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The Pechini sol-gel method was applied to obtain LiMn2−xTxO4 (T = Ni, Fe; x = 0.1 to 0.5) nanopowders. Crystal and
electronic structures, chemical composition and magnetic properties of the materials were characterized by X-ray diffraction,
XPS, SEM/EDX microscopy, prompt gamma-ray activation analysis (PGAA), Mössbauer spectroscopy and magnetic suscepti-
bility, respectively. XRD measurements showed that the LiMn2−xNixO4 were single phase for x = 0.1 and 0.2. Three samples
with higher Ni content contained some addition of a second phase. Analysis of the oxidation state of the dopants by XPS
revealed ionic Ni2+ and Fe3+. Mössbauer spectroscopy also confirmed 3+ oxidation state of iron and its location in octahe-
dral sites, which excluded the inverse spinel configuration. XPS examinations showed that Mn3+ ions dominated in the iron
substituted series whereas the Mn4+ was dominant in the nickel series.
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1. Introduction
Lithium manganese oxide (LiMn2O4) spinel

has been extensively studied as a cathode material
for Li-ion batteries, as an alternative to LiCoO2,
LiNiO2 or LiFePO4 used today. Initially, LiMn2O4
spinel has been synthesized mainly using conven-
tional solid state methods [1, 2]. Nowadays, other
synthetic routes are applied too. One of them is a
modified sol-gel (Pechini) technique, which seems
to be appropriate for preparation of nanocrystalline
cathode materials. Being a solution-based route, it
offers a possibility of molecular level mixing of the
starting materials. As a consequence, one can attain
a high degree of homogeneity with small particle
size and high surface area [3–6].

Application of LiMn2O4 offers several ad-
vantages, like low cost, easy preparation, non-
toxicity, high potential (∼4 V vs. lithium metal),

∗E-mail: talik@us.edu.pl

satisfactory capacity, high energy density, low self-
discharge and high thermal stability [7–10].

In spite of these advantages, LiMn2O4 suf-
fers from a serious capacity fading during charge-
discharge cycles, which is unacceptable for com-
mercial applications. This problem can be caused
by several factors: manganese dissolution, elec-
trolyte decomposition at high potentials, the
Jahn-Teller (J-T) distortion at the state of a deep
discharge and lattice instability [11, 12]. The last
factor seems to be crucial for high cycling capac-
ity of lithium manganese oxide [13]. There are var-
ious strategies to improve the structural stability
of LiMn2O4. One of them is a partial substitution
of manganese ions by other divalent or trivalent
metal elements in the 16d octahedral sites in the
spinel structure [1] in order to block the propaga-
tion of the J-T distortion. The doping elements are
metals: either non-transition, e.g. Al, Mg [14–19],
or transition metals Ni [20–31], Fe [14, 32–41].
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The substitution range is indeed wide: from 0.5 %
up to 25 % of atomic fraction.

In our previous work [42], we synthesized
lithium manganese oxide spinels with Mn substi-
tuted by transition metals (Fe and Ni) and non-
transition metals (Mg and Al). The degree of B
spinel site substitution was 25 % for all metal atoms
(M), based on general formula of the substituted
spinel LiMn2−xMxO4, where x = 0.5. The sam-
ples were characterized by the following methods:
X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM/EDX), X-ray photoelectron spec-
troscopy (XPS) and SQUID magnetometry. XPS
was used to examine the chemical composition
and oxidation state of the manganese, in particu-
lar the Mn3+:Mn4+ ratio, from the deconvolution
of the complex Mn3p lines. The size of the grains
and crystallites were independently obtained from
SEM images and XRD patterns, respectively.

In this work, we continue examination of
LiMn2O4 substituted by transition metals Fe and
Ni, expanding the substitution range from 0.1 up
to 0.5. We studied how the degree of substitution
affects the structural and magnetic properties of
lithium manganese spinels.

2. Experimental
The spinel structured lithium manganese ox-

ide nanomaterials: LiMn2−xMxO4, where M = Ni,
Fe and 0.1 6 x 6 0.5 (corresponding to nomi-
nal Mn:Fe or Mn:Ni composition ratios of 1.9:0.1,
1.8:0.2, 1.7:0.3, 1.6:0.4 and 1.5:0.5, respectively)
were synthesized by a simple, low cost, modified
sol-gel method [5, 6, 42–45].

