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Abstract

The compounds LiCo1−xMnxO2 (x = 0.5, 0.7) were synthesized via the solid-state method
and exhibited crystallization in the cubic spinel structure (space group Fd-3m). UV–Vis
spectroscopy reveals strong visible-light absorption and a reduction in the indirect optical
band gap from 1.85 eV (x = 0.5) to 1.60 eV (x = 0.7) with increasing Mn content, which is
consistent with semiconducting behavior. This narrowing arises from Mn3+/Mn4+ mixed
valence, which introduces mid-gap states and enhances Co/Mn 3d–O 2p orbital hybridiza-
tion within the spinel framework. In contrast, the Urbach energy increases from 0.55 eV to
0.65 eV, indicating greater structural and energetic disorder in the Mn-rich composition
which is attributed to the Jahn–Teller distortions and valence heterogeneity associated
with Mn3+. Impedance and dielectric modulus analyses confirm two distinct non-Debye
relaxation processes related to grains and grain boundaries. AC conductivity is governed
by the Correlated Barrier Hopping (CBH) model, with bipolaron hopping identified as
the dominant conduction mechanism. The x = 0.7 sample displays significantly enhanced
conductivity due to increased Mn3+/Mn4+ mixed valence, lattice expansion, efficient 3D
electronic connectivity of the spinel lattice, and reduced interfacial resistance. These find-
ings highlight the potential of these two spinels compounds as narrow-gap semiconductors
for optoelectronic applications including visible-light photodetectors, photocatalysts, and
solar absorber layers extending their utility beyond conventional battery cathodes.

Keywords: X-ray diffraction; SEM; UV–Visible; band gap energy; AC conductivity;
CBH model

1. Introduction
Lithium-ion batteries have been an inspiring source for many researchers due to

their high energy storage capabilities, excellent rechargeability, and low self-discharge
rate [1–3]. Central to their performance is cathode material, which has driven extensive
research into transition metal oxides with the general formula LiMO2 (M = Mn, Co, Ni,
Cu, Fe, etc.). These materials offer stable crystalline structures, tunable particle morpholo-
gies, and layered frameworks where lithium ions occupy octahedral (O) or prismatic (P)
sites between close-packed oxygen layers, enabling reversible Li+ intercalation and high
electrochemical activity [4,5].

Among these, LiCoO2 remains a benchmark cathode material due to its high capac-
ity (~274 mAh g−1) and energy density (~1070 Wh kg−1) [6]. However, its widespread
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use is hindered by the high cost and environmental toxicity of cobalt [7]. In response,
researchers have turned to manganese-based alternatives such as LiMnO2, which benefits
from manganese’s abundance, low cost, and eco-compatibility [8,9]. Yet, pure layered
LiMnO2 is notoriously difficult to synthesize via conventional solid-state methods due to
the mismatch in ionic radii between Li+ and Mn3+, which favors spinel or orthorhombic
polymorphs over the desired R-3m layered structure [10].

A promising strategy to circumvent these limitations is partial substitution of Co
with Mn in LiCoO2, yielding solid solutions such as LiCo1−xMnxO2. This approach not
only reduces cobalt content but also enhances structural stability and electronic conduc-
tivity [11,12]. Notably, the LiCo0.5Mn0.5O2 composition has attracted considerable at-
tention. Kajiyama et al. [13] synthesized this material via ion exchange from a layered
Na0.8Co0.5Mn0.5O2 precursor and demonstrated a high operating voltage of ~4.5 V vs.
Li+/Li—superior to both LiCoO2 (4.0 V) and LiMnO2 along with a specific capacity of
125 mAh g−1 for Li0.8Co0.5Mn0.5O2. Their work confirmed a layered R-3m structure and
highlighted the critical role of lithium content in electrochemical performance.

Similarly, Zhou and Li [12] employed a sol–gel templating method within anodic
alumina membranes to fabricate highly ordered LiCo0.5Mn0.5O2 nanowire arrays. Using
X-ray diffraction (XRD) and electron diffraction, they verified the layered R-3m structure
and confirmed a near-stoichiometric composition via X-ray photoelectron spectroscopy
(XPS). Their nanostructured morphology offered enhanced surface area and shortened Li+

diffusion paths, suggesting potential for high-rate battery applications.
Critically, both studies focused exclusively on electrochemical and structural proper-

ties. Neither investigated the fundamental optical characteristics (e.g., band gap, Urbach
energy) nor the intrinsic electrical conduction mechanisms (e.g., polaron hopping, grain vs.
grain boundary contributions) of LiCo1−xMnxO2. Yet, Mn substitution is expected to signif-
icantly alter the electronic band structure, introduce mid-gap states via Mn3+/Mn4+ redox
couples, and enable polaronic conduction phenomena with profound implications not only
for battery performance but also for optoelectronic applications such as photodetectors,
visible-light photocatalysts, and absorber layers in solar cells.

