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Structural and electrochemical properties of LiMn;xCryO; cathode
for enhanced lithium-ion battery
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In this study, the urea technique was used to synthesis LiMn;xCrxO2 powders (x = 0,
0.125, 0.25,0.375, 0.5, 0.625, 0.75). XRD, FTIR, FE-SEM, and EDX studies were used to
examine the surface morphology and crystal structure of the produced powders. Both the
prepared LiMnO; phase's XRD pattern and X-ray diffraction show that the crystal
structure of the LiMnO, phase has a hexagonal shape. When Cr is doped, a cubic LiMnO2
nanostructure forms. LiMnO; and LiMn;_xCrxO; FTIR spectra analysis showed a number
of vibrational modes, including (C=O and O—H). According to the FE-SEM data, every
sample has a nanostructure. The presence of transition metals (Mn) in LiMnO, and
transition metals (chromium and manganese) in LiMn;«CryO, is shown by the EDX
spectrum's dimensions.
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1. Introduction

Lithium-ion batteries (LIBs) are frequently found in electric cars and portable electronics,
innovations in a number of fields, Because of their versatility, high energy (W h kg'), power
densities (W kg'l), and extended cycle life, including electrode materials, cell design, and
manufacturing procedures, are necessary to create LIBs with high specific power densities and
extended cycle lifetimes. [1, 2]. Lithium-ion batteries (LIBs) were developed to meet the basic
needs of emerging technologies. The electrochemical reactions between the battery components
control the storage and release of electrical energy. By studying these mechanisms, researchers can
gain insight into factors that affect battery performance, such as capacity, efficiency, and cycle
life; these properties play a vital role in determining the overall performance of the battery by
studying the crystal structure, particle size, and surface morphology of the electrode materials [1-
3]. In addition to the structural properties, the electrochemical behavior of batteries is paramount
in studying the battery's performance during charge and discharge cycles, its ability to hold over
time, and its ability to rate. Electrochemical reactions, such as cyclic voltammetry, galvanic
charge-discharge, and electrochemical impedance spectroscopy, are used to analyze the
electrochemical properties of LIBs and give valuable information about the battery energy storage
capacity, efficiency, and stability under different operating conditions [4, 5].

LiMnOs's distinct electronic structure and redox activity make it an intriguing chemical
with a lot of potential. In order to fully utilize LiMnCrO,, nanostructures must be created because
they have better qualities than their bulk counterparts. With an emphasis on the synthesis processes
and uses of LiMnO, nanostructures, this review outlines the importance of nano materials.
Because of their high surface area-to-volume ratio and quantum confinement effects,
nanomaterials have unique mechanical, chemical, and physical characteristics. For a variety of
uses, such as energy storage, catalysis, sensing, and medicinal applications, these characteristics
make them extremely appealing [6, 7].

LiMnO, nanostructures can be created using a variety of synthesis techniques, each of
which has unique benefits in terms of control over size, shape, and crystallinity. These techniques
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include chemical vapor deposition (CVD), Urea route methods, template-assisted methods, and
solvothermal/hydrothermal synthesis. In solvothermal/hydrothermal synthesis, precursor liquids
are reacted with at high pressure and temperature to produce distinct nanostructures. Urea route
techniques enable easy compositional adjustment and adding, as well as flexibility in precursor
selection. Template-assisted methods give the produced nanostructures certain morphologies by
using sacrificial templates. LiMnO, nanostructures with the required characteristics for specific
applications can be created by adjusting the synthesis conditions and precursor chemistry.

An important aspect of this research is understanding the basic principles and working
mechanisms of LIBs. This research focuses on studying lithium-ion batteries' structural and
electrochemical properties (LIBs). The structural properties of LIBs refer to the composition,
shape, and arrangement of battery components, including electrodes, electrolytes, and separators
[8-10].