First, stoichiometric amounts of metal pre-
cursors: manganese acetate (C4H6O4)Mn·4H2O,
(pure p.a. 99 % CHEMPUR) lithium acetate
(C2H3O2)Li·2H2O (> 97 %, Sigma-Aldrich) and
nickel acetate (C4H6O4)Ni·4H2O (98 %, Sigma-
Aldrich) or iron citrate (C6H5FeO7·H2O) (pure
p.a., 18 % to 20 % Fe basis, Sigma-Aldrich) were
separately dissolved in deionized water under con-
tinuous stirring. In the second step, the solutions
were mixed together and stirred. The molar ratio
of total metal ions and citric acid was 1:1. For

example to obtain LiMn1.9Ni0.1O4, 1.9 mole of
manganese acetate tetrahydrate 0.1 mole of nickel
acetate tetrahydrate and 1 mole of lithium acetate
dehydrate were used.

Next, for the Ni doped series, citric
(C6H8O7·H2O, pure p.a., 99.5 %, Avantor
Performance Materials Poland S.A.) and acetic
(C2H4O2, 99.5 % CHEMPUR) acids were added
as complexing agents. Finally, the solution was
evaporated until a gel was formed, which was fur-
ther dried for a few hours at 150 °C. The prepared
xerogels were ground in an agate mortar to obtain
fine powders. The powders were heated in air flow
from room temperature to 300 °C with the heating
rate of 10 °C/min and maintained at this temper-
ature for 3 hours. Then, the samples were heated
at the same rate to 700 °C and maintained at this
temperature for next 5 hours. After completion of
the calcination stage the nanocrystalline powders
were cooled down freely.

For the iron doped series, the chelating agent:
citric acid monohydrate (C6H8O7·H2O) with ethy-
lene glycol (99 % CHEMPUR) were added to the
solution. The solutions were dried for several hours
at 150 °C. The obtained powders were ground in an
agate mortar and heated for several hours in air in
the temperature range of 300 °C up to 700 °C.

Powder diffraction studies were carried out on
a PANalytical PW1050 diffractometer in Bragg-
Brentano geometry. A nickel filtered CuKα1,2
source operating at 30 kV/30 mA was used to col-
lect patterns with step size 0.02° and within angular
range from 10° to 135°. The Rietveld method [46]
was applied to refine collected patterns using the
Fullprof software [47].

Example patterns are shown in Fig. 1. The in-
strumental resolution file was obtained from the in-
ternal silicon standard (a = 5.4306 Å). As the width
of the diffraction peaks was larger than the machine
broadening, size and strain models appropriate for
Laue class m3m (size = 15, strain = 14) were used
with the Thompson-Cox-Hastings profile [48]. The
anisotropic strain broadening was introduced in the
quartic form [49]. The anisotropic Lorentzian size
broadening was modelled using the spherical har-
monic approach proposed by Jarvinen [50].
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Fig. 1. Example XRD patterns for LiMn1.7Ni0.3O4 and LiMn1.7Fe0.3O4.

For all refinements, ionic form factors Li+,
Mn4+, Mn3+, Ni2+, Fe3+ and O2− were used. The
presence of nickel in the 2+ rather than 3+ state in
spinel oxides has been previously justified on the
basis of higher stability in both LiMn2O4 [30, 51,
52] and prototypical MgAl2O4 [53] doped with Ni.
Moreover, a similar conclusion has been drawn for
selenide spinel ZnCr2−xNixSe4 series [54] using
X-ray absorption spectroscopy at the Ni K edge.
Soft X-ray Absorption Spectroscopy (XAS) studies
of a similar compound LiMn0.5Ni0.5O4 [55] also
found signatures of Ni2+ on the octahedral site.
Due to the a priori unknown Mn4+:Mn3+ ratio, two
test refinements were performed in order to esti-
mate its influence on the structural parameters. The
first refinement was done only with the Mn3+ and
the second one with Mn4+ ionic form factors. The
obtained structural parameters were equal within
one standard uncertainty, therefore only Mn3+ was
used in all further refinements.

Parameters used in Rietveld refinement in-
cluded: lattice parameters, displacement and trans-
parency corrections, up to two size (K00, K41) and
strain coefficients (S400, S220), one asymmetry pa-
rameter, 3 individual isotropic atomic displacement
parameters (ADPs), where ADPs of atoms on the
same crystallographic site were constrained to be
equal. The background was treated as a linear inter-
polation between selected points. The refined size

parameter K00 (Y00 spherical harmonic) described
isotropic domain size [50] and K41 a fourth order
deformation. The strain parameter S400 was used to
quantify correlations along the main principal di-
rections [49] and S220 between each of these direc-
tions. In two of the samples: LiMn1.5Ni0.5O4 and
LiMn1.9Ni0.1O4, refinement of the higher terms of
shape and strain was unstable, therefore only the
K00 and S400 parameters were used. An attempt to
refine site occupation factors of lithium and man-
ganese vs. the dopant was also unsuccessful as
lithium is very weakly seen by XRD and there is
only small contrast between Mn and Fe/Ni. Wher-
ever available, statistical uncertainties at 1σ level
are reported in parentheses.

