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ABSTRACT: Spinel-structured lithium manganese oxide (LiMn2O4) has been successfully
used as a cathode material for various lithium batteries. To improve the capacity and
increase the discharge potential of the battery, transition metals are commonly added to
the spinel as dopants or as a substitute for manganese. This can also confer stability on
the structure of the cathode material. In this work, the production and performance of
spinel LiMn2O4 (LMO) and LiNi0.5Mn1.5O4 (LNMO) by solid-state and sol-gel synthesis
methods were studied. Synthetized (LMO) and (LNMO) materials were characterized by
Raman spectroscopy and X-ray diffraction (XRD) to verify the formation of a spinel-like
structure. It was corroborated that both synthesis methods can produce an adequate spinel
structure. SEM analyses showed that in general, spinel take an octahedral form. The
particle size changes according to the synthesis method used. Lower particle sizes were
obtained by sol-gel. The electrochemical characterization demonstrates that solid-state
synthesis generates compounds with greater purity and crystallinity, which induces a
greater capacity of lithium ion intercalation. The addition of nickel to the spinel increases
the discharge potential of the cathode by 0.5V.

RESUMEN: Los óxidos de manganeso con estructura tipo espinela (LiMn2O4) han sido
utilizados con éxito como materiales de cátodo para las baterías de ion-litio. Para
mejorar la capacidad e incrementar el potencial de descarga de la batería, comúnmente
se han adicionado metales de transición a la espinela, como dopantes o sustituyentes del
manganeso. Esto puede conferirle también estabilidad a la estructura del material de
cátodo. En este trabajo se evaluó la obtención y el desempeño de las espinelas deLiMn2O4

(LMO) y LiNi0.5Mn1.5O4 (LNMO) obtenidas por procesos de síntesis en estado sólido y
sol-gel se estudiaron. Los materiales sinterizados de (LMO) y (LMNO) se caracterizaron
por espectroscopia Raman y difracción de rayos X (DRX) para evidenciar la formación de
la estructura tipo espinela. Fue corroborado que mediante ambos métodos de síntesis se
puede producir una estructura de espinela adecuada. El análisis SEM mostró en general
que la espinela adquiere una forma octahedral. El tamaño de partícula cambia de acuerdo
al método de síntesis empleado, obteniendo un menor tamaño de partícula en la síntesis
por sol-gel. La caracterización electroquímica demuestra que la síntesis por estado sólido
genera componentes con mayor pureza y cristalinidad, los cuales generan una mayor
capacidad de intercalación de iones litio. La adición de níquel a la espinela incrementa
el potencial de descarga del cátodo en 0.5V.

1. Introduction

Lithium-ion batteries are characterized by their high
specific energy, high efficiency and long lifetime. Li has
the most negative standard reduction potential of all
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elements, allowing Li-ion based batteries to have the
highest possible cell potential. In addition, lithium is the
lightest metal so with the LIBs considerable savings of
mass can be obtained [1].

With technological advances in electric transport systems
and the massification of growth in photovoltaic energy
generation systems, energy storage devices require
greater load density and useful life. However, the
expansion of lithium-ion battery technology for these
applications remains problematic due to issues such as
safety, cost and availability of materials.

Spinel LiMn2O4 (LMO) is commonly used as a cathode
active material in lithium ion batteries due to the low
cost, environmental friendliness and high level of safety
during the intercalation of lithium ions in its structure.
To improve capacity and increase the spinel discharge
potential, transition metals are added as dopant or
substituent elements, which can also confer stability
on the structure of the cathode material [2]. The most
common element added to the LMO spinel for cathode
usage is nickel. This is the one that has drawn the most
attention due to the fact that nickel confers higher charge
density by increasing the voltage of the battery to values of
4.7 V vsLi+/Li, and the capacity to about 130mAhg−1.
This gives a specific energy of about 610Whg−1, higher
than many marketed compounds. Other doping or
substitute elements such as iron, cobalt, chromium,
titanium, aluminum, vanadium and niobium have been
added as dopants and co-dopants in manganese spinels.
This has shown that many of these elements favor the
formation of a disordered structure with spatial groups
of Fd3̄m, which increases the cathode voltage, provides
superior velocity response during cycling and improves
the stability of the cathode structure. The addition of iron,
while improving the electrical conductivity of the structure,
may reduce the cathode voltage [2–4].