Given this gap in the literature, the present study aims to prepare bulk polycrystalline
LiCo1−xMnxO2 (x = 0.5, 0.7) via the solid-state method and provide the first comprehen-
sive analysis of their structural, optical, and electrical transport properties. While our
synthesis route differs from the soft-chemical approaches of Kajiyama and Zhou [12,13],
it is industrially scalable and relevant to practical cathode manufacturing. We employ
X-ray diffraction (with Rietveld refinement), scanning electron microscopy (SEM), UV–Vis
spectroscopy, and impedance spectroscopy to characterize the materials. By shifting fo-
cus from electrochemical cycling to intrinsic functional properties, this work establishes
new structure–property relationships that extend the potential of LiCo1−xMnxO2 beyond
conventional battery electrodes toward multifunctional optoelectronic devices.

2. Result and Discussion
2.1. X-Ray Diffractions and X-Ray Analysis

A qualitative analysis of the X-ray diffraction profile was performed using the Full-
Prof software (suit 64 bits) (Figure 1a,b). Based on this analysis, the two compounds
LiCo1−xMnxO2 (with x = 0.5 and x = 0.7) appear to crystallize in the cubic spinel structure
(space group Fd-3m), with estimated lattice parameters of a ≈ 8.095 Å for x = 0.5 and
a ≈ 8.112 Å for x = 0.7. Secondary phases are also observed, consistent with impurities
commonly reported in manganese-substituted spinel structures [14].
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Figure 1. (a,b) X-ray powder diffraction pattern ofLiCo1−xMnxO2 (x = 0.5; 0.7).

2.2. Scanning Electron Microscopy

The electrical and dielectric performances of materials are largely influenced by
grain size, which affects both ion diffusion and total conductivity [15,16]. For both com-
pounds studied, SEM images and the corresponding grain size histogram are presented in
Figure 2a,b. These images demonstrate grain uniformity and agglomeration, suggesting
high structural stability and good grain adhesion. Because the material is porous, some tiny
voids are also present, as is to be expected. We can extract the particle size distribution from
the previous histogram using the Image J 1.54d program. The LiCo0.5Mn0.5O2 compound
exhibits a smaller average grain size (2.02 µm) compared to LiCo0.3Mn0.7O2 (2.75 µm). This
difference in grain size may reflect the influence of manganese content on grain growth
during the solid-state synthesis, as higher Mn concentrations appear to promote grain
coarsening under the adopted thermal treatment conditions.
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Figure 2. (a,b) SEM images compound and the corresponding particle size histogram for:
(a) LiCo0.5Mn0.5O2, (b) LiCo0.3Mn0.7O2.

2.3. Optical Study

In our work, UV-visible was used to determine light efficiency via absorption methods
to unveil the material’s optical band gap entropy properties for describing crystalline
and electronic properties [17–21]. The absorption spectra of the studied compounds
LiCo1−xMnxO2 (x = 0.5; 0.7) are shown in Figure 3, where we observe two consecutive
large peaks for the two compounds moving towards long wavelengths with increasing
manganese rate. The spectra are characterized by broad absorption in the visible range
which implies the possibility of exploiting these materials in optoelectronic devices [22].

The first peak was observed at 230 and 240 nm for the compounds with x = 0.5 and
0.7, respectively, compared to 225 nm for LiCo0.7Mn0.3O2 [18]. This peak is attributed to
O2−-Co2+. The second peak, corresponding to the electronic transition from the valence
band to the conduction band, appeared at 368 [18], 372, and 380 nm for x = 0.3, 0.5, and 0.7,
respectively. Both peaks in the LiCo1−xMnxO2 compounds increase with the manganese
content, indicating that the band gap energy generally decreases as Mn content rises.
Substituting Co with Mn alters the electronic structure and crystal field splitting, affecting
the positions of the valence and conduction band edges, which results in a shift in the band-
to-band transition peak. To better understand the effect of this substitution on the optical
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properties, the band gap of the synthesized LiCo1−xMnxO2 sample is calculated. According
to the literature, the lamellar compounds with the formula AMO2 are characterized by an
indirect electronic transition (e.g., LiCo0.7Mn0.3O2: Eg = 1.88 eV) [18].

Figure 3. UV–visible absorbance spectrum of LiCo1−xMnxO2 (x = 0.5; 0.7).