The microstructural observations of the
nanopowders as well as the microcomposi-
tional analyses were conducted using the JOEL
JSM-7600F Scanning Electron Microscope.

The XPS spectra were obtained using a PHI
5700/660 Physical Electronics Photoelectron Spec-
trometer with monochromatized AlKα X-ray radi-
ation (1486.6 eV). A hemispherical mirror analyzer
measured the energy of electrons with an energy
resolution of about 0.3 eV. The photoelectron emis-
sion from a surface area of 800 µm × 2000 µm was
recorded. All measurements were performed in the
conditions of 10−8 Pa. In every case, a charge neu-
tralizer was used because of the charge effect which
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occurs for non-conducting samples. The binding
energy was determined with reference to the C 1s
component set at 285 eV. Each peak of the recorded
spectrum is characteristic of a certain electron en-
ergy level of the measured elements. However, the
measured binding energies are not absolutely con-
stant but depend on the chemical environments,
where functional groups are located due to modi-
fication of the valence electron distribution. These
differences in electron binding energies in relation
to pure element are called chemical shifts. The an-
gle between the X-ray source and the sample sur-
face was 45°.

For XPS investigations, it is important to de-
termine the relative concentrations of various con-
stituents. The Multipak Physical Electronics pro-
gram [56] enables quantification of the XPS spectra
utilizing peak area and sensitivity factor. The stan-
dard atomic concentration calculation provides a
ratio of each component to the sum of all elements
taken into account in the data. Identification of all
elements, except H and He, is detectable within a
limit of the order 0.1 at.% for good quality spectra.
Only those elements are considered for which the
specific line is clearly visible in the spectrum. For
these lines, the background individually selected
in the region limited to the particular line is sub-
tracted and after that integration of the peak area
is performed [56]. The Gaussian-Lorentzian func-
tions were used to fit the XPS core level spectra.

Magnetic susceptibility was measured using the
SQUID Magnetometer MPMS-XL-7AC (Quantum
Design) in the temperature range of 2 K to 400 K.

The 57Fe Mössbauer spectrum was recorded
at room temperature using a constant acceleration
spectrometer with 57Co:Cr source. The spectrome-
ter velocity was calibrated with a high purity α-Fe
foil. The values of isomer shifts (IS) for all iden-
tified subspectra were determined relatively to the
α-Fe standard.

Determination of Mn:Li and Mn:Ni ratios in
Li, Mn, Ni oxides was performed by cold neutron
prompt gamma-ray activation analysis (PGAA).
The five analyzed samples were in the form of
powders, weighing between 30 mg and 60 mg. All
were derivatives of LiMn2O4, with a fraction of

the Mn replaced by Ni. The samples were sealed
in Teflon® Bags and analyzed using the NG7 cold
neutron PGAA instrument located at the NIST
Center for Neutron Research [57–59]. Irradiation
times for samples ranged from 18 h to 24 h.

Standards for measurement of Mn:Li ratios
were prepared from mixtures of Li2CO3 with (1)
Mn3O4; (2) MnO2, previously prepared for mea-
surement of Li:Mn ratios in Li:Mn oxides. These
were prepared by weighing components of the mix-
ture in a mixing vial and shaking for 20 + 20 min-
utes using a SPEX Mixer/Mill. A 0.3 g to 1 g por-
tion of each powdered mixture was pressed into a
pellet, sealed in a Teflon® Bag, and irradiated for
several hours in the prompt gamma beam. Addi-
tional standards for measurement of Mn:Ni ratios
were prepared from a mixture of Ni powder, MnO2,
and graphite, mixed similarly. Two pellets, weigh-
ing 0.3 g and 0.6 g were prepared from the mixture
as described above.

Calculations were performed using the 7Li cap-
ture gamma ray at 2032 keV, Mn gamma rays at
5015 keV and 7244 keV, and the Ni capture line
at 8998 keV. The peaks were integrated using the
SUM4 algorithm [60]. Sensitivities ratios calcu-
lated for the mixtures of Li2CO3 with Mn com-
pounds were used to determine mass content of Li
and Mn. A mass ratio of Li:Mn was first obtained,
which was then converted to moles Li/mol Mn.
Molar ratios for Mn:Ni were similarly calculated
using the ratios calculated from Ni:MnO2/graphite
standards.

3. Results and discussion
3.1. X-ray diffraction

It is well established that LiMn2O4 undergoes
a charge ordering transition accompanied by an or-
thorhombic distortion due to the J-T cooperative ef-
fect, close to room temperature [61]. The observed
3 × 3 × 1 superstructure is one of the factors limit-
ing cycling performance of Li-ion batteries.