Current needs with respect to transport, renewable
energies generation, mobile communication and
electronic devices require batteries with greater density
of energy storage [5]. Spinel structure presents good
characteristics to increase the energy capacity and
working voltage of batteries. However, it is also necessary
to develop spinel-like structures with greater stability
and less lithium-ion intercalation time, which must be
accompanied by economic and environmentally friendly
synthesis processes [6, 7].

Low cost synthesis methods aimed at improving the
performance of the cathode materials in terms of capacity,
electric response rate and service life can be developed
based on knowledge of the structural and chemical
behavior of the spinel during cycling and the effect of the

addition of dopant or substituent elements [4, 8, 9].

Manganese spinels can be synthesized in wet chemistry
by mixing the precursors in aqueous or organic solvents
to obtain active materials with good stability [10]. Also,
they can be obtained quickly and with less process steps
by burning the precursors directly into the flame [11].
Usually, synthesis methods of manganese spinel such
as sol-gel and solid-state have demonstrated a greater
potential for application in batteries due to their low cost
and improved properties in terms of load capacity and
response speed during cycling [12]. These properties are
directly related to the purity and morphology of the active
cathode material [13]. Despite the extensive literature
related to manganese spinel synthesis methods and
their effect on the electrochemical properties of the
material, it is necessary a better understanding of the
effect of synthesis route on the composition, morphology
and particle size of pure lithium-manganese spinel and
nickel-manganese spinel. [12, 13].

This work aims to assess the effect of the most commonly
used methods for manganese spinel synthesis, solid-state
and sol-gel. Also, the addition of nickel by both synthesis
methods on the performance of the cathode material
for lithium-ion batteries was assessed. The formation
of a spinel-like structure and purity after synthesis
was evaluated by X-ray diffraction (XRD) and Raman
spectroscopy. The size and morphology of the materials
were assessed by Scanning Electron Microscopy (SEM),
while the electrochemical performance was evaluated by
cyclic voltammetry, galvanostatic charge-discharge cycles
and electrochemical impedance spectroscopy (EIS).

2. Experimental

2.1 Materials

Lithium-manganese spinels LiMn2O4 (LMO) and
nickel-substituted LiNi0.5Mn1.5O4 (LNMO) were
synthesized by solid-state and sol-gel methods.
Reactive grade reagents like lithium acetate dihydrate
(LiC2H3O2 − 2H2O) and nickel nitrate hexahydrate
(NiNO3 − 6H2O) from Alfa-Aesar and manganese
acetate tetrahydrate (MnC2H3O2 − 4H2O) from
Sigma-Aldrich, were used as precursors.

Solid-state synthesis was performed following the
general guidelines described in [14]. The precursors were
mixed in stoichiometric amounts for 5 min. in an agate
mortar. The mixture was burned at 900 °C for 24h in air,
followed by successive heating at 700 °C for 24h, at 650
°C for 24h and finally at 600 °C for 48h. During sol-gel
synthesis, the precursors were mixed in stoichiometric
amounts to form a solution with citric acid

(
0.01molL−1

)
.
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The pH of the solution was adjusted to 6.8 by adding
NH4OH . The solution was completed to a total volume
of 25 mL and then evaporated at 75 °C until a wet gel
consistency was obtained. Following this, the gel was
allowed to stand for 24h and then dry at 90 °C under
vacuum for 12h. The obtained solid was burned at 450 °C
for 5h in air. Finally, the obtained powder was calcined at
850 °C for 18h (previous studies were done to determine
the adequate temperature for the thermal treatment).

2.2 Characterization

The synthesized spinels were characterized by X-ray
diffraction (XRD) using a PANalytical reference equipment
with an X-ray source of cobalt. The scan was performed
considering a 2θ between 10 - 90°. The flush angle
between the specimen holder and the detector was
set at 5°. Raman spectroscopy measurements were
performed using a Nikon model BX41 microscope with
X50 objective and a high resolution Labram HR model
from Horiba Jobin Yvon under the following conditions: a
focal length of 800mm, CCD detector with 1024x256 pixel
resolution, 632.81cm−1 He/Ne laser, D2 filter, 1000μm
hole, a sweep range of 100-2000cm−1. The morphology of
the synthesized particles was characterized by Scanning
Electron Microscopy (SEM) using JEOL JSM 6490 LV
equipment.