Using the Kubelka–Munk relationship [22,23] shown in Equation (1) the energy gap
(Eg) values can be determined:

F(R)
e

=
(1 − R)2

2R
(1)

where R is the reflectance and “e” is the thickness of the compound (e = 1 mm). The term
((F(R))/e) is directly proportional to the absorption coefficient (α), this can be accomplished
by multiplying F(R) by (hv) and using the exponent (n) related to the electronic transition
as shown in Equation (2): (

F(R)
e

× (hv)
)n

= A(hv − Eg) (2)

where n = 1/2 for the allowed indirect transition, n = 2 for the allowed direct transition [20].
The point of intersection between the axis of irradiation energy (hν) and the extrapola-

tion of (F(R)/e × hν)0.5 as a function of energy (hν) was used to schematically evaluate
the indirect optical gap energies (Figure 4). The energy gap values were 1.88 [18], 1.85, and
1.60 eV for x = 0.3, 0.5, and 0.7, respectively. A decrease in the energy gap was observed
with an increasing Mn ratio in the samples. Indeed, Mn, which can have a variable oxi-
dation state (e.g., Mn3+ or Mn4+), can introduce energy levels into the band gap [23–28].
These levels add additional states between the valence band and the conduction band,
which reduces the effective gap energy, thus facilitating the passage of electrons between
the two bands. Moreover, the substitution of Co3+ with Mn3+/Mn4+ in the cubic spinel
framework (Fd-3m) significantly modifies the electronic structure of LiCo1−xMnxO2. The
larger ionic radius of Mn3+ (0.645 Å) compared to Co3+ (0.545 Å), combined with mixed
Mn valence states, induces local lattice distortions, bond-length disorder, and enhanced
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3d(O)–2p(Mn/Co) orbital hybridization. These effects introduce mid-gap states and reduce
the effective band gap, as evidenced by the decrease from 1.88 eV (x = 0.3) to 1.60 eV (x = 0.7).
The observed band gap energies (1.60–1.88 eV) lower than those of LiCoO2 (2.15 eV) and
LiFeO2 (2.40 eV) [29] enable strong absorption across the visible and into the near-infrared
range. The cubic symmetry governs the optoelectronic response, making these Mn-rich
spinel systems promising for applications such as visible-light photodetectors, narrow-gap
absorber layers in solar cells, and photocatalysts for environmental remediation [30–34].

Figure 4. (αhν)0.5 vs. (hν) plot for the compound LiCo1−xMnxO2 (x = 0.5 and x = 0.7).

In semiconductor or insulating materials, the absorption edge shows a rapid increase
in absorption near or above the band gap energy. The Urbach tail found beyond this edge
in the absorption spectrum indicates an exponential rise in absorption related to localized
states caused by defect impurities or structural disorder. The Urbach tail energy (Eu) can
be determined using the Urbach–Martiansen law presented as follows (Equation (3)) [30]:

α = α0exp
(

hv − Eg

EU

)
(3)

where α0 is a constant and Eu is the Urbach energy (eV). Figure S1 illustrates the Urbach
energy calculation for the studied compounds. In contrast to the optical band gap, the
Urbach energy (Eu) increases with increasing manganese content in LiCo1−xMnxO2 (x = 0.5,
0.7), with values of 0.55 eV and 0.65 eV, respectively. This trend correlates directly with the
evolution in phase purity and microstructural homogeneity revealed by X-ray diffraction
and Rietveld refinement [18]. The composition with x = 0.5 exhibits the lowest Urbach
energy (0.55 eV) among the Mn-rich samples, suggesting reduced structural and electronic
disorder, better crystallinity, and a lower density of tail states within the dominant spinel
framework. In contrast, the increase in Urbach energy to 0.65 eV at x = 0.7 reflects height-
ened disorder, likely driven by the greater concentration of Jahn–Teller-active Mn3+ ions
and the resulting Mn3+/Mn4+ mixed valence. This valence heterogeneity promotes local
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lattice distortions, cationic disorder, and microstrains, particularly near phase boundaries
or secondary phases, thereby broadening the band tail states and increasing (Eu). Despite
this rise in disorder at higher Mn content, the optical band gap decreases monotonically
from 1.88 eV (x = 0.3) to 1.60 eV (x = 0.7), as Mn substitution introduces mid-gap states
and enhances visible-light absorption. Consequently, while Mn incorporation narrows
the band gap beneficial for visible-light harvesting, it also introduces trade-offs in elec-
tronic homogeneity at very high Mn concentrations (e.g., x = 0.7). The x = 0.5 composition
thus represents an optimal balance between narrow band gap, low Urbach energy, and
structural integrity, making it especially promising for applications such as visible-light
photocatalysts and narrow-gap semiconductor devices.

2.4. Impedance Spectrum Analysis

The impedance spectroscopy analysis is considered an effective method for character-
izing the electrical behavior of samples. It distinguishes between contributions from grains,
grain boundaries, and the effects of electrode polarization [31]. The following spectra
(Figures S2 and S3) show the changes in the real and imaginary parts of the impedance for
both studied compounds within a specific frequency range and at a certain temperature.

The evolution of the loss factor (Z′′) shows a relaxation peak in each spectrum, located
between 102 and 105 Hz. The compound with x = 0.7 shows a higher relaxation frequency
than the one with x = 0.5 at all temperatures, suggesting that the former has a shorter relax-
ation period. A thermally induced relaxation mechanism is evidenced in both compounds,
with the relaxation peak shifting to higher frequencies as the temperature increases.