Substitution of manganese with nickel in spinel
lithium manganates has been reported earlier in
nanosized form for x = 0.5 [30, 42] as well as poly-
crystalline phases for x = 0.05, 0.07 and 0.5 [21,
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51, 52] and it was sufficient to block the long range
J-T transition in favor of the cubic spinel structure.
At the same time, a study of the local environment
using Raman spectroscopy [30] revealed line split-
ting characteristic of a lower symmetry space group
(P4332), which could indicate structural distortion
due to cation ordering, similar to the one observed
in Mg doped compounds [52]. However, in the lat-
ter paper the authors did not find any signature of
long range cation ordering in the neutron diffrac-
tion pattern of the LiMn1.5Ni0.5O4 [52].

The lack of long range cation ordering in nano-
sized LiMn1.5Ni0.5O4 was also corroborated in our
earlier paper [42]. In the current study, the observa-
tion was extended to the whole substitution range
x = 0.1 to 0.5.

In all cases, lattice parameters of the Ni
doped samples were shorter than for the undoped
LiMn2O4, although they differed on absolute scale
(Table 1). It must be noted that the lattice parame-
ters of LiMn2O4 depend on conditions of synthesis,
which was reported earlier [62].

The decrease of the lattice parameter with in-
creased level of nickel doping in the octahedral
cation site might be at first surprising as the ionic
radius of Ni2+ (0.69 Å) is larger than the radii of
Mn3+ 0.58 Å in low spin (LS) and 0.65 Å in high
spin (HS) forms [63].

The increase of the lattice parameter by a larger
size of Ni2+ is compensated by the simultaneous
conversion of the Mn3+ into Mn4+ which is ex-
pected to maintain the charge neutrality. The ionic
radius of Mn4+ is the smallest of all of the radii
and equal to 0.53 Å. Roughly estimating, on aver-
age and assuming that Mn3+ is only in HS form,
substitution of x = 0.5 of Ni2+ should eliminate
Mn3+ and produce a net decrease of lattice param-
eter of (0.69 – 0.65) – (0.65 – 0.53) = – 0.08 Å.
The observed shortening of the lattice from 8.22 Å
to 8.17 Å, i.e. only 0.05 Å might be explained by
possible lithium overstoichiometry which was re-
ported earlier by Strobel et al. [64]. The location of
Li+ in the octahedral site would shift the charge
balance for the undoped sample into the Mn4+

side, therefore the effect of doping would be lower.
The large spread of lattice parameters caused by

the nonstoichiometric lithium has already been
shown [42] for LiMn2O4 synthesized by a sol-gel
method, similar to the route used in this paper.
However, as it has been already pointed out by Berg
et al. [21], the decrease in lattice parameters might
be also caused by stronger Ni–O bonding.

Fig. 2. Lattice parameter dependence (a) on nickel
concentration for LiMn2−xNixO4 (the real
concentrations were obtained by XPS and
PGAA methods); (b) on iron concentration for
LiMn2−xFexO4 (the real concentrations were
obtained by XPS method).

The lattice parameters in the Ni doped series de-
creases monotonically up to x = 0.3 where a sec-
ond phase starts to appear, which indicates that the
solid solution is close to the solubility limit. The
second phase with reflections at d = 2.40 Å, 2.07 Å
and 1.47 Å is visible up to x = 0.5 and cannot be
indexed by lowering of the symmetry of the spinel
phase. The limit is also visible in the lattice param-
eter plot (Fig. 2a), where the dependence flattens

Brought to you by | Uniwersytet Slaski - University of Silesia - Silesian University
Authenticated

Download Date | 11/9/17 10:38 PM



164 E. TALIK et al.

Table 1. Profile parameters obtained from the Rietveld refinement of the Ni doped series (CDS is Coherent Domain
Size; estimated shape anisotropy is reported in curly brackets).

Nominal composition a [Å] V [Å3 ] CDS [nm] Strain [%] SG Comment

LiMn1.9Ni0.1O4 8.222(1) 555.9(2) 91{1} 0.25(5) Fd3m pure
LiMn1.8Ni0.2O4 8.203(2) 552.0(2) 36{7} 0.25(2) Fd3m pure
LiMn1.7Ni0.3O4 8.190(1) 549.4(2) 58{32} 0.40(6) Fd3m +2nd phase
LiMn1.6Ni0.4O4 8.190(1) 549.3(2) 107{78} 0.52(5) Fd3m +2nd phase
LiMn1.5Ni0.5O4 8.172(2) 545.8(2) 43{1} 0.12(2) Fd3m +2nd phase
LiMn1.5Ni0.5O4 8.167(1) 544.7(2) 51{10} 0.0800(1) Fd3m [43]
LiMn2O4 8.207(1) 552.8(1) 80{7} 0.3101(1) Fd3m [43]
Li1.12Mn1.88O4 8.2232(4) 556.1 Fd3m [64]
Undoped 8.2228(4) Fd3m [52] NPD
Ni(II) 0.07 8.2156(1) Fd3m [52] NPD
LiMn1.5Ni0.5O4 8.16594(3) [53] XRD
LiMn1.5Ni0.5O4 8.1690 36.9 Fd3m/P4332 [31] XRD