2.3 Electrochemical measurements

All the samples were characterized by cyclic
voltammetry, galvanostatic charge-discharge cycles
and electrochemical impedance spectroscopy. Three
electrode ”T” type cells in a controlled temperature room
at 25°C were used. Lithium foil was used as the counter
and as a reference electrode. All the potentials reported
in this paper are referred to the Li+/Li redox potential.
The working electrodes were composed of 80 wt% active
material, 10 wt% conductive carbon additive (Super P®),
and 10 wt% PVDF binder. A solution 1.5 M LiPF6 in a
1:2 w/w mixture of EC:DMC was used as electrolyte, and
cell assembly was carried out in a MBraun glove box with
moisture and oxygen concentrations below 1ppm.

The charge-discharge cycling behavior of the electrodes
was studied using a Multichannel Arbin BT-2000 station.
The electrodes were charged and discharged at a constant
current of C/2 (50 mA g−1) with voltage limits of 2.7 V
and 5.2 V. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed using an
Autolab PGSTAT302N potentiostat. The CV experiments
were carried out between 2.7V and 5.2V at 0.1mV/s.
The EIS test was performed at 50% of state of charge
(SOC) using a potentiostatic method at the open circuit
potential (OCP) of each SOC, with an amplitude of 10mV

(   )

(   )

( )

( ) (   )( )

Figure 1 DRX patterns of spinel materials obtained by solid
state: (a) LiMn2O4 and (b)LiNi0.5Mn1.5O4. Sol-gel: (c)

LiMn2O4 and (d)LiNi0.5Mn1.5O4

and frequencies ranging from 100 kHz to 50 mHz.

3. Results and Analysis

3.1 Materials characterization

Figure 1 presents the diffraction patterns of LMO and
LMNO materials obtained by solid-state and sol-gel
methods. The pattern of the solid-state LMO (Figure 1a)
is assigned to a cubic structure in a space group Fd3̄m,
where lithium ions occupy the 8a sites, manganese ions
occupy the 16d sites and oxygen ions occupy the 32e
sites. In this LMO sample, the presence of impurities
of manganese oxides, such as Mn2O3 and Mn3O4, in
amounts of 5.4% and 3.4% respectively, were observed.
The qualification and quantification of the phases was
obtained with Rietveld refinement, obtaining a goodness of
fit of 1.40. Since the adjustment of the Rietveld refinement
had a ”goodness of fit” below 4 it can be said that the
adjustment is adequate and represents the phases
mentioned. The results obtained are consistent with other
XRDs performed in spinel synthesized by hydrothermal
methods [15].

The pattern of the LNMO material obtained by solid-state
(Figure 1b) is assigned to a cubic structure in a space
group P4332, where the lithium ions occupy the 8a
sites, the manganese ions occupy the 12d sites, the nickel
occupies 4a sites and oxygen occupies positions 8c and 24e
[16, 17]. In this sample, impurities of LixNi1−xO (which
is the most commonly reported impurity for this spinel)
were also observed, in an amount of 8.7% [12, 18–22].
In addition, non-lithiated state spinel Mn2NiO4 was
obtained in an amount of 7.6%. This refinement was
obtained with a goodness of fit of 2.4.
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The pattern for the LMO material obtained by sol-gel
method (Figure 1c) is assigned to a cubic structure, in a
space group Fd3̄m. This sample contains impurities of
manganese oxide, Mn3O4 in an amount of 3.4%. This
refinement was obtained with a goodness of fit of 1.91.
The pattern of LNMO obtained by sol-gel (Figure 1d) is
assigned to a cubic structure in a spatial group P4332.
The sample was obtained with the impurity LixNi1−xO
in an amount of 10.8%. Additionally, non-lithiated state
spinel Mn2NiO4 is present as an impurity in an amount
of 3.6%. This refinement was obtained with a goodness of
fit of 2.02. The XRD results of the samples are consistent
with previous reports of XRD performed on nickel-doped
spinels, showing the formation of an ordered structure
of LNMO spinel (with spatial groups P4332) and a
disordered structure of LMO spinel (with spatial groups
Fd3̄m). Additionally, there is a shift of 2θ angle to superior
values of the (440) peak when nickel is incorporated into
the structure. The peak (440) moves from a 2θ angle
value of 63.9° for the spinel without nickel to a 2θ angle
value of 64.9° for the spinel with nickel insertion. When
nickel is added to the spinel structure the manganese
atoms are partially replaced by nickel atoms and there is
a partial deformation of the structure by the reduction of
the network parameter [23, 24].