The frequency fluctuation in the real part (Z′) of the complex impedance as a function
of temperature is shown in Figure S1. Z′ is found to decrease with increasing frequency and
temperature, indicating that these compounds exhibit negative temperature coefficient of
resistance (NTCR) behavior. This kind of behavior indicates that our material’s decreased
density of trapped charges and improved mobility of charge carriers may lead to an increase
in AC conductivity. In the high-frequency range, Z′ is temperature-independent, indicating
that the material contains space charges. As the frequency rises, space charges have less
time to unwind. As a result, the curves at high frequencies converge as space charge
polarization decreases [32,33].

Figure 5a,b display the Nyquist plots for the studied compounds LiCo0.5Mn0.5O2 and
LiCo0.3Mn0.7O2, respectively. The observed semicircular arcs indicate relaxation processes
associated with charge transport in the grains and their boundaries [34]. We propose a
circuit model consisting of two cells: the grain contribution is modeled as a parallel combi-
nation of resistance and fractal capacitance, while the grain boundaries are represented by
a parallel combination of resistance and capacitance. The impedance of the CPE element
is ZCPE = 1/Q(jω)α, where Q indicates the value of capacitance of the CPE and α is the
fractal exponent. The total impedance of the proposed equivalent circuit has the expression:
Z = Z′ + jZ′′ such that it manifests the following (Equations (4) and (5)):

Z′ =

(
1

Rgb

)
+Qgb∗ωαg∗cos(αgb∗π

2 )((
1

Rgb

)
+Qgb∗ω

αgb∗cos(αgb∗π
2 )

)2
+(ω∗Cgb+Q

gb
∗ω

αgb∗sin(αgb∗π
2 ))

2 +

(
1

Rg

)
+Qg∗ωαg∗cos(αg∗π

2 )((
1

Rgb

)
+Qg∗ωαg∗cos(αg∗π

2 )
)2

+(Qg∗ωαg∗sin(αg∗π
2 ))

2 ,

(4)
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−Z′′ =
ω∗Cgb+Qgb∗ωαg∗sin(αgb∗π

2 )((
1

Rgb

)
+Qgb∗ω

αgb∗cos(αgb∗π
2 )

)2
+(ω∗Cgb+Q

gb
∗ω

αgb∗sin(αgb∗π
2 ))

2 +

Qg∗ωαg∗sin(αg∗π
2 )((

1
Rgb

)
+Qg∗ωαg∗cos(αg∗π

2 )
)2

+(Qg∗ωαg∗sin(αg∗π
2 ))

2

(5)

Figure 5. (a,b): Nyquist diagram of (a) LiCo0.5Mn0.5O2 and (b) LiCo0.3Mn0.7O2 compounds.

The overlap of the experimental data with the fitting model demonstrates a strong
agreement confirming the validity of the chosen equivalent circuit to describe the electrical
behavior of the system. To differentiate the existed contributions, the 393 K Nyquist plot
was deconvolved as shown in Figure S4. Red lines indicate equivalent circuit predictions,
while green and blue lines represent grain and grain boundary effects, respectively. Through
this adjustment we can extract some important parameters as shown in Tables S1 and S2.

Among the extracted parameters, we present the dependence of resistance on temper-
ature for both the grain and the grain boundaries of the studied compounds as illustrated
in Figure 6a,b. The grain resistance decreases with increasing temperature in both com-
pounds, indicating NTCR behavior [34,35]. This property characteristic of resistors with
negative temperature coefficients highlights its dependence on thermal effects to alter
electrical conductivity. Higher temperatures increase the thermal vibrations of charge
carriers, enhancing their mobility and reducing resistive barriers in the materials.

Furthermore, and using the pellet geometry (diameter = 8 mm, thickness = 1 mm), the
grain and grain boundary conductivities were calculated from the extracted resistances. At
393 K, the grain conductivity (σg) of LiCo0.3Mn0.7O2 (4.16 × 10−7 Ω/cm) is 2.4 times higher
than that of LiCo0.5Mn0.5O2 (1.74 × 10−7 Ω/cm), while the grain boundary conductivity
(σgb) is 5.4 times higher (1.74 × 10−7 Ω/cm vs. 3.24 × 10−8 Ω/cm). This significant en-
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hancement in both σg and σgb with increasing Mn content confirms that Mn3+/Mn4+ mixed
valence promotes bipolaron hopping not only within grains but also across grain bound-
aries. Notably, for LiCo0.3Mn0.7O2, σgb approaches σg, indicating that the grain boundaries
are less resistive likely due to improved interfacial connectivity or reduced defect density at
boundaries in the Mn-rich composition. In contrast, for LiCo0.5Mn0.5O2, σgb is an order of
magnitude lower than σg, highlighting the dominant role of grain boundaries as barriers to
charge transport in the Co-rich sample. These results underscore that Mn substitution not
only enhances bulk electronic conduction but also mitigates interfacial resistance, collec-
tively contributing to the superior overall conductivity of the x = 0.7 compound. The lower
activation energy of LiCo0.3Mn0.7O2 (0.28 eV vs. 0.45 eV for LiCo0.3Mn0.7O2), extracted
from the Arrhenius fit of the temperature-dependent conductivity data illustrated in Figure
S4, indicates easier thermally activated charge transport.

