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Structure and electrical properties of Na-modificated

spinel LiNi0.5Mn1.5O4
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The paper presents the results of X-ray diffraction analysis, microstructure and dielectric characteristics studies

of solid solutions in the Li1−xNaxNi0.5Mn1.5O4 system. X-ray diffraction analysis showed that solid solutions in

the Li1−xNaxNi0.5Mn1.5O4 system have a disordered structure of the Fd3m spinel type. The introduction of Na+

into the system leads to the formation of NiO and LiMnO2 impurity phases, the concentration of which increases

with increasing Na+ concentration. It is shown that the introduction of Na+ into the system leads to a decrease

in the cell parameter, which indicates its non-inclusion or limited inclusion in the LiNi0.5Mn1.5O4 crystal lattice.

Analysis of the dielectric spectral dependencies showed that there is no transition to the ferroelectric phase in

Li1−xNaxNi0.5Mn1.5O4 solid solutions. The increase in electrical conductivity above 150K is due to hopping

conductivity.
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1. Introduction

Multiferroics, which simultaneously exhibit ferroelectric

and ferromagnetic ordering, are currently of great interest

to the researchers [1–2]. For commercial applications,

it is important to achieve a strong interaction between

ferroelectric polarization and magnetism to ensure mutual

control of magnetic spins and electric dipoles by applying

small external effects (voltage or magnetic field) with low

energy losses, especially at room temperature [3–5]. Thus,

understanding the basic mechanism of ferroelectricity and

magnetism interaction is a key factor in designing the

new multiferroics that may be used in magnetoelectric

devices.

One of the promising classes of multiferroics are chem-

ical compounds with a spinel-type structure with a wide

range of magnetic and electrical properties [6–9]. Due

to variety of magnetic properties and types of emerging

magnetic orders in spinel, this class of materials looks

promising for the search of multiferroics. The spinel

structure can accommodate transition metals, which in

many cases leads to different types of magnetic ordering

at high temperatures. Despite the diversity of mag-

netic spinels, a relatively small number of multiferroic

or magnetoelectric materials have been discovered among

them so far [10]. A magnetoelectric coupling may arise

only when the inversion center of the crystal structure is

suppressed. In spinels, the presence of different types

of atoms in cationic sub-lattices leads to potential atomic

ordering, which can suppress the inversion center. However,

in contrast to perovskite ferroelectric materials, no any

intrinsic ferroelectricity was observed in spinels during the

experiments, except for a suggestion on the non-centered

position of B-cation along the crystallographic direction

〈111〉 [11] and on the relaxor ferroelectricity in CdCr2S4
spinel [12]. On the other hand, the diverse magnetic

properties of spinels make them potentially promising for

observing new effects in magnetoelectric and multiferroic

compounds.

For example, LiFe5O8 can exist in a disordered form

with a random distribution of cations, as well as in an

ordered form that can be achieved by annealing at suitable

temperatures. LiFe5O8 is featuring magnetic order at

very high temperature (Tc = 905K), however, the exact

magnetic structure is still unknown [13]. The ordered

structure of LiFe5O8 can be described by the spatial

groups P4132 or P4332 (i. e. magnetoelectric interactions

like PM2 are prohibited). Despite this, the magnetoelectric

effect has recently been confirmed in this spinel below

room temperature [14], which can be explained by the

1806



Structure and electrical properties of Na-modificated spinel LiNi0.5Mn1.5O4 1807

fact that higher-order magnetoelectric coupling (PM4) is

possible in it. Other spinels, e. g., Mn4+ — containing

AM0.5Mn1.5O4 (A=Li, Cu; M=Ni, Mg), which exhibit

ferro- or ferrimagnetism, are also possible in the cation-

ordered structure of P4332 and may demonstrate magne-

toelectric properties [15], similar to LiFe5O8. E. g., the

spinel LiNi0.5Mn1.5O4 is itself a normal spinel where Ni2+

and Mn4+ are in the octahedral positions, and Li+ are in the

tetrahedral positions, i. e. Li+ serves as A-cation, and Ni2+

and Mn4+ serve as B-cation. Depending on the location

of cations Ni2+ and Mn4+ the spinel may have an ordered

structure (P4332) and disordered structure (Fd3m). For

ordered spinel, small superstructural reflections of (110)
and (320) are observed; in case of disordered spinel, these

reflections are absent [16].

LiNi0.5Mn1.5O4 are generally considered in publications

for the purpose of electrochemical applications. The

materials based on LiNi0.5Mn1.5O4 spinel are reported to

properly retain high voltage during charging/discharging at

about 4.7V. It is a promising cathode material for a new

generation of high-voltage lithium-ion batteries [17]. It

is also reported that doping of LiNi0.5Mn1.5O4 with Na+

cations affects both the size of crystal domains and the

parameters of the crystal lattice, without changing the basic

structure of spinel. Doping with Na+ not only increases the

disorder in the distribution of nickel and manganese cations

in the spinel structure, but also adds two additional electron

jump paths that improve charge transfer, reduce ohmic and

electrochemical polarization of materials, and improve the

diffusion coefficient of lithium ions [18].