Figure 2 shows the Raman spectra of the synthesized
samples. In the spectra of the LMO material (Figures
2(a) and 2(c)), the characteristic band located at around
625 cm−1 of the Mn − O bond is presented. This band
corresponds to the octahedric group of MnO6 in the
A1g mode. The bands at 582 and 365 cm−1 are assigned
to T2g(3) and T2g(1) predicted by group theory for cubic
compound [25, 26]. Additionally, the band at 666 cm−1 is
related to the Mn−O vibration in the Mn3O4 impurities
[27].

The Raman spectra of the LNMO samples (Figure
2(b)) and 2(d)) change respect to LMO samples since the
introduction of the Ni2+ ions into the spinel’s network
induces additional bonds and consequently increases
the number of bands in the Raman spectra of the spinel.
The Raman spectra of the LNMO exhibit bands located
at 409 and 500 cm−1 for the spinel synthesized by solid
state method and bands at 412 and 493 for the spinel
synthesized by sol-gel which are associated with the
vibrations of Ni − O groups [28]. The Raman spectra
of the LMNO spinel synthesized by sol-gel exhibit bands
located at 164, 215, 584 and 634 cm−1, corresponding to
symmetric vibrations of Mn−O in the MnO6 octahedral
sites [21, 28]. The substituted nickel spinels synthesized
by solid-state show more defined and higher intensity
bands than those observed for the other samples, which
could be associated with the superior purity of the phase
[29–32]. The LMO spinels synthesized by solid-state and
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Figure 2 Raman spectra of the spinel materials obtained by
sol-gel: (a) LiMn2O4 and (b)LiNi0.5Mn1.5O4. Sol-gel: (c)

LiMn2O4 and (d)LiNi0.5Mn1.5O4

sol-gel methods present spectra related to a structure
with characteristic vibrations of Fd3̄m spatial groups
[30, 31]. On the other hand, the LMNO spinel obtained by
solid-state shows a spectrum with characteristic bands
associated with P4332 spatial groups (see Figure 2d)
[30, 33].

The LNMO spinel synthesized by sol-gel shows
characteristic vibration bands of both, the order and
disorder phases [30, 33–35]. Figure 3 shows the SEM
images of spinel materials obtained by solid-state and
sol-gel methods. As can be seen, the LMO and LNMO
spinels obtained by both methods exhibit octahedral
morphology. This octahedral structure is one of the
different structures that manganese spinels can exhibit.
Other manganese spinel structures such as spherical,
truncated (octahedral with flattened tips), cubic and
octahedral morphologies have been reported in the
literature with higher capacity and rate capability [36, 37].
It can also be observed that the crystal size of the LMO
spinel depends on the synthesis method used, with larger
crystal size being obtained during solid-state synthesis
than in the sol-gel method. Due to the long time and high
temperatures of synthesis in the solid-state method, the
crystals obtained by this method are larger and more
ordered. Conversely, as the temperatures and processing
times of the sol-gel method are lower than those of the
solid-state, it is expected that smaller and less ordered
particles will be obtained after the process by sol-gel.
Additionally, for the solid-state method the synthesized
samples have shown higher purity than in the sol-gel
method. In the case of the LNMO spinel synthesized by
solid-state, a higher ability to intercalate lithium ions is
expected due to the superior purity of the phase.
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Figure 3 SEM images of spinel materials obtained by solid
state: (a) LiMn2O4 and (b)LiNi0.5Mn1.5O4. Sol-gel: (c)

LiMn2O4 and (d)LiNi0.5Mn1.5O4

3.2 Electrochemical performance

Figure 4 shows the cyclic voltammetries of samples
obtained by solid-state and sol-gel methods. The
voltammograms reveal the good reversibility of materials
for the intercalation of Li ions in a potential range from 2.5
to 5.2 V, which is in agreement with literature reports [38].
For the spinel LMO (Figure 3a) three oxidation peaks and
three reduction peaks are observed.

