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Abstract: In our study, the cathodic material xLi,MnO3—(1—x)LiNig5sMng 50, was synthesized by
means of the co-precipitation technique. The effect of x (proportion of components Li;MnO3 and
LiNig5Mng 50,) on the structural, morphological, and electrochemical performance of the material
was evaluated. Materials were structurally characterized using X-ray diffraction (XRD), and the
morphological analysis was performed using the scanning electron microscopy (SEM) technique,
while charge-discharge curves and differential capacity and impedance spectroscopy (EIS) were
used to study the electrochemical behavior. The results confirm the formation of the structures with
two phases corresponding to the rhombohedral space group R3m and the monoclinic space group
C2/m, which was associated to the components of the layered material. Very dense agglomerations
of particles between 10 and 20 um were also observed. In addition, the increase in the proportion
of the LiNip5Mng 50, component affected the initial irreversible capacity and the Li,MnOj layer’s
activation and cycling performance, suggesting an optimal chemical ratio of the material’s component
layers to ensure high energy density and long-term durability.

Keywords: lithium-ion battery; cathode material; layered composite; Li-rich Mn Ni based

1. Introduction

The world’s dependence on fossil fuels is a subject that is still debated today. Although
it is true that fossil fuels are necessary for the development of civilization as we know
it, it is also important to take into account their impact on the environment [1]. The
increase in the demand for energy and the concern for the care of the environment have
increased the interest for the use of new energies [2-5]. The use of these energy systems is
closely related to the development of increasingly efficient storage systems; hence, much
research is focused on improving their performance. The characteristics of lithium batteries,
such as their high specific capacity, energy density, and the possibility of using non-toxic
reagents in their manufacture [6-9], have enabled them to be used in various technological
devices, especially in the automotive area, such as electric vehicles and hybrid electric
vehicles [10,11], where energy density plays an important role. In this aspect, lithium
batteries surpass other energy storage systems.

Several cathode materials have been used in lithium battery systems [10,12]. Recently,
lithium-rich layered oxide (LLO) materials have been considered as promising cathode
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materials because of their high capacities (200-300 mAhg 1) with 3.6 V or larger operating
voltages when they are charged to over 4.5 V at room temperature [13,14]. Many combi-
nations for these composite materials have been proposed with a general expression such
as xLio,MnO3—(1—x)LiMO, (M = Mn, Ni, Co, Fe, Cr, etc.) [15-19], where excess of Li can
be incorporated into the layered structure through the integration of Li;MnOj3 in LiMOs,
substituting transition metals M [20]. However, LLO materials often show a big decrease in
cycling capacity and a low rate capability. These limitations arise because in order for the
material to deliver large discharge capacity of more than 200 mAhg ™!, it is necessary that
cathode be charged above 4.5 V versus Li/Li* [21,22]. To overcome these drawbacks, many
authors have used some oxides, among other materials, as cover materials [15,18,19,23,24]
or have proposed different synthesis techniques [25,26].

The compatibility of the structure is clearly seen, and Li;MnQOj3 can be considered
as a particular case of LiIMO,. Li,MnOj; has a C2/m monoclinic layered structure and
can be represented in the normal layered notation as Li[Li; ;3Mnj ,3]O,, composed of
alternating Li layers and Li/Mn layers and being structurally compatible with LiMO,,
but electrochemically inactive. In a xLi,MnO3—(1—x)LiMO, composite material, Li,MnOs3
provides structural stabilization to LIMO, because of its electrochemical inactivity between
3and 4 V vs. Li/Li*. However, Li;MnOj can transform into an active phase by charging at
4.5V vs. Li/Li*. The charge mechanism at a high voltage plateau has not yet been well-
clarified [26-28]. Some authors presented a composition with the integration of Li;MnOs3
domains in a LiMO, matrix [29-31]. They claim that the results show the existence of two
different local structures for both layered materials. On the other hand, a homogeneous
solid solution of Li;MnO3 and LiMO, was reported [26,32]. They stated that the XRD
results show a superstructure in the transition metal layer with a Li ordering. Despite their
claims being well-supported, there appears a problem when the symmetry is considered,
and there is a debate whether it is a solid solution with R3m rhombohedral symmetry
or a solid solution with C2/m monoclinic symmetry. Researchers are making efforts to
clarify the issue of the structure of layered composite materials because it is essential to
understand the relationship between a crystal’s structure and electrochemical performance.
Based on the latest studies on layered oxide materials, the aim of this research was to
synthesize high energy density xLi,MnO3;—(1—x)LiMng 5Nip.50, cathode materials by
means of the co-precipitation method and study the effect of the ratio of transition metals
on morphological characteristics and electrochemical performance in terms of current
density, voltage, capacity, and ionic impedance.