2. Experimental part

The raw materials needed to manufacture cathode materials using the urea route (the
molecular formula NH,.CO.NH,), with a mass of 60.06 g/mol), citric acid (mass of 192.13 g/mol),
nitric acid (HNO3, 70%), lithium chloride (LiCl, MW = 42.39), chromium chloride hexahydrate
(CrCl3.6H,0, MW = 266.45 g/mol), and manganese chloride tetrahydrate (MnCl,.4H,O, MW =
197.90 g/mol). by utilizing stoichiometric quantities of chromium chloride (CrCls.6H>0),
manganese chloride (MnCl,.4H,0), and lithium chloride (LiCl). as a lithium-ion precursor. These
precursors should be carefully blended and constantly swirled after being fully dissolved in
distilled water to start the process. . To create a beginning solution (100 mL), the first solution was
continuously mixed and supplemented with an aqueous solution made up of citric acid (C¢HgO7)
and urea (NH,.CO.NH3). The molar ratio of citric acid was 1:2 in order to preserve metal ion
equilibrium. On the other hand, urea's molar ratio to total metal ions was set at 1:1. Finally, nitric
acid (HNOs) was added to the starting solution at a volumetric ratio of 1:0.1 while being
continuously stirred. To get rid of the water, the solution was heated to 85°C for four hours while
being constantly agitated.

As the viscosity rose, the solution gradually turned into a dark green resin with sporadic
foaming. Evaporation was eventually halted and a dark green gel was produced. After that, the
resin was dried for six hours at 180°C in an oven. As the gel volume increases three to four times
above its starting size, intermediary chemicals known as polymerization intermediates are created.
Figure 1 shows the steps involved in preparation (a-solution, b-gel, c-foam), followed by four
hours of heating at 800°C.

i o

Fig. 1. The preparation process steps (a- solution, b- gel, c- foam).
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3. Results and discussion

3.1. X-ray Diffraction (XRD)
Using a diffractometer (Shimadzu XRD-6000 powder) XRD test was performed to

examine the type of crystal structure and crystal size of the prepared samples. Figure 2 displays the
XRD patterns of LiMn;<CrxO; nano particle prepared with dissimilar content of chromium metal
(0, 0.125, 0.25, 0.375, 0.5, 0.625, and 0.75) to manganese metal (Mn:Cr). The peaks detected at
(26=18.27°, 35.36°, 36.99°, 42.98°, 47.05°, 56.83°, 62.4°, 65.61°, 74.81°, 78.78°) of the crystalline
planes (111) (311) (222) (400) (331) (511) (440) (531) (222) (444), these peaks attributed to cubic-
LiMnO; with space collection (Fd-3m no.227) and lattice parameters (a =b =c = 8.4105A°, a =3
= v = 90°) as shown in figure 1(a), which is corresponded to the standard data (ICDD 00-054-

0256).
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Fig. 2. XRD patterns of prepared LiMn,;Cr+O, nanopowder at different Cr metal ratio (a) LiMnO; (b)
LiMng 75Cr0.1250: (c) LiMng.75Cr.250: (d) LiMng 25Cr.3750: () LiMng.sCrosO; (f) LiMng 375Cro.6250: (g)
LiMny 25Crg.750..

When chromium metal is added, observed that there are a difference in the peaks intensity
and detected a new peaks, which indicates the entry of chromium ions within the lattice of LiMnO,
nanopowder, where the peaks detected at (20= 18.75°, 36.35°, 44.2°, 48.41°, 54.88°, 58.52°,
64.29°, 67.2°) of the crystalline planes (111) (311) (400) (331) (422) (511) (440) (531) attributed to
the cubic- LiMnCrO, with space group (Fd-3m no.227), (a =b = ¢ = 8.1891 °A, a= = y= 90°)
corresponded to the standard data (ICDD 01-088-0608), while the obtained peaks at (206= 18.2°,
29.93¢, 35.260, 42.85°, 53.15°, 56.5°, 62.2°, 73.57°) of the crystalline planes (111) (022) (113) (004)
(224) (115) (044) (335) assigned to the formation of cubic- CrMnO, with space group (Fd-3m
n0.227), (a= b= c= 8.4350 °A, o= = y= 90°) agreed with the standard data (ICDD 98-016-7400),
as presented in figure 1(b).