The two peaks observed at 4.01 and 4.14V vs. Li/Li+

correspond to the two-stage process for the extraction of
lithium. The anodic and cathodic peaks observed at the
low potential of 3.01V and 2.87V vs. Li/Li+, respectively,
correspond to the reversible phase transformation of
LiMn2O4 → Li2Mn2O4 [38].

In the spinel LNMO, Figure 4(b), there are three
pairs of oxidation/reduction peaks. The peaks around
4.78V and 4.66V vs. Li/Li+ correspond to the
reversible oxidation-reduction process of nickel(II)
Ni2+ ↔ Ni3+ ↔ Ni4+) [39, 40]. On the contrary, in the
spinel synthesized by solid state method was observed an
asymmetric peak around the 4.7V, the asymmetry of the
redox peaks can be related to an overlap of the second
peak since the spinel synthesized by solid-state contains
a lower quantity of disordered phase [41]. The small
shoulder at 4.9V is related to an intercalation process
of PF−6 ion within the graphite structure of conductive
carbon present in the active material [42]. In addition,
the current peaks related to the oxidation/reduction of
the Mn ions are significantly lower than those related to
the LMO spinel due to the substitution of Mn by Ni ions in
the spinel structure. The discharge potentials exhibited
by the synthesized spinels show similar values to those
reported in other work performed on nickel-doped spinels
and synthesis by solid-state [28]. The presence of two

(   )(   )

(   
    

   )

Figure 4 Cyclic voltammetry performed to the
lithium-manganese samples obtained by solid state and sol-gel

methods. (a) LiMn2O4 and (b) LiNi0.5Mn1.5O4

oxidation/reduction processes in the LMO and LMNO
spinels at voltages around 4V was related with manganese
oxidation-reduction process [3, 28, 43]. On the other hand,
the manganese oxidation-reduction peak at 4V confirms
the presence of disordered spinel in the active material.

The current peak around 3 V remains intact in all samples,
which indicates that the reversible phase transformation
was not affected by the addition of nickel to the spinel
structure.

A higher current peak indicates higher kinetics of
oxidation-reduction processes, which may be associated
with a higher intercalation rate of lithium ions in the
structure. Consequently, as higher current peaks in the
oxidation/reduction processes were observed in both LMO
and LMNO solid-state synthesized spinels than those
observed in sol-gel spinels, higher kinetics of lithium
intercalation is expected for spinels synthesized by the
solid-state method. The better lithium intercalation
kinetics observed in the solid-state synthesized spinels
could be related to the higher crystallinity of their
structure [44]. Furthermore, the Ni substituted spinels
exhibit higher current peaks in the redox processes,
which indicates higher intercalation speed of lithium ions.
Therefore, higher energy capacity is expected for this
spinel material.

The discharge characteristic curves of synthesized
cathode materials are shown in Figure 5. It is observed
that the LMO samples present a plateau at approximately
4.1 V, obtaining slightly greater capacity for the sample
synthesized by sol-gel. The LNMO spinels present a
plateau at around 4.7 V. The higher discharge potential in
the LMNO materials than the LMO materials is related to
the incorporation of nickel into the spinel structure, which
partially replaced the manganese. This is due to the fact
that the redox process of the nickel ions (Ni2+/Ni4+)
have higher electrochemical potential than the redox
process of the manganese ions (Mn3+/Mn4+). This
increases the cathode potential during the lithium ion
intercalation into the spinel. As can be seen in Figure
5, during the discharge at a capacity of 80mAhg−1,
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(           )
Figure 5 Discharge capacity vs. voltage for synthesized cathode

materials. Sol-gel method: (a) LiMn2O4 (b)
LiNi0.5Mn1.5O4. Solid state method: (c) LiMn2O4 and (d)
LiNi0.5Mn1.5O4. Curves were made at a constant current of