2. Experimental
2.1. Synthesis of Precursor

In this first step 0.2 M of nickel (II) sulphate hexahydrate [NiSO4-6H,O] (Sigma-
Aldrich, St. Louis, MI, U.S., 99%) and 0.2 M of manganese (II) sulphate monohydrate
[MnSO4-H,O] (Sigma-Aldrich 98%) were separately dissolved in distilled water and then
were mixed together for 10 min with constant stirring. This solution is denoted as Solution
A. Separately, a solution of 1 M of sodium bicarbonate [NaHCOj3] (Sigma-Aldrich 99%) in
distilled water was prepared, and this solution is denoted as Solution B. Solution A was
slowly added drop by drop into Solution B by constant magnetic stirring with a temperature
of 60 °C. The mixed solution was kept at a pH of 8.5 in order to create the precipitate of
Ni(1_x),2Mn(1,x)/2CO3; this was obtained by adding an ammonium hydroxide solution
[NH,OH] (Sigma Aldrich 28-30%) drop by drop. The mixture was left for 12 h at the same
temperature with constant magnetic stirring in order to secure the complete precipitation
of the Ni and Mn sulphate solutions on the carbonate solution. After that, the mixture
was filtered and washed three times with distilled water. The wet powder was dried for
12 h at 100 °C and then grounded with a mortar and pestle to get the nickel manganese
carbonate, the final precursor powder. The quantities of NiSO4-6H,O and MnSO,-H,O
varied stoichiometrically, depending on the x value of xLi;MnO3—(1—x)LiNip sMng 50,.
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2.2. Synthesis of xLiyMnO3—(1—x)LiNiy sMny 50, Powder

Obtained nickel manganese carbonate powder was mixed with a stoichiometric
amount of lithium carbonate [LiCO3] (Strem Chemicals, Newburyport, MA, U.S., 99.999%)
and ground using a mortar and pestle. After intense grinding, the mixture was annealed at
950 °C for 12 h, for which a 6” W x 6” D x 6” H Kerr 666 furnace was used. After 12 h,
the calcined powder was quenched at room temperature to keep the oxidation states of
the transition metals at 4* and 2* for Mn and Ni, respectively. The calcined powder was
ground again to obtain the xLi)MnO3-(1—x)LiNip.sMng 50, final powder.

2.3. Electrochemical Coin Cell Fabrication

Coin-type cells (CR2032) were assembled in order to evaluate the electrochemical perfor-
mance. The cathode material was prepared using 80 wt% of xLipMnO3;—(1—x)LiNip sMng 50,
powder, 10 wt% of carbon black, and 10 wt% of polyvinylidene fluoride. A slurry of the
mixed powders was made by using N-Methyl-2-Pyrrolidinone, and it was then coated
on aluminum foil (Alfa Aesar, Haverhill, MA, U.S., 99.999%) with a thickness of 0.025.
The coated aluminum foil was put in a furnace at 100 °C for 12 h and cut in small circles.
For the anode, Li foil with a thickness of 0.75 mm (Sigma Aldrich 99.9%) was used, and
the separator was a polypropylene membrane (Celgard 2500, Charlotte, NC, U.S.) with
a thickness of 25 pm. A standard electrolyte with 1 mol/kg LiPF4 dissolved in ethylene
carbonate (EC) and dimethyl carbonate (DMC) in a 1:2 wt ratio was used. The coin cells
were assembled inside of an argon-filled MBraun, Stratham, NH, U.S., glove box.