LiNi0.5Mn1.5O4 also exhibits ferrimagnetic ordering un-

der temperatures below TN = 129K [19]. In this case, the

magnetic order is itself a collinear ferrimagnetic order where

both the Ni and Mn sub-lattices are ferromagnetic and spin-

polarized in the opposite direction. The ferromagnetism of

the Ni sublattice is due to its antiferromagnetic coupling

with Mn sublattice, while the interactions of Ni−Ni are

insignificant [20].

Despite the data available in the literature on the struc-

ture and electrochemical properties of LiNi0.5Mn1.5O4, the

dielectric and magnetic properties of these materials have

been poorly studied.

In connection with the above, the purpose of this study is

to find out the formation patterns for the phase composition,

structure, and dielectric characteristics of solid solutions

based on LiNi0.5Mn1.5O4 modified with Na+.

2. Objects and methods of research

The objects of research included solid solutions of

Li1−xNaxNi0.5Mn1.5O4, with 0.00 ≤ x ≤ 0.20, 1x = 0.05.

The following precursors, previously verified by X-ray phase

analysis, were used as initial components for the synthesis

of solid solutions: NaHCO3 (c.p.), NiO (p.), Mn2O3 (e.p.)
and Li2CO3 (c.p.).

The specimens were fabricated by two-stage

solid-phase synthesis at 1170K ≤ Tsynt 1 ≤ 1220K

(during 5 h), and 1220K ≤ Tsynt 2 ≤ 1270K. Sintering

was carried out using conventional ceramic technology at

1270K ≤ Tsint ≤ 1320K depending on the composition

for 2 h.

Phase composition of specimens was studied using

X-ray diffraction analysis (XRD) at Kurchatov Synchrotron

Radiation Source [21] equipped with Rayonix SX165 two-

dimensional CCD detector (λ = 0.75 Å, Si monochroma-

tor). The measurements were carried out at room tem-

perature using transmission geometry method, the detector

was located at a distance of 150mm from the specimen at

a deflection angle of 29.5◦ from the axis of the forward

beam to maximize the angular scale. Shooting time for one

image was 5min. The diffraction patterns were converted

to one-dimensional form I(2θ) using azimuth integration

in Dionis program [22], the broadening of the diffraction

lines was taken into account by measuring as per certified

standard LaB6 (NIST SRM 660a).
The content of the impurity phases was evaluated by

a relative intensity of their strongest line: I/I1 · 100%,

where I — intensity of the strong line of the impurity phase,

I1 — intensity of the strong line of the main phase.

The experimental (ρexp) specimens density was deter-

mined by hydrostatic weighing in n-octane.

The X-ray density (ρXR) was calculated using the formula:

ρXR = Z
M

NA

V, (1)

where Z — number of formula units, M — molecular mass

per one formula unit, NA — is Avogadro’s number, V —
lattice cell volume.

Relative density (ρrel) was found as follows:

ρrel = (ρexp/ρXR) · 100%. (2)

The accuracy of the lattice cell parameters determination

was found as: 1a = ±(0.002−0.004) Å.

The microstructure of the transverse ceramic cleavage

was studied using a 3D color laser scanning microscope

KEYENCE VK-9700 (in CRC
”
Joint Center for Scientific

and Technological Equipment of Southern Scientific Center

of the Russian Academy of Science (research, development,

testing)“ (No. 501994)).
The dielectric measurements were carried out using a

test bench equipped with Wayne Kerr 6500B impedance

analyzer (in the temperature range 10−325K). Frequency
of the measurement electrical field varied from 100Hz

to 1MHz. The specimens were cooled in a closed loop

helium refrigerator CCS-150.

3. Experimental Results

Analysis of solid solutions diffraction patterns

Li1−xNaxNi0.5Mn1.5O4, obtained at sintering temperature of
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Figure 1. Diffraction patterns of the solid solutions system

Li1−xNaxNi0.5Mn1.5O4.
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Figure 2. Dependencies of the lattice cell parameters, a , relative

densities, ρrel , average grain sizes, D of the solid solutions system

Li1−xNaxNi0.5Mn1.5O4 versus concentration x .

1273K, showed that pure LiNi0.5Mn1.5O4 has no impurities

(Figure 1). Li1−xNaxNi0.5Mn1.5O4 can be characterized

using spinel cubic structure with a spatial group Fd3m.