C/2

it is considered that almost all of the divalent nickel
ions inserted into the structure have been oxidized and
the trivalent manganese ions have begun to oxidize,
lowering the potential to values close to 4 V [45]. Greater
discharge capacity was observed for the spinel LMNO
obtained by solid-state, which could be related to the
greater purity and crystallinity of this material. The
solid-state synthesized spinel exhibited values of energy
capacity and discharge voltage close to those reported
for similar spinel synthesized by methods such as
hydrothermal and electrospinning, which are higher-cost
[46, 47]. Those synthesis methods require greater
inputs, equipment and energy consumption; which shows
that lithium-manganese spinel cathode materials can be
obtained through a cheaper method without compromising
the lithium ion intercalation capacity.

EIS experiments were carried out in order to investigate
the effect of synthesis method and of substituting Ni ion
on the interfacial resistance and diffusion coefficient of
lithium ion in spinel cathode materials. Figure 6 shows
the electrochemical impedance spectroscopy (Nyquist
plots) performed at 50% of charge on the LiMnO4 and
LiNi0.5Mn1.5O4 spinels synthesized by both sol-gel
and solid-state methods. For the spinels without Ni
obtained by both synthesis methods (Figure 6a) and for
the spinel with Ni obtained by solid-state (Figure 6b), the
Nyquist diagrams show two capacitive loops formed at
high and intermediate frequencies and one capacitive loop
at low frequencies. The first loop at high frequencies is
associated with the resistance of the passivation layer
(SEI) formed on the material of the cathode. The second
capacitive loop at intermediate frequencies is associated
with the charge transfer at the electrode-electrolyte
interface in parallel with the double-layer capacitance.
The loop at low frequencies is associated with processes
of diffusion of the lithium ions within the structure of the

spinel. Similar impedance responses for spinel cathode
materials have been reported in other works [23, 48].

Otherwise, the electrochemical impedance for nickel
containing spinel synthesized by sol-gel method exhibited
a different electrochemical impedance response than
those observed for other spinel. As can be seen in the
insert of Figure 6(b), three capacitive loops at high and
intermediate frequencies and one loop at low frequencies
related to the diffusion of lithium ions were observed. For
this system, the second and third loops at intermediate
frequencies are associated with processes of charge
transfer and charging of the double-layer capacitance in
two different phases, one of them being the ordered phase
and the another the disordered phase. The presence
of two phases with different ordering grades in the
spinel LiNi0.5Mn1.5O4 obtained by sol-gel method was
discussed during the analysis of Raman and CV results.

The experimental EIS diagrams obtained for the cathode
materials were fitted using equivalent electrical circuits
shown in Figure 7. This takes into account the resistance
of the electrolyte (Rsol) in series with a characteristic RQ
of the SEI, and in series with RCQ characteristic of the
active material of the cathode. The characteristic RCQ of
the cathode active material takes into account the charge
transfer resistance (Rct1), the double-layer capacitance
(Ceff.dl1) and the lithium ion diffusion. The diffusion
of the lithium ions can be represented by a constant
phase element (CPE) since it occurs through the pores
of the active material [49]. The capacitance of the SEI is
represented by a constant phase element (CPE) because
of the inhomogeneous nature of the SEI. Table 1 presents
the values of the parameters used to fit the experimental
EIS diagrams with the respective equivalent electrical
circuit. The effective capacitances (Ceff ) were calculated
by the Equation 1, through the series resistance (Rs) and
parallel resistance (Rp)

Ceff =

[
Q

(
1

Rs
+

1

Rp

)(a−1)
]( 1

a )

(1)

Where ”Q” is the CPE element value, ”a” is the exponential
term value. ”Rs” represents the series resistance, and
”Rp” represents the parallel resistance with the CPE
element [50].

The diffusivity (Dif) was calculated by the Equation
2, taking into account the capacitance at low frequencies
(CDif ), the resistance of the diffusion process (Rw)
measured at the limit of zero frequency and the half
distance (L/2) of diffusion of lithium ions within the spinel
[49].