2.4. Characterization Techniques

In this work, a powder structural analysis was carried out using Siemens D5000
X-ray diffractometer, U.S. (XRD) with Cu K« radiation (1.5405 A) in the 20 angle range
from 15° to 75° with a step of 0.02°. A scanning electron microscope (SEM) was used to
study the morphology of materials, and the analysis was conducted with a JEOL 7600
FESEM, U.S., system interfaced to a Thermo-Electron System Microanalysis Systems. The
samples were adhered to the top of the sample holder with double-sided conductive tape;
for better resolution, a Au coating was applied. The electrochemical measurements were
evaluated with a Gamry Instruments, Warminster, PA, U.S., G/PC14 potentiostat system.
The charge—discharge measurements were performed at room temperature at a voltage
range of 2.0-4.8 V using selected current density.

3. Results and Discussion

The X-ray diffraction patterns of the xLi;MnO3—(1—x)LiNigsMn50; (x = 0.3, 0.5 and
0.7) synthesized materials are presented in Figure 1a. The typical diffraction pattern of
this composed material is shown, where most peaks agree well with the R3m space group
related to the rhombohedral type structure for LIMO, (JCPDS# 09-0063) [31]. The low
intensity peaks between 20° and 30° show characteristic peaks of the monoclinic phase,
with the space group C2/m associated with the layered composite material Li,MnOs
(JCPDS# 84-1634) [32,33]. The XRD patterns confirm the superlattice phase corresponding
to Li,MnOj3. The patterns became more obvious when the fraction of the Li,MnOj layered
material was incremented in xLi;MnO3—(1—x)LiMO,. The presence of the small peaks
(110), (020), (—111), and (021) is related to the existence of the superstructure caused by
the reordering of Li and Mn in the main structure, where lithium ions entered into the
transition metal layers positions as expected [32]. Furthermore, the presence of the (006)
and (012) peaks confirm the successful formation of a crystalline layered structure with no
spinal structure, using co-precipitation synthesis method for all values of x [34,35]. It is clear
then that the two structural components of this layered composite prove the coexistence of
two compatible phases.
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Figure 1. (a) X-ray diffraction patterns and (b) monoclinic structure lattice parameters of xLi,MnO3—
(1 7X)LiNi0.5Mn0.502.

Figure 1b shows the unit cell parameters calculated for all the synthesized materi-
als, based on a monoclinic structure belonging to the C2/m spaces group. The lattice
parameters a, b, and ¢ decreased with the x value, specifically with the reduction of Ni
in the stoichiometric equation, which corresponded to the increase of the Li content. The
stoichiometric ratio of the components’ materials was determined when the formula was
expressed as Li[LiyMn; _y_,Ni,]O;, where y = x/(2 + x) and z = (1 — x)/(2.5). This is
shown in Table 1. These decreases in the lattice parameters may be related to both the
distribution of lithium ions in the metal layers changing the characteristic order with Mn
and the substitution of Min by Ni [30-33]. Figure 2 shows the crystal structures of layered
Li;MnOj3 and LiMO,, where the compatibility of the structure is clearly seen. Li,MnOs3
can be considered a particular case of LiMO;, as it is described when it is expressed in
layered notation. Additionally, the average size of the crystallite obtained using the Scherrer
equation from the diffraction peaks (003) indicated that by means of the co-precipitation
method used, nanocrystals at 36.0 nm, 37.8 nm, and 43.9 nm can be obtained for the x
values of 0.3, 0.5, and 0.7 respectively.

Table 1. Stoichiometry of Li-rich layered oxides in the most common formulations.