From figure 2(c, d, e, f, g), observed that the increase of Cr metal content (0.25, 0.375, 0.5,
0.625, and 0.75) led to the continued slight displacement of the peak’s positions with an increase
in the peak’s intensity. At the Cr metal content (0.75), as presented in figure 2(g), the detected
peaks at (20= 18.74°, 36.33¢, 38°, 44.17°, 48.37°, 58.47°, 64.24°, 67.57°, 76.1°, 77.14°) of the
crystalline planes (111) (113) (222) (004) (133) (115) (044) (135) (335) (226) attributed to the
formation of pure cubic- LiMnCrO; with space group (Fd-3m n0.227), (a= b= c= 8.1950 °A, a= p=
v= 90°), which agreed with the standard data (ICDD 98-008-4903). On the other hand, with the
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increase of Cr metal content the MnCrO, phase decreases until the phase disappeared at the Cr
content (0.75). No other impurities peaks have been detected at Cr content (0.75) which indicates a
pure cubic-LiMnCrO; nanopowder. The XRD spectrum at Cr metal content (0.75) showed clear
peaks with high intensity which refers to obtaining a highly crystalline LiMnCrO, phase. The
crystalline size of synthesized LiMn;.xCrcO; at different content of Cr ion was calculated using the
most intense peak (111) of LiMn;«CrcO> by the Debye—Scherrer’s equation, the obtained results
demonstrated that the crystalline size of prepared LiMnO» nanopowder is (31.92 nm) and there is a
very imperceptible change in crystalline size of LiMn;xCriO, when Cr metal is added (0.125,
0.25, 0.375, 0.5, 0.625, and 0.75), which can be attributed to the chromium ions (Cr’") substitutes
only the manganese ions (Mn*") because of the close ionic radii (Cr’**= 0.615 °A and Mn*'= 0.645
°A) and the same charge in the six-fold coordination [11, 12]. Table 1 presents the XRD
calculations of synthesized LiMn,.xCryO, samples.

Table 1. The XRD calculations of synthesized LiMn;..Cr.O, samples.

Sample 20 (deg) FWHM (deg) Crystalline size (nm) (hkl)
LiMnO, 18.27 0.2456 31.92 (111
LiMng 375Cro.1250; 18.75 0.30382 31.90 (111
LiMnyg.75Crg.2505 18.78 0.30219 30.94 (111
LiMng.625Cr0.3750; 18.81 0.28467 31.89 (111
LiMny.5Cro.502 18.76 0.24878 31.49 (111
LiMng 375Cro.6250: 18.75 0.24878 31.55 (111
LiMng25Crp.7502 18.74 0.2305 30.99 (111)

3.2. Fourier transforms Infrared Spectroscopy (FT-IR)

The Fourier-transform Infrared spectroscopy FT-IR exam achieved in order to distinguish
the functional groups within the samples structure. Figure 3 presents the FTIR spectra of prepared
LiMn;4CryO, nanopowder at different Cr content calcinated at temperature (800 °C). The obtained
FTIR results indicated there are specific characteristic vibration bands of all the prepared LiMn,.
«CrxO7 samples.

@
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Fig. 3. FT-IR spectra of prepared LiMn,..Cr.O; nanopowder at different Cr metal ratio (a) LiMnO; (b)

LiMnos75Cro.1250: (c) LiMn.75Cro.250> (d) LiMn.625Cro 37502 (e) LiMng.sCrosO: (f) LiMno 375Cro.62502 (g)
LiMn 25Cro.750:.
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Metal-oxide bonds (Mn-O and Cr-O) are responsible for the detected peaks at 506 cm’™
and 620 cm™. The peaks within the wavenumber range (400 to 800 cm™) are caused by the
stretching vibrations of metal-oxide bonds, while the symmetric (Mn-O) stretching vibrations of
octahedral MnOg can be attributed to the strong band 620 cm™, while the (Cr-O) stretching
vibrations within the LiMn,<CrxO, structure are responsible for the peak at 506 cm™ [13-15]. As
shown in figure 1, the discovered broad band centered around 3400 cm™ is attributed to the
asymmetric stretching vibrations of the lattice (-OH) bond due to the absorbed water [15-17],
while the peak around 1630 cm™ is attributed to the bending vibrations of the hydroxide bond (-
OH). The results revealed that there is a little change in the FTIR peaks intensity when adding and
increase the Cr ions content within the LiMnO, structure, which is assigned to increase the
exchange degree of Mn and Cr ions replacement [18].

3.3. Field Emission - Scanning Electron Microscopy (FE-SEM)

The surfaces morphology of synthesized LiMn;CriO, powders investigated using
scanning electron microscopy (FEI INSPECT F50), with accelerating voltage of (20 kV). Figures
4 present the FESEM images of synthesized LiMn,.«CryO, powders respectively at different scales
(5 pm and 500 nm).

