metal-complexing
agents. Then the reaction mixture was adjusted to a pH
of 10 to 11. The pH value of the metal precursor solution
was tuned via predetermined amounts of ammonium
hydroxide. Additionally, 5 mL of Polyethylene glycol was
added as a surfactant. The reaction mixture was main-
tained at 120�C under stirring until a translucent sol was
formed which then subsequently turned into a gel. The
half-dried gel was burnt at 380�C for 3 h. Finally, the
dried product was ground and fed into a tubular furnace
for calcination at 430�C for 7 h at the rate of 4�C/min fol-
lowed by sintering at high temperature 820�C for 10 h.
The obtained products were slowly cooled to room tem-
perature. Notably, all the heat treatments were done in
air atmosphere.

2.2 | Material characterization

Phase determination and structure property relationship
were explored and analysed by a Bruker D8 advance dif-
fractometer using Cu-Kα radiation. The X-ray diffraction
patterns were collected at room temperature in 2θ range
10� to 80�. The morphology and particle size of the sam-
ple were scrutinized on a high-resolution scanning elec-
tron microscope equipped with an energy dispersive X-
ray spectrometer (EDX). HRTEM images were obtained
using an electronic microscope JEOL model JEM-2010
(Pleasanton, CA, USA).21

2.3 | Electrochemical test

For analysing the electrochemical behavior of LMRO
cathode, lithium anode-comprising cells were built. To
fabricate the testing electrodes a slurry was created by
mixing 80% active material, 15% acetylene black and 5%
polyvinylidene fluoride binder in N-methyl-2-pyrrolidone
solvent. In a vacuum oven at 80�C, the slurry was coated
onto Al-foil and dried. Celgard 2400 microporous mem-
brane was used as the separator (Celgard, LLC, Charlotte,
NC, USA). The electrolyte was a 1 M LiPF6 solution in a
1:1 combination of ethylene carbonate and dimethyl car-
bonate, and the anode was lithium foil. In electrochemi-
cal measurements, CR2032 coin cells were employed.
The resulting sludge was evenly deposited onto a thin
aluminium sheet with a thickness of 150 mm using an

automated coating machine and vacuum-dried for 12 h
at 120�C. The electrode materials were made into pellets
with 10 mm diameter, active mass of 3 to 5 mg and were
pressed for 5 s under 5 MPa. Finally, the half cells were
placed together with pure lithium metal anode and 1 M
LiPF6 dissolved in EC/DMC/DEC (1:1:1) as an electro-
lyte. The cathode-to-anode active mass ratio was main-
tained at 1.7:1. In an argon-filled glove box (ETELUX
Lab 2000) with water and oxygen concentrations of less
than 1 ppm the cells were built in a systematic manner.
Impedance measurements were carried out on a Biologic
SP300 electrochemical work station utilizing a 5-mV
amplitude AC sine wave in the range 100 kHz to 10 mHz
to assess and compare the impedance responses. Before
completing any EIS experiments the voltage responses of
the cells were stabilized by resting them for several hours.
The same setup was used for cyclic voltammetry
(CV) studies in room temperature at 100 mVs�1 sweep
rate. With a 0.01 mVs�1 CV scan rate the voltage range
was observed to be 2.0 to 4.8 V. Then in a 2.0 to 4.8 V
potential window, constant current discharge-charge and
galvanostatic cycling studies were done at various rates
adopting Neware battery testing equipment. (vs Li+/Li).22

3 | RESULT AND DISCUSSION

3.1 | Structure, morphology, and
composition analysis

3.1.1 | Metal complex mechanism

Scheme 1 represents the reaction between complexing
agents and metal ions. The final product Li [Li0.2Ni

0.3Mn0.7] O2 showed that all three solutions OX-LNMO
(mint green), TA-LNMO (lime green), and AS-LNMO
(dark brownish) were formed with different colors. This
variation in colors is due to the structure development
that takes place at the molecular level of the diverse com-
plexing agents with metal ions (M = Ni, Mn, Li).

Plausible mechanism of the metal-complex reaction is
as follows:

(M = Mn, Ni) NO3.4H2O + Li2CO3.H2O + R-COOH
à R-COO (M Li) + H2O + HNO3.