Value of x xLi;MnO3—(1—x)LiMng 5Nig 50> Li[LinnI,y,zNizloz
0.3 0.3L12M1’103—0.7LiNiO.5Mn0‘5OZ Li[LiO'13Mn0'59NiO.28]OZ
0.5 O.5LizMnO3—0.5LiNi0_5Ml’10.502 Li[Lio_ZoMn0_6()Ni0_20]Oz
0.7 O.7LizMﬂO3—O.3LiNi0_5MIIO.502 Li[LiO'zﬁMno'(,zNio'lz]Oz

Scanning electron microscopy (SEM) was used to verify the morphology and topol-
ogy of the synthesized material in order to find some relation between its features and
the after-studied electrochemical behavior. As previously explained, the precursor mate-
rial nickel manganese carbonate Ni(; ) ,2Mn(1,x),2CO3 had to be previous synthesized.
Figure 3 shows the SEM micrographs of the as-synthesized powders of (a) Njp 35Mng 65CO3,
(b) Nig25Mng 75CO3, and (c) Nig 15Mng gsCO3. With a zoom of x5000, it was possible to
observe a nearly sphere-like morphology with a uniform particle distribution, similar to
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that found by other authors [33,36,37]. Figure 3 shows the precursors’ present forms of
nearly spherical solids; however, these reduced their size with the increase of Li and Mn
(increase in the value of x). In Figure 3a, the agglomerations are larger and less spherical.
In addition, small pores and a rougher surface can be observed, likely due to the release of
CO; in the heat treatment process and the subsequent formation of oxides [38]. Figure 3c
shows agglomerations similar to those mentioned above but smaller, with inhomogeneous
growth and the presence of some impurities in some parts, associated with the greater
formation of MnO, [33]. For x = 0.5 (Figure 3b), the agglomerations presented more com-
pact spheres with smooth particles, no pores, and reduced impurities. Figure 4 shows the
EDS spectra of precursor materials, confirming the purity of the sample and the absence of
additional elements. The intensity represents the proportions of the materials used to make
the precursor materials. Ni decreased with x increasing, according to the stoichiometric
equation. However, the presence of oxygen was high for x = 0.3, which would explain the
presence of the CO, formation that decreases as x increases, as shown in the SEM images.

QO L
e O
© M (Mn, Ni)

(a) (b)

Figure 2. Crystal structure of (a) monoclinic Li;MnOj structure with space group C2/m and (b)
rhombohedral LiMO; structure. M = Ni, Mn with space group R3m using VESTA software.

Figure 3. Cont.
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Figure 3. SEM micrographs of (a) Nio_35Mn0‘65CO3, (b) Ni0,25Mn0,75C03, and (C) NiO.15Mn0_85CO3
powders, the results of the first step of the synthesis process.
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Figure 4. EDS spectra of (a) Nij 35Mng 5COs3, (b) Nig 25Mng 75CO3, and (c) Nig 15Mng g5CO3 powders,
the results of the first step of the synthesis process.

Micrographs of the synthesized 0.3Li,MnO3-0.7LiNip sMng 505, 0.5Li,MnO3-0.5LiNij 5
Mn50;, and 0.7Li;MnO3;-0.3LiNig sMng 50, final powders after calcination of precursors
with Li;COj3 are showed in Figure 5. The primary particles are micrometric in size and
concentrated in irregularly polyhedral-shaped agglomerations. Relatively smaller pri-
mary particle agglomerates allow better charge-discharge capacity due to their higher trap
density, which shortens lithium diffusion [39]. The pristine x = 0.5 material composite
presented a lower density of agglomerations compared with the other synthesized material.
The precursor spherical shape could be the reason why a better formation of the final
product was possible, which may help improve the electrochemical performance. The size
of these agglomerations increased with the increase of x. For x = 0.7 particles that exceeded
a micrometer in length, the characteristics of the precursor seemed to influence the growth
mechanism for the formation of the final material [37,40]. The micrographs also show free
space between agglomerations, giving a high material porosity, which is good for the ions’
and electrons’ mobility [40—-42].
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Figure 5. SEM micrographs of (a) 0.3Li;MnO3-0.7LiNig 5Mn 50,, (b) 0.5Li;MnO3-0.5LiNig5sMng50,,
and (c) 0.7Li;MnO3-0.3LiNip sMng 50, cathode material powders.