Figure 6. (a) Temperature dependency of grain resistance. (b) Temperature dependency of grain
boundary resistance.

2.5. Modulus Analysis

The electrical modulus is used to analyze the relaxation process in a sample, enabling
us to understand the complex dielectric behavior under an electric field. The complex mod-
ulus M ∗ (ω) is defined as the reciprocal of the complex permittivity ε ∗ (ω) as expressed
by the following Equation (6):

M ∗ (ω) =
1

ε ∗ (ω)
(6)

The complex modulus can exhibit substantial variation with frequency changes due to
polarization effects, thereby elucidating the behavior of insulating materials. Consequently,
it is critical to analyze the frequency dependence of the complex modulus. Utilizing
mathematical techniques and appropriate models in the fitting procedures allows for the
deconstruction of the complexities inherent in dielectric relaxation processes, yielding
deeper insights into charge transport mechanisms. In this context, the asymmetrical peak
width observed in the imaginary component of the electrical modulus surpasses that of
the Debye peak, which justifies the selection of the Bergman model as a suitable fit for the
experimental data [36,37]. The Bergman equation is represented as follows (Equation (7)):

M′′ =
M′′

1 max

(1−β1)+

(
β1

(1+β1)

)(
β1(

ω1 max
ω )+

(
ω

ω1 max

))β1
+

M′′
2 max

(1−β2)+

(
β2

(1+β2)

)(
β2(

ω2 max
ω )+

(
ω

ω2 max

))β2
.

(7)
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where β is the Kohlrausch parameter, which ranges from 0 to 1, and M′′
max is the maximum

of the complex modulus corresponding to ωmax [38]. Figures 7a and 8a show the variation
in the imaginary part of the electric modulus as an angular frequency function at different
temperatures for the LiCo0.5Mn0.5O2 and LiCo0.3Mn0.7O2 compounds, respectively.

Figure 7. (a) Frequency dependence of the imaginary part of electric modulus. (b) Variation in Ln (τ)
as a function of 1000/T for LiCo0.5Mn0.5O2 compound.

Figure 8. (a) Frequency dependence of the imaginary part of electric modulus. (b) Variation in Ln (τ)
as a function of 1000/T for LiCo0.3Mn0.7O2 compound.

Comparing the responses of the two materials reveals that increasing manganese
content shifts the dielectric response to higher frequencies. This shift occurs because
manganese alters the crystal structure and atom arrangement, affecting the material’s
response to electric fields. Additionally, manganese may introduce defect states that
influence dielectric properties, facilitating faster relaxation processes and contributing to
the observed shift [39].

As shown in Figures 7a and 8a, the theoretical results align well with the experimental
results, confirming our choice of the Bergman model. Qualitative analyses of the experi-
mental data indicate that the increase causes the relaxation peaks to shift towards higher
frequencies. This shift occurs because the electrodes at elevated temperatures respond more
quickly to stimulation, resulting in a reduced relaxation time. Additionally, we observe
the overlap of two relaxation phenomena (grain responses and grain boundary responses),
which occur at adjacent frequencies. The variation in relaxation time (τ = 1/2πfp), which
is inversely related to temperature, and the increase in τ with rising temperature suggest
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that the relaxation mechanism is thermally activated for both the grain and grain boundary
contribution and follow an Arrhenius-type law (Figures 7b and 8b) [40]. The activation
energies for the grains and grain boundaries in the complex module of the two samples
are very close, indicating similar relaxation mechanisms and interaction as a coherent
system. The obtained value of ωmax affirms our previous prediction. Assuming that M′′

max

represents the material’s ability to dissipate energy; we notice that the LiCo0.3Mn0.7O2

compound has a higher energy dissipation than the compound LiCo0.5Mn0.5O2. We can
explain this result by the fact that higher manganese content inLiCo0.3Mn0.7O2 may lead to
a more favorable structural arrangement that enhances energy dissipation mechanisms,
such as increased ionic mobility or more effective polarization processes.

The exponent β is small and far from unity for both the grain and grain boundary
contributions, confirming the absence of Debye-type relaxation. Since this parameter
reflects dipole interactions, it continuously decreases with temperature, indicating the
dominance of thermally activated interactions [40]. If the impedance and modulus peaks
coincide at the same frequency, it indicates a long-range motion; if not, a short-range motion
explains the conduction process [41,42]. The M′′

max and Z′′
max peaks at 333 and 373 K

are significantly out of alignment, as seen in Figure 9a,b. This discrepancy illustrates the
departure from the ideal Debye response and points to a short-range motion of polarons in
both compounds. Figure 9a demonstrates that for the LiCo0.3Mn0.7O2 compound, the shift
between the peaks becomes very small at 333 K. Consequently, we deduce that this material
possesses a relaxation of delocalized polarons (Debye type) at low temperatures. However,
for the complex LiCo0.5Mn0.5O2, the shift is steady and does not vary significantly with
temperature (Figure 9b).