out for x = 0.3 and 0.4 proving that no more mate-
rial is incorporated into the lattice. The last sample
with Ni content x = 0.5 regains the trend but with a
smaller slope which can be again explained by the
appearance of the second phase. The restoration of
the structural quality for x = 0.5 can be explained
on the basis of the argument given already by Bran-
ford et al. [52]. The authors in question noted that
the cation structural unit (Fig. 8 therein) was built
of 4 cations which stabilized the configurations of
1:3 or 2:2 (1:1). In our case, the x = 0.5 sample is
an example of 1:3 ratio (0.5 Ni:1.5 Mn).

The onset of phase separation is also reflected
in the increasing lattice strains and growing size
anisotropy (Table 6: rapid increase of the S220 coef-
ficient and K41 parameter). In all cases, the sizes of
the coherent scattering domains are under 100 nm.
The refinement of the oxygen position was also per-
formed, but the results reported in Table 6 and Ta-
ble 7, because of its smaller reliability as oxygen
atoms, are poorly seen by X-ray diffraction (Ta-
ble 6) and depend on other elements in the unit cell.
For the same reason, isotropic atomic displacement
parameters (ADPs) are also reported in Table 6 and
Table 7.

All samples in the iron doped series were ob-
tained as single phase cubic materials with the
spinel space group Fd3m. Lattice parameters were

found to increase with an increasing Fe concentra-
tion (Table 2) and for the x = 0.5 sample were sim-
ilar to those reported earlier in the literature, like
sample L16A [42].

The lattice parameter increase with higher iron
content (Fig. 2b) is only possible if Fe3+ substitutes
Mn4+ or Mn3+ but in a low spin state (LS). It is ev-
ident if one notices the ionic radii series (all values
in Å) Mn4+ (0.53) < Fe3+ (LS 0.55) < Mn3+ (LS
0.58) < Fe3+ HS (0.645) < Mn3+ (HS 0.65) [63].

Despite the monotonic changes in lattice and
anion parameters, the samples with the highest iron
content stand out from the rest. It is reflected in sev-
eral of their properties:
(a) the lattice parameters deviate from the trend set
out by x = 0.1 to 0.3 (Fig. 2b),
(b) the coherent domain size as well as the respec-
tive strain are twice as much (Table 2 and Table 7).

The above facts suggest that there is a quali-
tative difference between samples x = 0.1 to 0.3
and x = 0.4, 0.5, although the XRD analysis does
not indicate any presence of a phase transition. It
might be just a mere consequence of a preference to
form better crystallized domains or an effect of iron
clustering.

The oxygen position for the iron doped series
(Table 7) was refined using nominal iron content
and octahedral position, which was corroborated by
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Table 2. Profile parameters obtained from the Rietveld refinement of the Fe doped series (CDS is Coherent Domain
Size; estimated shape anisotropy is reported in curly brackets).

Nominal composition a [Å] V [Å3] CDS [nm] Strain [%] SG Comment

LiMn1.9Fe0.1O4 8.241(1) 559.7(1) 64{1} 0.15(3) Fd3m pure
LiMn1.8Fe0.2O4 8.241(1) 559.7(1) 43{1} 0.14(2) Fd3m pure
LiMn1.7Fe0.3O4 8.2454(8) 560.54(9) 50{1} 0.15(2) Fd3m pure
LiMn1.6Fe0.4O4 8.2546(6) 562.46(7) 250{1} 0.22(4) Fd3m pure
LiMn1.5Fe0.5O4 8.2547(6) 562.47(7) 113{1} 0.24(4) Fd3m pure
LiMn2O4 8.207(1) 552.8(1) 80{7} 0.3101(1) Fd3m [43]
Li1.12Mn1.88O4 8.2232(4) 556.1 Fd3m [64]
Undoped 8.2228(4) Fd3m [52] NPD
LiMn1.5Fe0.5O4 8.258(1) 563.1(2) 51{3} 0.2444(1) Fd3m [43]

Mössbauer spectroscopy and is also reported in Ta-
ble 6 and Table 7.

3.2. SEM imaging

SEM images show the morphologies of grains
in the examined compounds at magnification of
50000× (Fig. 3). The obtained powders can be con-
sidered as nanocrystalline materials because a large
number of the grains are close to 100 nm. The
exceptions are the samples doped with Ni and Fe
with x = 0.4.