The charge—discharge profiles and differential capacities for the 1st, 5th, 10th, and 40th
cycles at a current density of 15 mA /g for (a) 0.3Li;MnO3-0.7LiNig 5Mng 502, (b) 0.5Li;MnO3—
0.5LiNip5sMng 50, and (c) 0.7Li;MnO3-0.3LiNig sMng 50, cathode material are shown in
Figure 6. For the x = 0.3 electrode material (Figure 6(al)), a clear two-step reaction appeared
at the first charge process. There was a plateau voltage between 4-4.5 V corresponding
to the Li extraction from LiMO, component, reaching a capacity of 120 mAh/g. The Li
extraction from the Li;MnO3 component started from ~4.5 V as was predicted, and the
capacity contributed to the total capacity is 103 mAh/g [43]. A possible explanation of
low capacity is the current density used. High current densities deliver lower capacities,
as some literatures present [20,39,42], and a lower current density can make Li extraction
more effective. One other possibility is the formation of some spinel phase among the
structure of the electrode material; this option is enhanced by the change to some clearly
spinel phase at 40th cycles seen in the discharge process at ~3 V [44,45]. The decrease of
capacities at high cycle numbers could be explained by the change from layered to spinel
phase transformation, due to the migration of transition metal ions to Li sites without much
disarrangement of the main layered structure [44]. A differential capacity plot (Figure 6(a2))
showed two sharp oxidation peaks at 4.1 V and 4.6 V, corresponding to the first charge
two-step reactions of the LiMO; and Li;MnO3; components, respectively. The second
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Voltage (V)

Differential Capacity (mAh/gV)

peak represents the irreversible loss of capacity when Li was extracted in the form of
Lip O [46]. The first peak, which was shifted to ~3.8 V in the next cycles, corresponds to the
Ni oxidation from Ni?* to Ni**. The manganese-corresponding oxidation peaks were not
even visible in the 40th cycle. In the reduction zone, the predominant peak is around 3.8 V;
this peak is associated with Ni reduction from Ni** to Ni?*. At 40 cycles, a new peak arose
at ~2.93 V, supporting the idea of some spinel phase formation. This peak is a characteristic
peak of Mn reduction from Mn** to Mn3* in the spinel structure [47].
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Figure 6. Charge—discharge profiles (al—c1) and differential capacity plots (a2—c2) for the 1st, 5th,
101:1’1, and 40th Cycles for (a) 0.3Li2MnO3—O.7LiNi0.5MHO,502, (b) O.5Li2MnO3—0.5LiNi0.5Mn0.5OZ, and
(c) 0.7Li,MnO3-0.3LiNip sMng 50, cathode materials.

For the x = 0.5 electrode material (Figure 6(b1)), a two-step reaction also appeared
for the first charge process. In the first step (2-4.5 V) related to the Li extraction from
LiMO,, a capacity of 123 mAh/g was achieved near the theoretical value for the charge
capacity for this component. In the second step (4.5 V), a capacity of 55 mAh/g was
delivered due to the activation of Li;MnO3 component. This value was significantly
small compared with the theoretical value, revealing that not all Li;MnO3; material could
be activated at this current density. Li,MnO3 shows to be electrochemically inactive
before 4.5 V vs. Li/Li", because manganese has a 4" oxidation state, making the Li*
intercalation difficult [35,47]. Electrochemical activity at a higher voltage is associated with
the loss of oxygen by removing Li;O, allowing a change in the phase to MnO [48,49]. The
first discharge capacity was 130 mAh/g, even lower when compared to the theoretical
value, but still in the range of values reported in the literature [35,39]. Despite that, the
capacity progressively increased through the cycles, achieving a regular capacity of around
210 mAh/g for the 40th cycle, showing the progressive activation of Li;MnO3; component.
This was near the value of others obtained experimentally in some of the literature [35,37,39].
The differential capacity plot (Figure 6(b2)) showed a peak associated with the initial
activation of Li;MnOs3, which appeared around 4.75 V. Both the peaks of oxidation and
reduction related to Ni and Mn reactions were present. The Ni oxidation from Ni** to
Ni** was associated with the peak placed at ~3.81 V in the first cycle, which stabilized at
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~3.89V, indicating an increasing of activated Ni step-by-step during cycling. Similarly, Mn
oxidation increased from Mn>* to Mn**, as represented by the raised peak at 3.4 V. The
reductions occurred at the potentials of ~3.84 for the Ni reduction and at the raised peak
at ~3.23 V for the Mn reduction. A greater progressive activation of Mn was observed,
more than that of Ni, confirming the idea of the step-by-step Li,MnOs activation through
cycling [40,47,50,51]. For the x = 0.7 electrode material (Figure 6(c1)), only one reaction was
observed for the first charge process, related to the Li extraction from LiMO,. It was not
possible to observe the activation of the Li;MnQOj3 layer in the first cycle. For the following
cycles, an increase in the discharge capacity was observed, until the capacity achieved
140 mAh/g in cycle 40. Li;MnOj3 proved to be electrochemically inactive, possibly due
to high impedance making the Li* intercalation difficult [49]. A differential capacity plot
(Figure 6(c2)) showed the behavior of the first loading process, where it was not possible
to observe peaks related to the complete activation of the material. After 10 cycles, peaks
of oxidation and reduction related to Ni and Mn reactions appeared but shifted to the
high voltage in the charge process and to the left in the discharge process, indicating the
formation of spinel structures [45,52]. In all cases, the differential capacity values were
very low, indicating an inefficient charge transfer process between the material and the
electrolyte, possibly due to the size of the conglomerates that formed the material [32,39].