Figure 9. Correlation of −Z′′(u) and M′′(u) plots at 273 and 393 K for: (a) LiCo0.5Mn0.5O2,
(b) LiCo0.3Mn0.7O2.

2.6. Conductivity Analysis

Two separate regimes can be seen in the frequency dependence of the investigated
compounds’ alternating conductivity (AC), which is displayed in Figures 10a and 11a.
Because the charge carriers react to the alternating field too slowly, conductivity at low
frequencies is dominated by the direct current component (σdc) and seems to be frequency
independent. Long-range transport systems are linked to this characteristic. Because of
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the increased mobility of charge carriers, which enables them to more efficiently follow
the oscillating electric field, the alternating conductivity (σac) becomes dominant at high
frequencies and typically increases with frequency. Higher conductivity results from an
increase in energy transfer as the carriers synchronize with the applied field.

Figure 10. (a) Frequency dependency of LiCo0.5Mn0.5O2. (b) Temperature dependency of A and S for
LiCo0.5Mn0.5O2 compound.

Figure 11. (a) Frequency dependency of LiCo0.3Mn0.7O2 compound. (b) Temperature dependency of
A and S for LiCo0.3Mn0.7O2 compound.

The variation in AC conductivity with frequency for both studied compounds is
characteristic of theuniversal power lawdescribed by Jonscher’s model (Equation (8)):

σac= = σdc + Aωs (8)
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where σdc is the direct current conductivity; A is a scaling coefficient that describes the
amplitude of the frequency-dependent terms and 0 < S < 1 which describe the degree of
interaction between the charge carriers and corresponds to the short motion of the mobile
ion [43]. Figures 10a and 11a show a notable agreement between the theoretical model and
the experimental results, confirming the validity of our approach. This analysis allows
us to extract important parameters, such as the thermal dependence of ln(σdc) shown in
Figure 12a,b. It is clear that the low-frequency conductivity of the compound with x = 0.7 is
higher than that of the compound with x = 0.5. Linear fitting enables the determination
of the activation energy of charge carriers in our compounds, yielding values of 0.21 eV
for LiCo0.5Mn0.5O2 and 0.22 eV for LiCo0.3Mn0.7O2. These comparable values suggest that
both compounds may exhibit similar conduction mechanisms.

Figure 12. (a) Ln(σdc) vs. 1000/T for LiCo0.5Mn0.5O2 compound. (b) Ln(σdc) vs. 1000/T for
LiCo0.3Mn0.7O2 compound.

Also, there are some other parameters derived from the adjustment of AC conductivity
such as the exponent A and S; theses later indicate the interaction among charge carriers and
their environment. The temperature dependence of the exponent S defines the conduction
mechanism; Figures 10b and 11b represent the temperature dependency of both exponents
A and S for the LiCo0.5Mn0.5O2 and LiCo0.3Mn0.7O2 compounds, respectively. From the
illustrated curves, we observe that the exponent A is in the order of angstroms. This
suggests that the interactions modeled by the Jonscher equation are likely related to the
forces acting between individual atoms or molecules, such as Van der Waals forces, covalent
bonds, or other molecular interactions occurring at this length scale. The presence of the
exponent A in this range indicates that these small-scale interactions are significant and
must be considered when analyzing the system [44]. Conversely, the exponent S for the two
compounds decreases with the rising temperature, consistent with the CBH model [45,46].
The exponent “s” for this model is represented as follows (Equation (9)):

s = 1 − 6 kBT

WM + kBT ln
(

1
ωτ0

) (9)

where WM is the height of the potential barrier. In the case where WM/KB has a large value
the exponent s is expressed as follows (Equation (10)):

s = 1 − 6 kB T
wM

(10)
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The value of WM with respect to the previously calculated activation energy distin-
guishes the quantity of charge carriers involved in the jump [47]. If WM = Ea/2, conduction
occurs through the correlated jump of two polarons. If WM = Ea/4, a single polaron is
responsible for the jump.

As evident from Figures S4 and S5, the measured barrier height value is equal to
half of the activation energy (WM = 0.12 eV for LiCo0.5Mn0.5O2 and WM = 0.14 eV for
LiCo0.3Mn0.7O2), indicating that the conductivity in both compounds is mediated by
bipolaron hopping. The bipolaron refers to a localized distortion in the lattice structure,
facilitating effective charge carrier transport. This highlights the significance of electron-
phonon interactions in conduction, revealing the mechanisms that influence the electrical
properties of the compound. The conductivity for this model is given by the following
expression (Equation (11)) [48]:

σac =
n π2NNpε′ wR6

w

24
(11)

where NNp is proportional to the square of the localized states density, ε′ is the value of
the dielectric constant for a fixed frequency, while Rω presents the jump distance given by
Equation (12) [49]:

Rw =
8e2

πε′ε0[wM + kBTln(wτ0)]
(12)

The adjustment of Ln(σac) as a function of (1000/T) within the temperature ranges
based on previous deductions shows a notable agreement between the theoretical data
and the experimental results, thereby enhancing the credibility of our choice as illustrated
in Figures S7 and S8. This adjustment enabled us to explore the variation in localized
states’ density with respect to specific frequency values, reflecting the number of potentially
occupied electronic states. Figure 13a,b demonstrate the dependence of this parameter
on frequency for the LiCo0.5Mn0.5O2 and LiCo0.3Mn0.7O2 compounds, respectively. The
density of localized states decreases as the frequency rises. This is frequently explained by
a decrease in the stability of non-localized states and an increase in chaos [50].

Figure 13. Frequency variation in the localized states density for (a) LiCo0.5Mn0.5O2 and
(b) LiCo0.3Mn0.7O2 compounds.

Based on this research, it was found that the electrical conductivity in LiCo1−xMnxO2

composites (x = 0.3, 0.5 and 0.7) follows the same conductivity model, which is the CBH
double polaron. Additionally, it rises with increasing manganese content (x); in fact, ln(σdc)
falls between (−11, −15) for x = 0.3 [18], (−12.8, −11.6) for x = 0.5, and (−11, −9) for x = 0.7,
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for example. The increase in electrical conductivity in the LiCo1−xMnxO2 composites
with increasing x can be explained by several interdependent factors. First, manganese
introduces mixed oxidation states (Mn3+ and Mn4+), enabling reversible electron trans-
fer processes between these two states, thereby increasing the density of mobile charge
carriers [51]. Second, the substitution of cobalt with manganese causes an expansion of
the crystal lattice due to the larger ionic radius of Mn3+ (0.67 Å compared to 0.545 Å for
Co3+), reducing the effective distance between metal orbitals and facilitating electronic
interactions [52]. Third, both Mn-containing compositions crystallize in a cubic spinel
framework (Fd-3m), which provides three-dimensional connectivity of the transition metal
cations, facilitating efficient electron transport through the crystal lattice [53]. Finally, the
higher Mn content in the x = 0.7 sample further enhances conductivity not through a phase
change, but via increased Mn3+/Mn4+ mixed valence within the same spinel matrix, which
introduces additional charge carriers and lowers hopping barriers [54]. These combined
mechanisms explain the significant improvement in electrical conductivity with increasing
manganese content [55]. We note that this increase in conductivity as a function of Mn rate
is accompanied by an increase in the density of localized N(EF) states, consequently, of the
number of charge carriers. Indeed the density of localized states at the Fermi energy (N(EF))
is directly related to the number of charge carriers available for electrical conduction. A
higher value of N(EF) indicates more accessible electronic states, increasing the density of
charge carriers and, consequently, electrical conductivity [56,57].

As a result of bipolaron conduction mechanisms and manganese’s mixed valence
states, the controlled addition of manganese to LiCoO2 not only lowers cost and toxicity (by
lowering the cobalt content), but it also preserves or even improves electronic conductivity
when compared to LiFeO2 while remaining competitive with LiCoO2.

3. Experiment
3.1. Synthesis

LiCo1−xMnxO2 compounds (where x = 0.5 and 0.7) were prepared using the solid-state
method with the following raw materials: Li2CO3 (Sigma Aldrich, St. Louis, MO, USA,
99%), Co3O4 (Sigma Aldrich, 99%), and Mn2O3 (Sigma Aldrich, 99%). The calculated
stoichiometric ratios of the raw materials were manually ground in an agate mortar for
homogenization. The resulting mixture was first calcined in air at 450 ◦C for 24 h to
decompose lithium carbonate and release carbon dioxide. The pre-calcined powder was
then reground to ensure homogeneity and uniaxially pressed at a pressure of 5 t/cm2

into circular pellets of 8 mm diameter and 1 mm thickness. These green pellets were
subsequently sintered at 650 ◦C for 12 h in air to enhance densification and crystallinity.
This relatively low sintering temperature was deliberately chosen to suppress lithium
volatilization, minimize the formation of secondary phases, and preserve stoichiometric
integrity factors critical for achieving phase-pure cathode materials, as widely reported in
the literature on layered lithium transition metal oxides [58–60]. Using the pellet geometry
(volume = 0.0503 cm3) and the measured masses (120 mg for x = 0.5; 135 mg for x = 0.7), the
relative densities were determined to be 95.2% and 96.1%, respectively, indicating highly
dense pellets with minimal porosity. After sintering, both flat faces of each pellet were
uniformly coated with silver paint and dried at 120 ◦C for 1 h to ensure low-resistance
ohmic contacts for subsequent electrical measurements.