R-COO (MLi) + H2O + HNO3 à Li1.2Ni0.3Mn0.7O2

+ H2O + CO2.
The lithium-rich layered oxides Li [Li0.2Ni0.3Mn0.7] O2

were prepared by an organic assisted sol-gel process. In
this process, the metal nitrates M(NO3).4H2O were
reacted with Li2CO3 in the presence of organic acids (oxa-
lic, ascorbic & tartaric). On prolonged heating, the metal
nitrates decomposed into metal nitrate hydroxides fol-
lowed by which the dissociation of coordinated water

PRETTENCIA ET AL. 3 of 13



and oxygen happened. As a result of continual heat treat-
ment, the sol that was generated in the process changed
into the gel with varied hues and textures. The develop-
ment of the metal complex R-COO (MLi) was caused by
thermal behavior whereas the creation of an organome-
tallic framework was caused by the cross-linking of metal
complexes. When the temperature was raised the nitrate
and organic molecules evacuated the metal-complex.
NO2 gas created during this process is not combustible,
yet it is a strong oxidant that can effectively enhance the
combustion energy and heat released. In addition, the
heat emission can be ascribed to the combustion reaction
of carbon and oxygen with accelerant NO2 gas under
moist conditions. Further on high-temperature calcina-
tion (430�C and then 820�C) the products attained dark
brown colour characteristics of standard LMRO cathode
materials. Although AS-LNMO sample showed a slightly
different shade resembling red-soil.20

3.1.2 | X-ray powder diffraction analysis

The XRD patterns of Li [Li0.2Ni0.3Mn0.7] O2 produced by
sol-gel technique and calcined at 820�C are shown in
Figure 1. The hexagonal α-NaFeO2 structure was found
in all the metal oxide samples complexed with three dif-
ferent organic acids. High refined peaks were observed at
(003) and (104) are attributed to LiMO2 phase (R3m).
When compared to LNMO-OX, the strength of the

fundamental peaks and additional peaks was sharper in
LNMO-AS and LNMO-TA. All the samples had distinct
peak splits at (006)/(102) and (108)/(110) which con-
firmed the material's layer properties in accordance with
the previously reported data.

The weak peak at 20.7� of Li2MnO3 (C2/m space
group) further implied that the Li2MnO3 phase (electro-
chemically inactive) was not entirely boosted by LiMO2

phase to generate LiMnO2 (electrochemically active).
Therefore, Li2MnO3 co-existed partly with LiMO2 and
proved that the material could possibly be a composite.
In addition, weak peaks of two more distinct phases were
also detected. All the three samples had substantial Lix-
Ni1�xO2 (Cubic, Fm-3 m) and weak traces of spinel
LiMn2O4 (Cubic, Fd-3 m) only in LNMO-OX.23 Table 1.
lists lattice parameters a, c, c/a, and I(003)/I(104), of the
three samples. The lattice parameters do not differ signifi-
cantly from one another when compared. The intensity
ratio (R) of I(003)/I(104) depends on the distribution of
cations in the crystal lattice and the extent of cation mix-
ing of the substance. As R value rises, cation mixing
becomes less intense. According to reports, when R is less
than 1.2, unwanted cation mixing has been seen. When
originally compared to AS-LNMO and TA-LNMO, the
intensity ratio for OX-LNMO is greater than 1.2. The
odred hexagonal structure of OX-LNMO may be one of
the factors stabilizing the material's capacity up to
100 cycles. The intensity ratio after 100 cycles has been
calculated, and it actually shows that while charging/

SCHEME 1 Representation of reaction between three different complexing agents and metal oxides
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discharging the AS-LNMO and TA-LNMO samples’
material stability was raised and their cation mixing was
reduced by elevating the R value significantly, there was
virtually no effect in the OX-LNMO sample.

Instead, in OX-LNMO peak intensity becomes very
less intense than originally. Additionally, AS-LNMO and
TA-LNMO appear to have a much-reduced amount of
the LixNi1�xO2 (Cubic, Fm-3 m) electrochemically inac-
tive phase in the following cycling. Figure S1, S2, and S3
represents the before and after 100 cycles XRD pattern of
all the three samples. AS-LNMO and TA-LNMO samples
are strongly restructured in the process charging/dischar-
ging, which actually leads the materials to have enhanced
electrochemical behavior.