Dif =
(L/2)

2

Rw ∗ CDif.
(2)
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Figure 6 Electrochemical impedance of the spinel materials synthesized by solid state and sol-gel methods performed at 50% SOC.
(a) LiMn2O4 and (b) LiNi0.5Mn1.5O4

Table 1 Values of the parameters used to fit the experimental EIS diagrams according to the equivalent circuit shown in Figure 7

Element LMO-S.E LMO- Sol gel LNMO-S.E LNMO- Sol gel
Rsol (ohm g) 6.3E-03 3.3E-03 7.0E-03 7.3E-03
RSEI (ohm g) 1.1E-02 2.3E-02 4.6E-01 4.6E-02
CSEI (F g−1) 3.1E-03 2.8E-04 3.7E-05 3.7E-04
Rct1 (ohm g) 4.3E-02 9.6E-01 4.6E+00 4.7E-01

Ceff.dl1 (F g−1) 6.2E-01 2.3E-01 1.2E-01 8.3E-02
Rct2 (ohm g) - - - 1.4E-01

Ceff.dl2 (F g-1) - - - 1.4E-02
Rw (ohm g) 1.3E-01 9.2E+00 3.6E+01 8.0E+00
CDif (F g-1) 1.9E+01 1.1E-01 1.3E-01 3.5E-01
L/2 (cm) 5.0E-4 8.5E-5 1.4E-4 1.0E-4

Dif. (cm2 s-1) 5.9E-07 7.3E-09 8.6E-08 2.8E-08
Goodness of Fit 2.2E-04 8.4E-04 8.2E-03 6.1E-03

Figure 7 Equivalent circuits used to fit the electrochemical
impedance spectroscopy (EIS). (a) Spinel materials LMO

synthesized by both methods and LMNO synthesized by solid
state method. (b) Spinel material LMNO synthesized by sol-gel

method

Similar values of solution resistance were found for the
four materials. The small differences between them
were due to the cell conformation. The SEI resistance
shows greater values for the spinel with Ni synthesized
by solid-state, which is due to the formation of a thick
and compact film. The SEI resistance values found are
similar to values reported in the literature for intercalation
spinel materials (see Table 1) [51]. The charge transfer
resistance during the lithium ions intercalation (Rct1)
exhibited greater values on spinel with Ni synthesized
by solid-state, this being due to the lower electronic

conductivity of the ordered structure with spatial groups
P4332 compared to the disordered structure with spatial
groups Fd3̄m found in the spinel materials without Ni and
with Ni synthesized by sol-gel [52–54].

The diffusivity values are consistent with the results
of cyclic voltammetry of the spinel materials, in
which the solid-state sintered spinel exhibits higher
oxidation/reduction peaks. EIS results show that spinel
materials synthesized by solid-state exhibit greater
diffusivity of lithium ions within the structure, which is
related to the higher crystalline order. This condition
gives a higher rate of lithium intercalation of these active
cathode materials. However, the insertion of Ni into the
structure can reduce the diffusion of the lithium ions
within the crystallites. This effect is due to the smaller
atomic size of the nickel compared to the manganese,
generating compression effects that distort the structure
and reduce the diffusion spaces [23]. Additionally, during
des-lithiation the nickel oxidation state changes from 2+

to 4+, generating a greater electrical repulsion of the
lithium ions. This renders the diffusion of the lithium ions
through all the crystallographic directions more difficult
and increases the barrier energy for the diffusion of the
lithium ions [55].
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4. Conclusion

The structural crystallinity of solid-state spinel is
greater than that the exhibited by sol-gel spinel, which
facilitates the diffusivity of lithium ions into the structure.
Additionally, solid-state synthesized spinel exhibits higher
purity, which induces a higher capacity for the lithium ion
intercalation. The insertion of Ni into the spinel favors
the formation of spatial groups of P4332 which induces
some ordering in the spinel with both solid-state and
sol-gel synthesis methods; although, there is still Mn and
most likely partial Fd3m presence in the structure. On the
other hand, the LMO spinel forms spatial groups of Fd3̄m
with less ordering. The addition of nickel as a substitute
element for manganese increases the working voltage.

The lithium ion intercalation within the spinel structure
containing nickel was limited by both the electrical
conductivity and the diffusion of the lithium ions within
crystallites. The first property was affected by the
presence of an ordered structure and the second by
the electrostatic forces generated by the nickel in the
structure.
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