3.3. PGAA

Ratios obtained using the data from each stan-
dard were averaged. Table 3 gives the final values
of moles Mn/mol Li and moles Mn/mol Ni for each
sample. Expanded uncertainties were determined
by adding uncertainties from counting statistics, re-
producibility of Mn (from the standard deviation of
two values from each gamma-ray line/sqrt(2)), and
the standard uncertainty: standard deviation of val-
ues obtained from the two standard pellets/sqrt(2),
and multiplying by a coverage factor of 2. Mn:Ni
ratios for all samples are in agreement with the
values calculated from the nominal stoichiometry.
Mn:Li ratios are lower than stoichiometric values
for all samples, however this may be due in part to
poor counting statistics for Li due to the low neu-
tron capture cross section and small sample size.

3.4. Mössbauer spectroscopy

The fitting parameters of the Mössbauer spec-
trum of LiMn1.5Fe0.5O4 (Fig. 4) are listed in Ta-
ble 4. The data displayed give clear evidence
that Fe3+ ions occupy two different octahedral
sites (D1, D2) that differ in values of QS and
abundances. As the origin of the difference is not
recognizable from Mössbauer measurement, we as-
sume that the Fe3+ ions occupy two sites with
slightly different symmetry because they have dif-
ferent QS values.

3.5. XPS
Fig. 5 shows the examples of the XPS

spectra for the samples LiMn2−xNixO4 and
LiMn2−xFexO4 in a wide energy range up to
1400 eV. Besides the lines of elements Li, Mn, Fe,
Ni and O forming the compounds, there are extra
lines visible from other impurities, coming from
the technological process. The C1s lines are espe-
cially intense due to the presence of organic tech-
nological remains of precursors, as was observed
in the literature [62]. The chemical formulas of the
measured samples were estimated from the XPS
analysis (Table 3 and Table 5). They were used for
the calculation of the magnetic moments. Fig. 4
presents deconvolutions of the XPS Mn3p lines
into two doublets corresponding to the Mn3+ and
Mn4+ contributions and the Li line. In Table 3 and
Table 5, the ratios of Li:Mn and Mn3+:Mn4+ are
collected.
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Fig. 3. SEM micrographs of the Ni series: (a) LiMn1.9Ni0.1O4, (b) LiMn1.8Ni0.2O4, (c) LiMn1.7Ni0.3O4,
(d) LiMn1.6Ni0.4O4, (e) LiMn1.5Ni0.5O4, and Fe series: (f) LiMn1.9Fe0.1O4, (g) LiMn1.8Fe0.2O4, (h)
LiMn1.7Fe0.3O4, (i) LiMn1.6Fe0.4O4, (j) LiMn1.5Fe0.5O4. Magnification 50000×, except (i) where it is
20000×.

Table 3. Chemical compositions and magnetic properties of the Ni series.

XPS Li/(Mn+Ni) PGAA Mn3+/Mn4+ Theta µeff (µB) µeff (µB)

composition 0.5: nominal composition [K] exp. calc.

Li1.16Mn1.82Ni0.13O3.89 0.60 LiMn1.64Ni0.09 Oy 0.61 16 6.1 5.9 Mn3+(HS), Mn4+, Ni2+

Li1.36Mn1.93Ni0.2703.46 0.62 LiMn1.44Ni0.16 Oy 0.59 40 5.9 6.1 Mn3+(HS), Mn4+, Ni2+

*Li1.16Mn1.65Ni0.2803.92 0.60 LiMn1.54Ni0.28 Oy 0.67 51 4.3 4.6 Mn3+(LS), Mn4+, Ni2+

*Li1.01Mn1.73Ni0.41O3.82 0.47 LiMn1.33Ni0.34 Oy 0.64 110 3.7 5.0 Mn3+(LS), Mn4+, Ni2+

*Li1.17Mn1.59Ni0.67O3.58 0.52 LiMn1.29Ni0.44 Oy 0.95 169 2.5 4.9 Mn3+(LS), Mn4+, Ni2+
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Fig. 4. 57Fe Mössbauer hyperfine parameters of
LiMn1.5Fe0.5O4. The fitted subspectra are pre-
sented on the spectrum.

Table 4. 57Fe Mössbauer hyperfine parameters of
LiMn1.5Fe0.5O4 where A is abundance, IS –
isomer shift, QS – quadrupole splitting.