Figure 7 shows the charge—discharge profiles and differential capacity plots of the
(a) 0.3Li2MI‘IO3—0.7LiNi0_5Ml’10_502, (b) O.5L12MHO3—O.5LiNi0_5Mno_SOz, and (C) 0.7Li2Mn03—
0.3LiNig5Mng 50, cathode materials at different current densities of 15, 30, and 45 mA/g.
The 20th cycle was taken for this analysis. For the x = 0.3 cathode material (Figure 7(al)),
the capacity was reduced from ~150 mAh/g (15 mA/g) to ~120 mAh/g (30 mA /g) and
~100 mAh/g (45 mA/g). An inflection point is shown between 3.5 and 4 V in the dis-
charge process, where the capacity dropped drastically. A cathode material with x = 0.5
showed similar behavior (Figure 7(b1)) but reached higher capacities, i.e., ~210 mAh/g
(15mA/g), ~190 mAh/g (30 mA/g), and ~170 mAh/g (45 mA/g). For the x = 0.7 cathode
materials, only one activation process was seen (Figure 7(c1)). The capacities achieved were
~140 mAh/g (15 mA/g), ~64 mAh/g (30 mA/g), and ~57 mAh/g (45 mA/g). The differen-
tial capacities of the cathode materials showed all peaks decreasing their intensities with
the increase of the current density; additionally, a degradation of the voltage occurred when
the current density increased [53,54]. These reductions of electrochemical performance
could be explained by considering that, at high current densities, the amount of lithium
insertion/extraction is affected due to the structure’s surface not allowing to Li ions to
leave their sites, resulting in low capacities [46]. For example, for x = 0.5 (Figure 7(b2)), the
Mn oxidation from M3* to Mn** at ~3.4 V was only seen at 15 mA /g and not at 45 mA/g.
As we observed, for the lithium extraction process of xLixMnO3—(1—x)LiNig 5Mng 505, the
charging process was carried out in two different steps. The first one was when lithium was
extracted from the LiMO, component, typically at potentials < 4.5 V, accompanied by the
oxidation of the M cations. A total of (1—x)Li were removed from the LiMO; irreversible
component to form MnO,. The second step was the extraction of lithium from the LiMnOj3
component at potentials > 4.5 V. In this last step, oxygen was also extracted from the
structure, giving a net loss of Li,O. Next, xLi was extracted from the Li;MnO3; component
to form MnO, [39,48,49]. In both reactions, the total lithium extracted rose to (1+x)Li. In the
discharge process, lithium was reinserted into the structure. (1—x)Li was reinserted into
the MO, component, recovering the LiMO; initial component, but on the other hand, only
xLi was reinserted into the MnO, component, resulting in LiMnO, with rock salt [48,49].
This was caused by its inability to reinsert oxygen into the structure during the discharge
process, which means there must always be an irreversible capacity loss of xLi in the first
cycle [40].
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Figure 7. Charge—discharge profiles (al—c1) and differential capacity plots (a2—¢c2) for 15, 30, and
45 mA /g current density for (a) 0.3Li;MnO3-0.7LiNip sMng 505, (b) 0.5Li;MnO3-0.5LiNig 5Mng 505,
and (c) 0.7Li;MnO3-0.3LiNiy 5Mny 50, cathode materials.