3.1.3 | Phase transition mechanism

According to Yi Pei et al., spinel phase dominates low
temperature treated samples (ie, >700�C), and as the
temperature rises the spinel phase concentration
decreases correspondingly. Li is volatilized at higher tem-
peratures (800�C-900�C) and increases the concentration

of spinel which is formed at 850�C. As the temperature
increases, more Li is intercalated into the guest frame
work and the layered structures grow simultaneously.
According to former studies when there is excessive Li
content in the spinel phase (Li2MnO4), Li-rich spinel
phase Li1�xMn2�xO4 would transform into Li2MnO3 and
Li1�xMn2�xO4 at the transition temperature. Based on
the literature review, the temperature has been optimized
in this study and the samples were calcined at 820�C.
Surprisingly, there were no obvious spinel phases in AS-
LNMO and TA-LNMO (Figure 1) and the Li content is
only moderately volatilized. Metal oxides complexed with
oxalic acid (OX-LNMO) displayed more spinel phase
when compared to AS-LNMO and TA-LNMO indicating
that more Li content escaped from OX-weak LNMO's
structural framework.23-26

3.1.4 | Raman spectroscopic analysis

The Raman shift spectra for all three samples are shown
in Figure 2. All three profiles display two prominent
bands at 490 cm�1 and 600 cm�1, which correspond to

TABLE 1 Lists lattice parameters I(003)/I(104), c/a, a, and c of the three samples

Element a = b c c/a I(003)/I(104) Before 100 cycles (003)/I(104) After 100 cycles

AS-LNMO 2.87 14.32 4.98 1.07 1.66

TA-LNMO 2.87 14.22 4.92 1.16 1.65

OX-LNMO 2.84 14.03 4.92 1.3 1.32

FIGURE 1 Representation of XRD patterns of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 prepared using different complexing agents
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the Eg in plane O-M-O band and the A1g out of plane
M-O stretch of the R3m space group, respectively
(LiMO2). In the instance of the OX-LNMO, it was noted
that the primary bands at 476 cm�1 and 600 cm�1 appear
to be diluted and lack a distinct peak.

For all three samples, the weak band at 427 cm�1

coincides with the Bg and Ag vibration of Li2MnO3. For
AS-LNMO and TA-LNMO, the strong appearance of the
weak band at 427 cm�1 demonstrates that Li2MnO3 is
not fully activated and that, during the charging and dis-
charging process, it can be electrochemically enhanced
by LiMO2, boosting the material's capacity. However, in
the case of OX-LNMO, Li2MnO3 was already expired and
nothing can be activated more, causing severe capacity
fade and low-capacity value.

Only in OX-LNMO were smaller humps approxi-
mately 690 cm�1 to 700 cm�1 seen, indicating the pres-
ence of the spinel phase (shorter Mn-O).

3.1.5 | Scanning electron microscopy
analysis and particle size

Figure 3 reveals the image of Li [Li0.2Ni0.3Mn0.7] O2 cath-
ode materials prepared by sol-gel method with varied
complexing agents. The SEM image unveils that all the
three samples were crystalline in nature.

Figure 3A-C illustrates the morphology of AS-LNMO
under three different magnifications. The AS-LNMO

sample morphology resembled sea sponge-like irregular
pores and voids. The secondary particles made up of
small primary particles seemed to be polyhedral with def-
inite edges. The morphology of TA-LNMO is depicted in
Figure 3D-F which resembled an abnormal packed
arrangement of porous coral reef-like structures. The
pores were interlinked cellular structures with well-
defined porosity and organized pores that were aligned in
a periodic pattern.

The primary particles were in nanometre range and
were aggregated together. Figure 3G-I represents the
morphology of OX-LNMO which typically looked like sea
algae's surface with mild porous nature. The primary par-
ticles were agglomerated and slightly bigger.

Figure 4 depicts the particle size distribution of Li
[Li0.2Ni0.3Mn0.7] O2 cathode materials prepared by sol-gel
method with complexing agents. The average particle size
of AS-LNMO was comparatively smaller than the other
two samples. The metal ions complexed with different
organic acids (ascorbic, tartaric, and oxalic) followed the
pattern: OX-LNMO > TA-LNMO > AS-LNMO. The pri-
mary particles were in nanometre range and the aggre-
gated coarser particles influenced the materials
electrochemical properties. Material with smaller particle
size had the higher surface area and thereby facilitated
for higher specific capacity. On the other hand, a higher
surface area can also provide ample active sites for
unnecessary side reactions such as the formation of an
SEI layer. Reduced particle size allowed for shorter ion
diffusion distances, whereas the large open-frame struc-
tures of AS-LNMO promoted rapid ionic diffusion.