Component IS [mm/s] QS [mm/s] A [%]

D1 0.347±0.003 0.643±0.040 65.17
D2 0.354±0.003 0.846±0.032 34.83

From XRD measurements the decrease of the
lattice parameter with increasing Ni amount was
observed. The radius of Ni2+ (0.69 Å) is larger than
that of Mn3+LS (0.58 Å) and similar to Mn3+HS
(0.65 Å). Therefore, a transformation of Mn3+ into
Mn4+ (0.53 Å) would explain the decrease of the
lattice parameter and the charge balance in the
compounds. Such decreased ratios Mn3+/Mn4+ are
shown in Fig. 6a and Table 3.

For the Fe series, the opposite behavior is
observed: the lattice parameters weakly increase
with increasing x and Mn3+ dominates (Fig. 6b
and Table 5). The ionic radii form two groups.
The first group contains Fe3+ (LS 0.55 Å), Mn4+

(0.53 Å), and Mn3+ (LS 0.58 Å), whereas Fe3+

(HS 0.645 Å) and Mn3+ (HS 0.65 Å) make the
second one. It is less probable that Fe3+ replaces
Mn4+ due to the charge and radius mismatch. The
magnetic measurements indicate that for the sam-
ples with x = 0.1 and 0.2, Mn3+LS is substituted by
Fe3+LS. For the samples with x = 0.3, Mn3+ HS is

Fig. 5. XPS overview spectra of the samples with
x = 0.5 for the Ni and Fe series.

replaced by Fe3+ HS, while for x = 0.4 a mixture
of the above states is present. Such separation can
explain the nearly constant lattice parameter with
increasing x.

The XPS O1s spectra, besides the line (1) re-
lated to the compounds (Fig. 7), exhibit some
extra lines which can be ascribed to oxygen
contamination, defects, etc. Extra lines at lower
binding energy are also observed.

The XPS lines of the Fe2p and Ni2p, for the
samples with x = 0.5, visible in Fig. 8a and Fig. 8b
are related to the Fe3+ (in accordance to Mössbauer
results) and Ni2+ states.

The XPS valence bands exhibit characteristic
features of the Mn3d and O2p (Fig. 9). Both va-
lence bands include a mixture of Ni3d or Fe3d
states. These results are similar to the results con-
cerning LMO [42, 62] and presented by Wu et
al. [65]. The features A and B are related to Mn3d
states. The peak A is due to the presence of eg
states of Mn3+ HS, while the peak B is attributed
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Table 5. Chemical compositions and magnetic properties of the Fe series.

XPS Li/(Mn+Fe) Mn3+/Mn4+ Theta µeff (µB)exp. µeff (µB)calc.

composition 0.5: nominal [K] 1 T

Li1.18Mn1.78Fe0.12O3.92 0.62 1.54 128 4.88 4.88 0.75Mn3+(LS) + 0.25Mn3+(HS), Mn4+, Fe3+(LS)
Li1.17Mn1.80Fe0.17O3.87 0.59 1.17 100 4.86 4.85 0.82Mn3+(LS) + 0.18Mn3+(HS), Mn4+, Fe3+(LS)
Li1.37Mn1.70Fe0.21O3.70 0.71 1.09 89 5.65 5.62 0.4Mn3+(LS) + 0.6Mn3+(HS), Mn4+, Fe3+(HS)
Li1.23Mn1.82Fe0.27O3.67 0.59 1.33 288 5.20 5.21 0.8Mn3+(LS) + 0.2Mn3+(HS), Mn4+, 2/3Fe3+(LS) + 1/3Fe3+(HS)
Li0.91Mn1.66Fe0.31O4.12 0.46 1.76 – – –

Fig. 6. XPS Mn3p and their deconvolution into syn-
thetic lines of Mn3+, Mn4+ and Li1s for (a) the
Ni series and (b) the Fe series.

to the t2g states of Mn3+ and Mn4+. The features
C and D are ascribed to O2p. The features E and F
may be due to some oxide contamination.

3.6. Magnetic measurements

Measurements of the magnetic susceptibility χ

showed magnetic irreversibility, zero-field-cooled
and field-cooled for the samples containing Ni

Fig. 7. XPS O1s of (a) the Ni and (b) Fe series. 1 marks
oxygen in the compound, 2 to 5 enumerate ad-
ditional lines.

and Fe. Fig. 10 shows several examples of mag-
netic susceptibility runs. No signature of Jahn-
Teller transition was observed in the substituted
compounds measured in this work.