The variations of the charge—discharge capacity and coulombic efficiency through
cycling for the (a) 0.3Li;MnO3-0.7LiNip sMng 50;, (b) 0.5Li,MnO3-0.5LiNip sMng 50;, and
(c) 0.7Li;MnO3-0.3LiNig sMn( 50, cathode materials are shown in Figure 8. For the x = 0.3
(Figure 8a) first cycle, the irreversible process was measured at a coulombic efficiency of
around 68%. The discharge capacity was almost constant for the first 10 cycles, with a
slight decrease in the last cycles, using a current density of 15 mA /g, although certain
stability was also observed at higher current densities. For x = 0.5 (Figure 8b), the first-cycle
charge-discharge capacities difference produced a higher coulombic efficiency of 73%. In
this material, the discharge capacity using 15 mA /g gradually increased through cycling
until the capacity was almost 220 mAh/g in the 19th cycle. This could be caused by an
incomplete activation of the cathode material, or it may be due to the size of the particle and
the long diffusion distance of Li+, which made it more difficult to activate them. A decrease
in the next cycle to 210 mAh/g was then observed, remaining almost constant at this value.
This is shown in Figure 6(b1), where at first charge the LiMnO3 layer was not activated
at all but activated slowly and continuously in the following cycles. This behavior is
completely different compared with x = 0.3 (Figure 8a), which showed decreasing capacity,
because the plateau seen on Figure 6(al) was longer with a more complete activation of
Li,MnOQO3, representing an irreversible loss [51]. For x = 0.7 (Figure 8c), the first-cycle
charge—discharge capacities difference produced a low coulombic efficiency, around 20%.
The cycling was almost constant at any current density but had low capacity. At the
current densities of 30 and 45 mA /g, there was no significant difference, perhaps because
of the high content of Li;MnOj3 associated with cycling performance deterioration and
its disposition to change structure to spinel form [40]. Additionally, it seemed that a low
reversible capacity was possible due to a longer diffusion distance, which led to a slower
rate of diffusion than was reflected in lower capacities, as seen in this study [55].
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Electrochemical impedance spectroscopy (EIS) measurements were carried out on
the electrochemical cells prepared with the synthesized materials, and the Nyquist plot
results are shown in Figure 9. EIS allows us to understand the various situations that occur
at the interface of the electrode and the electrolyte through a non-destructive technique
that determines the impedance of the electrochemical cell based on small AC signals,
with constant DC voltages in a wide range of frequencies [56]. The impedance spectra
were obtained within the frequency range of 10 mHz to 100 kHz. Each EIS spectrum
presented two overlapped semicircles due to the combination of a capacitor and a resistor
element connected in parallel and an inclined line in the low-frequency region. This
characteristic plot suggested the contribution of two different resistive elements to the
total impedance of the cell. The high-frequency semicircle represents the impedance of
the surface electrolyte interface (SEI) film (Ry), the medium frequency semicircle denotes
the charge transfer impedance across the interface (R¢t), and the small interrupt in the
high frequency corresponds to the electrolyte impedance (R.) [29,40]. All parameters were
represented by plot fitting, with the electrochemical equivalent circuit (EEC) shown on
Figure 10. Where CPE; represents the capacitance of SEI film, which grows thicker by
electrolyte—electrode reaction during charge-discharge and deteriorates the performance,
CPE; corresponds to charge—transfer capacitance, and Z,, is the Warburg impedance related
to the lithium ions’ diffusion. The impedance parameters’ (Ry, Ret and Re) values after
fitting are summarized in Table 1.
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Figure 10. Electrochemical electric circuit (EEC) used to fit the EIS data.