The small particle size was responsible for the
improved cycle life since, the smaller the particle the
lower the stress and so the particle pulverization was
reduced. Reduced particle size also improved the rate
capacity, however with a broad particle distribution of
OX-LNMO the rate capability was dominated by coarser
particles.27-29

3.1.6 | High resolution - transmission
electron microscopy

Figure 5A,B shows the smallest particle size (50-100 nm)
of the sample prepared with ascorbic and tartaric acid.
Figure 5C shows the fine nano sheets of oxalic acid and
the size of OX-LNMO to be 200 nm-1 μm. In addition,
the samples AS-LNMO and TA-LNMO had a definite
edge with distinctive forms. AS-LNMO was more geomet-
rically similar to a pentagonal dodecahedron with 12 pen-
tagonal (faces) surfaces, 30 edges, and 20 corners.
Whereas, TA-LNMO was more similar to a hexagonal
prism with 8 (faces) surfaces, 18 edges, and 12 corners.

FIGURE 2 Representation of Raman Spectra of Li [Li 0.2 Ni 0.3
Mn 0.7] O2 complexed with three organic acids
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However, in the case of OX-LNMO a nano sheet was
obtained with its own architecture. The finite crystal
structure of samples AS-LNMO and TA-LNMO had

numerous faces (surfaces) implied that a porous frame-
work with a large surface area allows for a shorter
lithium-ion diffusion length and hence results in
enhanced electrochemical kinetics. Controlling the
microstructure of particles or generating macroscale 3D
structures on the other hand is a viable technique to
improve electrochemical properties Figure S1. Two sets
of lattice fringes were seen which indicated that two
phases were coexisting. The regions denoted by squares
were subjected to a fast Fourier transform (FFT). As
observed in Figure S4 a pair of crystalline patterns of AS-
LNMO had d-spacing of 0.472 nm and 0.144 nm corre-
sponding to the (003) and (018) planes of the layered
phase (R-3 m). The other phase had d-spacing of
0.208 nm corresponding to the cubic phase of the layered
phase (R-3 m) (Fm-3 m). Figure S4 the FFT-filtered
HRTEM nano graphs supplemented for sample TA-
LNMO demonstrates that the lattice patterns of the Al
matrix had d-spacing of 0.447 and 0.237 nm

FIGURE 3 Representation of FE-SEM images of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 under three magnifications with different complexing agents.

(A-C) AS-LNMO, (D-F) TA - LNMO, (G-I) OX-LNMO

FIGURE 4 Representation of the Particle size distribution of Li

[Li 0.2 Ni 0.3 Mn 0.7] O2 prepared using different complexing agents
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corresponding to (003) and (006) planes of layer phase
(R-3 m). The peripheral region had d-spacing of 0.24 nm
corresponding to (111) plane of the cubic phase (Fm-
3 m). Figure S4 the fringes in the sample OX-LNMO had
d-spacing of 0.297 and 0.204 nm corresponding to the
(220) and (400) planes of the spinel phase of Fd-3 m and
0.245 nm corresponding to the (101) plane of the layered
phase of (R-3 m). According to the HRTEM data, the
acquired particles were expected to be made up of two or
three domains with distinct lattice fringes that corre-
sponded to the layer, cubic, and spinel phases. AS-LNMO
had the widest interlayer gap (0.472 nm) compared to
TA-LNMO (0.447 nm) and OX-LNMO (0.297 nm).
Lithium-ion intercalation benefits from large d-spacing
since it ensures a low-energy barrier for lithium diffusion
and results in a significant increase in specific
capacity.20,30-32

3.2 | Electrochemical studies

3.2.1 | Galvanostatic charge/discharge
(GCD) analysis

Charge/discharge curves of Li [Li0.2Ni0.3Mn0.7] O2 sam-
ples synthesized via sol–gel method at different cycles are

revealed in Figure 6A-C. The charge/discharge profiles
were compatible with the electrochemical behavior of
Li2MnO3-LiNx�1Mn1�xO2 type lithium-rich manganese-
based oxides (LMRO).