3.2. Equipment

The purity of the compounds was verified using X-ray diffraction at room temperature.
This measurement was performed using an AnalyticalX’Pert Pro MPD instrument (Malvern
Panalytical-Almere, Almelo, The Netherlands) with a copper anti-cathode X-ray source
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(CuKα. λ = 1.5406 Å) at room temperature in the angular range of 10◦ ≤ 2θ ≤ 80◦. The
scanning electron microscope (FEI XL30 FEG ESEM) was used to investigate the external
structure at a high-vacuum condition with an accelerating voltage of 15 kV. Furthermore
UV–Vis spectroscopy was used to determine the optical properties of the studied material
and this analysis was performed using the “UV-3101PC” instrument in the wavelength
range of 200 to 800 nm. The analysis was carried out on a 0.5 mm thick pellet. A “Solartron
SI 1260” with double probes is used to perform electrical measurements in the air at
temperatures between 363 and 473 K and frequencies between 0.1 and 106 Hz. Pellets were
placed between two copper electrodes in a specialized container and coated with a small
layer of silver on the opposing surfaces to achieve good contact. A pressure of 5 t/cm2

was applied to the powder in order to obtain a circular disk that is 1 mm thick and 8 mm
in diameter.

4. Conclusions
Samples of LiCo1−xMnxO2 (x = 0.5, 0.7) were successfully synthesized via the solid-

state method. Rietveld refinement of X-ray diffraction data confirms that both compositions
are dominated by a cubic spinel phase (space group Fd-3m), with lattice parameters
increasing from ≈8.095 Å (x = 0.5) to ≈8.112 Å (x = 0.7), reflecting the incorporation of the
larger Mn3+ ion into the structure.

Optical characterization by UV–Vis spectroscopy reveals strong absorption across the
visible range, with the indirect optical band gap narrowing from 1.85 eV (x = 0.5) to 1.60 eV
(x = 0.7). This reduction is attributed to Mn3+/Mn4+ mixed valence, which introduces
mid-gap states and enhances Co/Mn 3d–O 2p orbital hybridization within the spinel
framework, thereby improving visible-light harvesting.

In contrast to the band gap trend, the Urbach energy increases from 0.55 eV (x = 0.5)
to 0.65 eV (x = 0.7), indicating greater structural and energetic disorder in the Mn-rich
composition. This is ascribed to the higher concentration of Jahn–Teller-active Mn3+ ions
and associated Mn3+/Mn4+ valence heterogeneity, which promote local lattice distortions
and broaden the band tail states—even within the dominant spinel matrix.

Impedance spectroscopy identifies two distinct relaxation processes corresponding
to grain and grain boundary responses. AC conductivity analysis, interpreted via the
Correlated Barrier Hopping (CBH) model, confirms that charge transport occurs through
bipolaron hopping. The x = 0.7 sample exhibits significantly enhanced conductivity both
in grains and across grain boundaries due to increased Mn3+/Mn4+ mixed valence, lattice
expansion, efficient 3D electronic connectivity inherent to the cubic spinel framework,
and reduced interfacial resistance. Despite the higher disorder (as reflected by Urbach
energy), the Mn-rich composition achieves superior overall electrical performance, with a
slightly higher activation energy (0.22 eV for x = 0.7 vs. 0.21 eV for x = 0.5), consistent with
thermally activated bipolaron conduction.

These results demonstrate that Mn substitution in LiCo1−xMnxO2 not only reduces
reliance on costly cobalt but also tailors optoelectronic properties for applications beyond
battery cathodes, such as visible-light photodetectors, narrow-gap absorbers, and photocat-
alytic systems, while maintaining robust charge transport through the spinel architecture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics14010019/s1, Figure S1 illustrates the Urbach energy
calculation for the studied compounds. Figure S2: Variation in real and imaginary part of the
impedance of the LiCo0.5Mn0.5O2 compound; Figure S3: Variation in real and imaginary part of
the impedance of the LiCo0.3Mn0.7O2 compound; Figure S4: Deconvolution of the Nyquist plot at
393 K; Figure S5: Ln (σg) vs. (1000/T) for LiCo0.5Mn0.5O2 and LiCo0.3Mn0.7O2 compounds; Figure
S6: Variation of (1s) as a function of temperature for the LiCo0.5Mn0.5O2 compound; Figure S7:
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Variation of (1s) as a function of temperature for the LiCo0.3Mn0.7O2 compound; Figure S8: Variation
in AC conductivity versus 1000/T for the LiCo0.5Mn0.5 compound; Figure S9: Variation in AC
conductivity versus 1000/T of CBH model for the LiCo0.3Mn0.7O2 compound; Table S1: Equivalent
circuit parameters for LiCo0.5Mn0.5O2; Table S2: Equivalent circuit parameters for LiCo0.3Mn0.7O2;
Table S3: Parameters derived from fitting the Bergman model to the frequency and temperature-
dependent imaginary part of the electrical modulus for the LiCo0.5Mn0.5O2 compound; Table S4:
Parameters derived from fitting the Bergman model to the frequency and temperature-dependent
imaginary part of the electrical modulus for the LiCo0.3Mn0.7O2 compound.
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