The applied magnetic field was 1 T. The Ni sub-
stituted samples start ordering below 150 K. The
magnetic susceptibility measurements of the ma-
jority of the samples can be better fit according to
the relation using the Neél theory:

1
χ
=

1
χ0

+
T
C
− σ

T −θ
(1)
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Fig. 8. XPS of the Ni2p (a) and Fe2p (b) lines.

where C is the Curie constant, θ is the paramag-
netic Curie temperature, χ0 and σ are parameters
evaluated from the fit, and T is the temperature
in Kelvin. This indicates uncompensated antiferro-
magnetic character. For the samples with x = 0.4
and 0.5 the inverse of the susceptibility was fitted
according to the Curie-Weiss law:

1
χ
=

1
χ0 +

C
T−θ

(2)

The effective magnetic moment depends on the
amount of manganese and the ratio Mn3+:Mn4+

and Ni2+ amount (Table 3). Mn(3d4)3+ with
HS (high spin) has a magnetic moment of
4.90 µB, while Mn(3d4)3+ with LS (low spin) and
Mn(3d3)4+ have magnetic moments of 2.83 µB and
3.87 µB, respectively. According to the XPS re-
sults, the Ni magnetic contribution is Ni(3d8)2+

equal to 2.83 µB.

Fig. 9. The XPS spectrum of valence bands.

For the samples doped with Fe, measurements
at magnetic field of 1 T allow fitting the curves
for x = 0.1 – 0.4 using the Neél theory (Fig. 10).
The calculations of the effective magnetic moments
for the mixture of Mn3+ LS and HS and Fe3+ LS
(1.75 µB) and HS (5.92 µB), gave good agreement
with experimental values (Table 5).

The XPS valence band characters for the Ni and
Fe substituted samples reflect magnetic states of
the samples (Fig. 9). For the samples containing Fe
for x from 0.1 to 0.3 the features A, B, C and D (de-
scribed in Fig. 9b) are well separated. These sam-
ples measured at room temperature are in the para-
magnetic state. The samples with x = 0.4 and 0.5
are in ordered state. They have the highest admix-
ture of Fe3d states in the valence band. However,
the features A to D are difficult to distinguish. Both
above mentioned reasons can be responsible for the
change of the shape of the valence band states.

For Ni containing samples, the shapes of the
valence bands are similar, blurred (not visible
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Fig. 10. Magnetic susceptibility of (a) the Ni series and (b) the Fe series measured under 1 T.

Table 6. Structural parameters for the LiMn2−xNixO4 series.

x Anion parameter Size K00 Size K41 Strain S400 Strain S220
ADP [Å2]

Li Mn/Ni O

0.1 0.2697(3) 1.10(2) – 0.62(2) – 3.3(7) 3.87(7) 3.7(1)
0.2 0.2686(4) 3.00(9) 1.3(2) 0.22(5) 1.0(2) 12(1) 3.67(9) 3.3(1)
0.3 0.2587(3) 2.56(7) 2.6(2) 0.36(6) 3.3(2) 3.0(fix) 2.04(6) 2.8(1)
0.4 0.2594(3) 1.60(7) 1.8(1) 0.98(7) 4.7(2) 3.0(fix) 1.70(5) 2.7(1)
0.5 0.2710(3) 2.34(4) – 0.15(2) – 9.0(1.0) 4.4(1) 3.3(2)

Table 7. Structural parameters for the LiMn2−xFexO4 series.

x Anion parameter Size K00 Size K41 Strain S400 Strain S220
ADP [Å2]

Li Mn/Fe O

0.1 0.2704(3) 1.55(2) – 0.23(1) – 6.3(9) 4.68(8) 5.5(2)
0.2 0.2695(3) 2.3(3) – 0.19(2) – 2.8(7) 3.82(8) 4.7(2)
0.3 0.2697(3) 2.00(3) – 0.25(2) – 3.7(8) 4.2(1) 5.1(1)
0.4 0.2663(2) 0.40(1) – 0.48(1) – 1.0(4) 3.22(5) 4.2(1)
0.5 0.2646(2) 0.88(2) – 0.60(1) – –0.1(3) 2.66(5) 3.8(1)
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Mn3deg states (feature A). This may reflect not
only the paramagnetic state but the admixture of
the second phase, as well.

There are some theoretical papers claiming that
existence of Mn3+ LS is possible under high pres-
sure for cubic spinel structure [66]. However, in
case of the examined samples the primitive cell vol-
umes for LiMn2O4 (138.2 Å3) and LiMn1.5Ni0.5O4
(136.2 Å3) are located in the region where the en-
ergies of the Mn3+ LS and HS are comparable.

4. Conclusions
The Jahn-Teller distortion was eliminated in the

examined samples. The XPS Fe2p and Ni2p lines
confirmed the ionic states of Fe3+ and Ni2+. The
Mössbauer spectroscopy restricted the Fe3+ ion po-
sitions only to the octahedral sites. The valence
bands measured in ordered and paramagnetic states
differed due to broadening caused by the molecu-
lar magnetic field. The Mn3+ ions dominated in the
iron substituted series, whereas Mn4+ dominated
in the nickel one. The Pechini sol-gel method did
not fully control the dopant concentration within
the substitution range.
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