Their initial discharges were 180.86 mhAg�1, 155.55
mhAg�1, 143.04 mhAg�1 which corresponded to AS-
LNMO, TA-LNMO and OX-LNMO respectively. The
multiphase samples exhibited a distinct phenomenon of
increasing capacity with increasing cycle number during
the initial cycles. Discharge capacities of the multiphase
samples increased dramatically from their initial value of
180.86 mhAg�1 (AS-LNMO) to 240.32 mhAg�1 at 10th
cycle. Further, it increased gradually to 260.43 mhAg�1

at 50th cycle and reached to a.
stable capacity of 308.02 mhAg�1. The same hap-

pened in the case of other two samples. According to
these results, using different complexing agents had a
major influence on the electrochemical performance of
the prepared LNMO samples. The specific capacity of all
the three samples was increased when the number of
cycles increased. At the 100th cycle the discharge capac-
ity of AS-LNMO - 308.02 mhAg�1, TA-LNMO - 293.59
mhAg�1, and OX-LNMO - 236.11 mhAg�1 and their
capacity retentions after 200 cycles were 95.2%, 99.3%,
and 72.2% respectively. As per the previous report, LMRO
cathode materials exhibited significant discharge

FIGURE 5 Representation of HR-TEM images of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 along with corresponding SAED pattern. (A, A1) AS-LNMO,

(B, B1) TA - LNMO, (C, C1) OX-LNMO

8 of 13 PRETTENCIA ET AL.



capacities ranging from 200 to >300 mhAg�1 at low to
moderate C-rates.18,23,33,34 Figure 6D each cathode com-
plexed with three different complexing agents showed
long cycling stability. The results show that after
200 cycles, TA-LNMO had the maximum capacity and
cycling stability when compared to the other two sam-
ples. Whereas, the OX-LNMO had a worse cycling perfor-
mance. This could be attributed to the thin nano sheet
structure of OX-LNMO which is prone to damage after
continuous cycling while AS-LNMO can start fading sig-
nificantly from its original capacity value.

Rate capability Li[Li0.2Ni0.3Mn0.7] O2 with various
complexing agents is depicted in Figure 7A. The specific
discharge capacity of each electrode steadily declined
with increasing current rate from 0.1C to 1C after the
first activation of Li2MnO3 in the first cycle. In compari-
son to the other two TA-LNMO (197.48 mAhg�1) and
OX-LNMO (122.42 mAhg�1), AS-LNMO appeared to
charge and discharge at a maximum level of 228.22
mAhg�1 at 1C due to its highest carbon content which
boosted up the conductivity.

Figure 7B represents the energy density of all the
three samples. AS-LNMO with good conductivity due to

its high carbon content and delivered a specific energy
density of 962 WhKg�1 and TA-LNMO delivers
940 WhKg�1. OX-LNMO with layered/spinel-like mixed
state is associated with a large voltage drop which
reduced the overall energy density of the material and
resulted 690 WhKg�1. Table 2 represents the quantitative
elemental percentages of all the samples.

3.2.2 | Cyclic voltammetry analysis

Figure 7C shows the CV curves of LNMO samples com-
plexed with different complexing agents. The overall elec-
trochemical Ni2+/Ni4+ couple was related with the
cathodic oxidation peak at 4.6 V (AS-LNMO) and 4.4 V
(TA-LNMO), while the spinel to rock-salt transformation
was represented by the reduction peak at 2.8 V. The
simultaneous lithium extraction and oxygen activation
may be seen in the oxidation peak between 4.5 V and
4.8 V. Around 3.2 V, AS-LNMO and TA-LNMO showed
smaller peaks corresponding to the spinel Mn4+/Mn3+.
Nevertheless, the peak for AS-LNMO appeared to be less
significant which caused capacity fading in later cycling.