For electrochemical cells with the x = 0.3 layered material (Figure 9a), an increase in
the area of semicircle was observed as the number of cycles increased. An increase in the
Rsf was expected because of the growth of the SEI layer at the interface of the electrolyte
and electrode surface; nevertheless, a high resistance value was found at the first cycle, as
shown in Table 2. This can explain the late activation of the LiMO,-associated layer around
4 V. For subsequent cycles, the impedance was drastically reduced to 900 () to increase
when reaching 20 cycles. In the other hand, the Rt impedance increased with cycles; this
behavior could explain the decrease in discharge capacity observed in Figure 6a and poor
cycling stability [57]. Electrochemical cells with x = 0.5 (Figure 9b) showed a large reduction
in semicircle diameter of the high-frequency region with the cycle increasing, related to a
reduction of the charge-transfer resistance, which could be beneficial for improving the
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discharge capacity [25]. A large difference in diameter between the first cycle and the
following was clearly seen. For the fifth, tenth, and twentieth, diameter was highly similar,
revealing that the SEI film formed mostly during the first charge—discharge process and
remained stable during the following charge-discharge cycles. Additionally, since the Ret
value decreased during large cycles, with this material it is possible to reach high capacity
values, as well as the composite layer structure becoming more stable, which improves
cyclability during the charge—discharge process, as shown in Figure 8b. Finally, for the cells
with x = 0.7, although the diameters of the semicircles in the high frequency region had a
behavior similar to that analyzed above, they did not present the second semicircle in the
low frequency region. Instead, almost straight “tails” were observed (Figure 9¢c). Since the
first cycle was a very inclined one and exceeded 45°, this was associated with the large size
of the particles [40], which could explain the low capacity reached in the electrochemical
cells using this material.

Table 2. Impedance parameters obtained after fitting the EIS experimental data based on the EEC
model shown in Figure 9.

Impedance Parameter x\Cycle 1st 5th 10th 20th
0.3 14,760 900 900 1067
Ry () 0.5 505.4 81.03 65.37 2087
0.7 435.1 2688 5000 1500
0.3 130 167.9 197.5 221.1
Rt (2) 0.5 0.9519 1758 965.9 66.63
0.7 265.7 400 180 200
0.3 7.901 7.217 7.539 3.273
Re (QO) 0.5 9.380 445 4.807 6.000
0.7 4.408 7.501 1.532 5.699

4. Conclusions

In this study, a xLi;MnO3—(1—x)LiNip sMn 50, layered composite material for x = 0.3,
0.5, and 0.7 was synthesized by a carbonate-assisted co-precipitation method. The X-ray
diffraction patterns confirmed the formation of the two-phase layered crystal structure,
the rhombohedral LiMO, structure with R3m space group, and the monoclinic Li;MnOs3
structure with C2/m space group. We also observed a decrease in the size of the lattice
parameters with the decrease in the amount of Ni. The CR2032 coin cells were successfully
assembled in an Ar-filled glove box in order to test the electrochemical behavior of the
synthesized electrode materials. The electrochemical results show the two-step Li extraction,
one at potential <4.5 V related to the Li extraction from LiMO;, and the other at potential
>4.5, which corresponds to the activation of Li;MnO3 by means of the extraction of Li
in the form of LiO;. As x increased, the charge and discharge reactions assigned to the
component similar to LiMnQOj3 increased, while those corresponding to LiMO, decreased,
producing an activation that allowed high capacities to be reached. However, there was a
limit related to the size of the particle agglomerates and some spinel phase formation within
the structure of the first material, which was reflected in a slow diffusion rate, inefficient
Li;MnOj activation, and low capacities. Better electrochemical performance was found
for the x = 0.5 electrode material with a first-charge capacity of 173 mAh/g and a higher
discharge capacity of 210 mAh/g.
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