500 nm » . ‘g v g o 500 nm

500 nm

Fig. 4. FESEM images of prepared LiMn;<CrO; nanopowder at different Cr ratio (a) Pure LiMnO; (b)
LiMng 75Cr0.1250: () LiMng.75Cr.250: (d) LiMng 25Cr.3750: () LiMng.sCrosO; (f) LiMng.375Cro.6250: (g)
LiMny 25Crg.750..
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The size and morphology of pure LiMnO, sample presented in figure 4(a), the pure
LiMnO, composed of uniform semi-spherical like morphology with average particle size about (65
nm). The FESEM images indicated that when the LiMnO, nanoparticles doped with Cr metal at
different ratio (0, 0.125, 0.25, 0.375, 0.5, 0.625 and 0.75), the LiMn;.«CriO, nanoparticles
transformed to semi-cubic like morphology with higher average particle size is between (70 — 90
nm) compared with the pure LiMnO,, where the previous studies revealed that the increasing of Cr
concentration within the nanostructure leads to increase the particle size, as presented in figure 4(a,
b,c,d, e, f, g) [19].

The FESEM images of prepared LiMn;«CrO, samples showed porous structures of all
samples as a result of releasing a huge gases from the reactant substances during the combustion
period, the combustion reactions (nitric acid, citric acid and metal salts) primarily compose of
metal-ligand complexes formation, which leads to produce flaming or non-flaming results depend
on the fuel nature [20, 21].

3.4. X-ray energy dispersive spectroscopy (EDX)

The EDX test was accomplished in order to specify the elements composition ratio based
on the characteristic peaks for each element inside the samples under testing by the incident
electron beam [22]. The synthesized LiMn;«CriO, EDX spectra, including the characteristic
elements peaks of each sample, are displayed in figures 1 and 2. Table 2 displays the weight and
atomic ratio values of the synthesized samples. Several distinctive peaks of the manganese Mn and
oxygen O elements with weight ratios (Mn = 31.82 weight percent, O = 68.18 weight percent)
were visible in the obtained EDX spectra of LiMn;«CriO;, (at Cr ratio 0). However, new
characteristic peaks attributed to the chromium element Cr at weight ratio (Cr = 13.43 weight
percent) emerged after adding Cr (at ratio 0.125). As seen in figure 5 and table 2, the findings
obtained showed that the weight (%) and atomic (%) values of the Cr element grew as the Cr
content increased, while the Mn element decreased. These results were in good agreement with the
recommended manganese and chromium content during preparation. The FESEM and XRD data
are in good agreement with the LiMn;«Cr,O, EDX spectra. There are no additional impurity peaks
seen in the obtained EDX spectra.



145

OO T T R R I R R R

Fig. 5. EDX spectra of prepared LiMn,..Cr.O; nanopowder at different Cr ratio (a) Pure LiMnO; (b)
LiMn.s75Cro.1250: (c) LiMng 75Cro.250: (d) LiMn.s25Cr.3750: (e) LiMng sCro.sO: (f) LiMng375Cro.6250: (g)
LiMn 25Cr.750:.
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Table 2. The chemical elements ratio of prepared LiMn,;.Cr.O> nanopowder at different Cr ratios.

LiMnixCrxO2 Element Weight (%) Atomic (%)
LiMnO: O 31.82 32.84
Mn 68.18 67.16
Total 100.00 100.00
LiMno.s75Cro.12502 O 33.14 35.74
Mn 53.43 49.12
Cr 13.43 15.14
Total 100.00 100.00
LiMno.75Cro.2502 O 35.6 33.81
Mn 49.22 48.88
Cr 15.18 17.31
Total 100.00 100.00
LiMno.625Cro.37502 O 37.14 36.63
Mn 39.55 42.31
Cr 23.31 21.06
Total 100.00 100.00
LiMno.sCro502 O 38.21 40.15
Mn 31.24 32.11
Cr 30.55 27.74
Total 100.00 100.00
LiMno.375Cro.62502 O 36.91 36.45
Mn 24.2 22.3
Cr 38.89 41.25
Total 100.00 100.00
LiMno.25Cro.7502 O 37.88 35.89
Mn 12.91 11.56
Cr 49.21 52.46
Total 100.00 100.00

3.5. The cyclic voltammetry (CV)

This technique is used to determine the electrochemical elements influencing the battery
voltage and its reversibility. The battery's oxidation and reduction reaction processes are examined
using this technique, which also helps to comprehend the electron diffusion process and its
catalysts. Cyclic voltammetry (CV) is carried out by measuring the current that results from
cycling the working electrode's potential [23].