When 5mol.% of Na+ is introduced there remains some

amount of NiO that didn’t participate in the reaction. With

the increase of Na+ concentration of up to 10mol.%

apart from NiO [23] an impurity phase of LiMnO2 also

is formed [24]. With a further increase in the concentration

of Na+, the proportion of impurity phases rises. According

to the diffraction patterns, the solid solution structure is

disordered, as evidenced by the absence of diffraction

reflections corresponding to the ordering [16]. The change

in parameters of lattice cell, a , relative densities, ρrel,

and average size of grains, D in the solid solutions of

Li1−xNaxNi0.5Mn1.5O4 system versus concentration x are

shown in Figure 2.

When Na+ cations are introduced into the system,

the cell parameter is diminished. This may indicate

Lattice parameters (a) for all specimens after sintering and

ratios of/integral intensities I(400)/I(311)

x a (Å) I(400)/I(311)

0.00 8.301 0.98

0.05 8.205 0.97

0.10 8.198 0.99

0.15 8.210 1.01

0.20 8.225 1.00

that Na+ is practically not integrated into the structure

of LiNi0.5Mn1.5O4, since the ionic radius Na+ is larger

than Li+ (R(Na+) = 0.98 and R(Li+) = 0.68) [25]. The

decrease in the cell parameter may be due to the withdrawal

of part of the B-cations from the structure, forming the im-

purity phases NiO and LiMnO2. The degree of substituting

ions filling in lithium positions 8a can be represented by

integral ratios of peak intensities (400)/(311) [19,26]. The

ratio of peaks (400)/(311) for the obtained LiNi0.5Mn1.5O4

remains practically unchanged when Na+ is introduced into

the system (table), which is also an evidence that Na+

cannot be integrated into the lattice of LiNi0.5Mn1.5O4.

Analysis of photographs of the microstructure of the solid

solutions of system (Figure 3, a) showed that the average

grain size varies from 4.9 to 6.3µm (Figure 2) depending

on the value of x . In all solid solutions the grains have a

shape of polyhedrons.

When the concentration of Na+ increases above

10mol.%, needle-shaped grains appear (highlighted in Fi-

gure 3 with a dashed line), which is typical for the phase

LiMnO2 [27]. At x = 0.15, a decrease in grain size is

observed, while the lattice cell parameter increases and

the ratio I(400)/I(311) rises, which is caused by internal

changes in the system.

ε′/ε0 and ε′′/ε0 versus temperature in solid solutions

of Li1−xNaxNi0.5Mn1.5O4 are given in Figure 4, a and

Figure 4, b. The nature of the dependences indicates

the absence of a ferroelectric transition in the studied

temperature range, which corroborates the version that the

disordered spinel Li1−xNaxNi0.5Mn1.5O4 is not a multifer-

roic of the II kind. The dependences show that in the

temperature range from 15K to 125K, the compositions

have low values of dielectric constant (below 60). With

an increase in the content of Na+, the stability interval

ε′/ε0 and ε′′/ε0 is maintained. Above the temperature

of 125K, the dependencies show a sharp increase in

the values of ε′/ε0 and ε′′/ε0. Apparently, the main

mechanism of electrical conductivity rise in these objects

is a hole hopping conductivity between Mn4+ and Mn3+

cations [28,29].

In the studied system of solid solutions, this mechanism

may occur due to the fact that oxygen vacancies are created
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Figure 3. Photos of microstructure of the solid solutions of system

Li1−xNaxNi0.5Mn1.5O4.

during high-temperature sintering as a result of electrons

release:

O ↔ V
o + 1/2O2,

V
o ↔ V

oo

O + 2e
′.

Higher number of oxygen vacancies can cause a change

in the valence state of Mn4+. If the released electrons

in the system are coupled with Mn4+ in the system, the
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Figure 4. Dielectric characteristics ε′/ε0 (a) and ε′′/ε0 (b) versus
temperature within the frequency range of 100Hz−1MHz in the

solid solutions of the system Li1−xNaxNi0.5Mn1.5O4.

charge Mn (4+↔3+) will be transformed as described below:

Mn4+ + e
′ ↔ Mn3+.

4. Conclusion

By method of two-stage solid-phase synthesis followed

by sintering using conventional ceramic technology, solid

solutions were obtained for Li1−xNaxNi0.5Mn1.5O4 system

with 0.00 ≤ x ≤ 0.20, 1x = 0.05. The solid solutions have

a structure of a disordered spinel Fd3m. It is shown that

impurity phases of NiO and LiMnO2 are formed in the

system, the concentration of which rises with higher concen-
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tration of Na+. The X-ray diffraction analysis demonstrated

that Na+ cations cannot be integrated into the structure of

LiNi0.5Mn1.5O4. In the temperature range from 15 to 125K,

a plateau with values not exceeding 60K is observed on

the dependences ε′/ε0 and ε′′/ε0. The increase in the

dielectric constant above 150K is explained by the hopping

conductivity between the cations. Mn3+ and Mn4+.
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