FIGURE 6 The charge/discharge profiles of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 prepared using different complexing agents at 0.1 c (A) AS-

LNMO, (B) TA - LNMO, (C) OX-LNMO, (D) Cyclic performance of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 at 0.1 C
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Leaching out of LixNi1�x might have caused small oxida-
tion peaks at 4 V corresponding to Mn4+/Mn3+.31

3.2.3 | Electrochemical impedance
spectroscopy analysis

The AC impedance of the produced cathode materials
was measured and the findings are presented in
Figure 8A-C. Z View fitting software was used to create
the equivalent circuit which is shown in Figure 8C. The
AC impedance curve was divided into two parts: a semi-
circle in the high frequency zone and a diagonal line in
the low frequency region. The semi-circle corresponded
to the charge transfer impedance (Rct) of the material/
electrolyte interface which includes the impedance of Li+

in the electrolyte, separator and other inactive materials
(Rs). Warburg impedance of lithium transport within the
electrode and electrolyte was represented by the diagonal
line. Figure 8A-C displayed the Nyquist plot described
the impedance graphs of before cycling and after
100 cycles. From the results, it is evident that AS-LNMO
has good conductivity and is reconfirmed in rate capabil-
ity details which occurs due to the high content of carbon
when compared to the other two samples.

The resistance values seemed to be decreasing after
100 cycles which ensured the increase of conductivity
due to the unusual behavior exhibited by the samples in
their cycling that is, the charging and discharging

FIGURE 7 Representation of (A) Different C-rate (B) Energy density (C) CV curves of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 prepared using

different complexing agents

TABLE 2 Quantitative values of elements present in Li

[Li0.2Mn0.7Ni0.3] O2 prepared with different complexing agents

Samples Elements Wt% At%

AS-LNMO C 58.256 46.127

O 30.623 42.168

Mn 7.884 7.023

Ni 3.360 4.682

100.000 100.000

TA-LNMO C 42.520 37.620

O 45.931 50.251

Mn 7.725 8.500

Ni 3.824 3.629

100.000 100.000

OX-LNMO C 18.982 20.652

O 72.021 68.603

Mn 6.397 7.512

Ni 2.600 3.233

100.000 100.000
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capacity increased with number of cycles. In the discus-
sion regarding Rct and RSEI values Figure 8D for all the
three samples, AS-LNMO sample exhibited low Rct value
of 89.78 Ω followed by TA-LNMO of 106.04 Ω and OX-
LNMO had the highest Rct value of 267.22 Ω. This
impedes the conductivity of the electrode very badly after
100 cycles. The low particle size, irregular porosity, and
polyhedral faces leading to the enhanced surface area
increased the conductivity of AS-LNMO and TA-LNMO
cathode materials. The development of SEI surface has a
massive effect on electrode material performance. On one
hand, sections of the lithium ions are spent during the
development of the SEI layer which increased the irre-
versible capacity of batteries while lowering the electrode
material's charge and discharge efficiency. The SEI, on
the other hand, was insoluble in organic solvents but can
be stable in organic electrolyte solutions. Furthermore,
solvent molecules were unable to travel through it
thereby successfully preventing ion co-embedding and
avoiding electrode material degradation. This consider-
ably enhanced the battery's cycle performance and ser-
vice life. In the AS-LNMO and TA-LNMO samples, the
SEI film adds to structure and cycle stability. However, in
OX-LNMO sample the extra passivation layer has caused

capacity fading by raising the material's impedance.
Another possible explanation could be, OX-LNMO had a
thin nano sheet structure (analysed by HR-TEM) which
could be broken by an aggressive reaction between the
cathode and the electrode at a higher potential 4.8 V as a
result of the creation of SEI layer in the electrode/
electrolyte interface.

4 | CONCLUSION

Structure, morphology, particle size and electrochemical
performance of Li [Li0.2Ni0.3Mn0.7] O2 were examined
when different complexing agents were used for the syn-
thesis procedure. All the samples had multi-phases with
high crystallinity. The AS-LNMO sample was revealed to
be the most effective in terms of achieving high capacity.
The smaller the particle size, the greater number of
Li2MnO3 was activated which resulted in the maximum
capacity at various C-rates. The sample TA-LNMO was
ranked second in particle size and had the highest capac-
ity and best cycle stability. The sample OX-LNMO which
had comparatively bigger particle size lost its ability to
demonstrate itself to be a potential material due to

FIGURE 8 Nyquist plots of EIS spectra for of Li [Li 0.2 Ni 0.3 Mn 0.7] O2 prepared using different complexing agents at 0.1 c (A) AS-

LNMO, (B) TA - LNMO, (C) OX-LNMO (D) Resistance values after 100 cycles
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capacity fading. The samples AS-LNMO and TA-LNMO
are restructured in the process of charging /discharging
and materials ensure robust ordered hexagonal structure
with good long cycling stability.
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