Figure (6) shows the CV curve at sintering temperatures of 800°C. From the figure we
notice that the range of efforts starts from (2.0 V) and ends at (4.8 V) at sintering temperatures
(800 degrees Celsius), and then this range is reversed, Broad anodic peaks located at (4.017 and
4.178 V) for sample a) LiMngs75Cro.12502 and (4.05 and 4.175 V) for sample b) LiMng25Crg7502
were observed at sintering temperatures of 800 °C).
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Fig. 6. The CV results for a) LiMn.s75Cro.12502, b) LiMng 25Cry.750, sample.

It appears from Figure (6) that sample (b) has witnessed a shift of the anodic peak towards
lower voltage. This indicates that the sample has better kinetic energy than the other sample due to
the elimination of lithium-ion intercalation. The redox zone is represented by the anodic and
cathodic peaks, respectively. The cathodic peaks also appeared at (4.076) for sample a)
LiMny 375Cro.12505, and cathodic peaks appeared at (4.072) for sample b) LiMng»5Cro.750,. sample
at 800°C) annealing temperature.

It was found that the cathodic peaks shift towards the higher voltage and are the most
shifted, and this indicates that they have a high lithium-ion diffusion mobility at an annealing
temperature of 800 °C. This result is consistent with (Song Huangqiao et al.) [24].

3.6. Charge and discharge

Battery charging and discharging were studied using a Neware multi-channel CT-3008,
and it was found that when the battery discharge curve is fairly constant, it means that the battery
voltage remains constant throughout the battery discharge cycle, which often requires complex
setup methods to achieve this. If the battery discharge curve slopes downward, this means that the
battery does not maintain its voltage stably during the battery discharge cycle, and this type of
battery requires an increase in its size to support high power applications at the end of the
discharge cycle [23].

In Figure (7), the voltage range between 3.8 and 4.3 V gradually decreases before
becoming stable at 3.8 V, where the capacity is nearly constant. We observe a significant drop in
capacity after the voltage (3.8 V), and the discharge cut-off point was 3V. This relates to
LiMny 375Cro.12502 sample a). The voltage range for sample b) LiMng25Cro 750, decreases between
4.1-4.4 V, and stability follows a significant drop in capacity. The cut-off point is at 3 V.
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Fig. 7. The charge curve for a) LiMn.s75Cro. 12502, b) LiMng 25Crg.7502 sample.

3.7. Electrochemical impedance spectroscopy (EIS).

A powerful method for examining a cell's impedance characteristics is electrochemical
impedance spectroscopy (EIS), which employs a tiny amplitude alternating current signal. To
create an impedance spectrum for the electrochemical cell being tested, the ac signal is scanned
across a broad frequency range. An electrical circuit that is regarded as an equivalent model is
compared to the EIS data in order to analyze it. are among the most popular techniques for
providing adequate details regarding the electrochemical performance of the materials. EIS
analyses were carried out to distinguish between samples processed at 800 °C, as seen in figure
(8). For four hours at 0.2 V, EIS measurements were conducted in a charged condition. A graphite
sheet served as the counter and saturated calomel as the reference electrode.
EIS is produced at a sintering temperature of (800°C). At this temperature, we find a
decrease in the diameter of the semicircle, and it is also noted that the height of the semicircle from
the axis of the real part of the impedance increases at this temperature.
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4. Conclusion

LiMn:-Cr«O; nanoparticles were synthesized in this study by the urea technique and then
calcined for four hours at 800 °C. The produced LiMnO; nanostructures' crystal size was
successfully decreased by the addition of Cr metal. These nanostructures have a large surface area,
short diffusion routes for electron and lithium-ion transfer, and improved structural stability,
according to characterization experiments. Even in the face of volume changes during cycling,
these characteristics allow the electrodes to retain greater capacitance, enhanced capacity, and
superior cycling stability as compared to their bulk counterparts.

It was verified that the nanoparticles' crystalline diameters fell within the nanometer range.
Field emission scanning electron microscopy (FE-SEM) showed that all samples had nanometer-
scale dimensions, while Fourier-transform infrared (FT-IR) spectroscopy shed light on the
chemical bonds found in the produced materials. The elemental makeup of the composite materials
was further confirmed by energy-dispersive X-ray spectroscopy (EDX). Interestingly, the
structural and electrochemical characteristics of the produced materials were significantly
influenced by the addition of Cr, Our knowledge of the material's characteristics and possible uses
in energy storage, catalysis, and other cutting-edge sectors has been greatly improved by these
discoveries.
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