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LiMn; 5Nig 504 is investigated by anelastic spectroscopy in order to study the manganese dynamics. An
intense thermally activated peak, detectable only in off-stoichiometric samples, is attributed to a pola-
ronic conduction due to an electron transfer from Mn>* to a Mn**, and the consequent motion of the
Jahn-Teller lattice distortion. In order to have a good fit of the experimental data, the Jonscher model

for ionic dynamics is adopted for the first time in this spinel structure. A value of about 0.3 eV for the
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energy barrier of the polaronic conduction is obtained.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Spinels derived from LiMn,0,4 have been largely used as cath-
odes for lithium batteries because of their good stability, low cost
and respect of environment [1-3]. However, on cycling LiMn;04
presents a phase change [4] leading to rapid loss of capacity [5].
To overcome this loss, a family of 3:1 cation-ordered spinels,
LiMn,_,M,04 with x = 0.5; M = Mg, Cr, Mn, Fe, Co, Ni, Zn, has been
developed [6-8]. Among substituted spinels, LiMn; sNig504 has
been largely investigated because it is cobalt free and is able to
reversibly cycle lithium in electrochemical cells for hundreds of
times at high current rates [9]. The high charge/discharge potential
at ~5V [10] is caused by Ni?* to Ni#* oxidation, which completely
replaces the oxidation process of the Mn*"/Mn>" pair observed at
ca. 4.0V [11,12].

The structure and the performances of LiMn; sNigs50,4 strongly
depend on the preparation method [10-15]: high temperature syn-
thesis produces a face-centered cubic spinel, Fd-3m space group,
cF56 lattice, whereas samples annealed below 700 °C present an
ordered spinel with a P432 space group [13,14]. Moreover, samples
synthesized above 650 °C lose oxygen and separate in a spinel
phase with a smaller Ni content and in a LiyNi;_xO;_x> phase
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(Fm-3m space group, cF8 lattice). This leads to the occurrence of
some Mn>" and causes the development of a 4-V plateau and a
decrease in 5-V capacity [11]. Despite these drawbacks, in many
cases syntheses at higher temperatures are preferred, because
the growth of the spinel phase is extremely slow when conducted
below 650 °C. A detailed investigation [9] on the effects of the syn-
thesis conditions on the materials structure, morphology and per-
formances showed that samples produced by wet chemistry,
starting from acetate precursors and annealed at 800 °C, were the
best performing.

In the present work we investigated the presence and the
dynamics of defects in LiMn; sNig504 by means of anelastic spec-
troscopy (AS), in particular of the Mn>* ions which, even though
undesired, in most cases are present in the spinels. It is shown that
Mn>* Jahn-Teller ions can transfer an electron to Mn** sites; the
consequent motion of the electron and its associated lattice distor-
tion gives rise to a polaron dynamics revealed by AS.

2. Experimental

The LiNigsMn; 504 powders were synthesized by wet chemistry method using
metallic acetate precursors [9]. Inductively Coupled Plasma Atomic Absorption
(ICP-AA) has been used to confirm the overall stoichiometry of the samples. The ob-
tained materials were characterized by means of structural (X-ray Diffraction) and
electrochemical (Galvanostatic Cycling) techniques. The XRD experiments were
carried out using Philips X'Pert Pro diffractometer equipped with a fast X'celerator
detector and a Cu K radiation source. The Rietveld refinement of the recorded spec-
tra was performed by the software Maud [16,17].
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The consolidated samples necessary to perform anelastic spectroscopy mea-
surements were obtained by mixing the spinel with KBr powder and pressing the
mixture in a rectangular die, with dimensions of 40 x 6 mm?, following a well
established procedure [18-21].

The bars used for anelastic spectroscopy measurements were suspended on
thin wires located at the nodal lines of flexural vibration modes and were excited
to the corresponding mechanical resonances by means of an alternate electric field.

The sample vibration produces an alternate stress which interacts with the local
lattice distortions introduced by the mobile entities and perturbs their site energies
in such a way that the sites that are energetically favored in the first half period be-
come unfavored in the second half. The system then attempts to reach an equilib-
rium redistribution among the perturbed levels. At the temperature at which the
relaxation rate 7! of the mobile atoms is equal to the angular vibration frequency
o, i.e. at the Debye relaxation condition wt =1, the stimulated atomic migration
follows, by thermal activation, the sample vibration and the coefficient of elastic en-
ergy dissipation Q! reaches its maximum value.

The energy dissipation (or reciprocal of the mechanical quality factor Q) is mea-
sured from the width of the resonance peak. The dynamic Young’s modulus E is ob-
tained together with Q™! from the angular vibration frequency (w): E = w?p/z,
where p is the mass density and z a numerical factor depending on the sample
geometry [22].

As described above, in case a species can move in the sample with a relaxation
rate t~! by means of thermal activation, the elastic energy coefficient presents a
maximum when the Debye relaxation condition wt =1 is satisfied. For a single
relaxation time, 7, Q"' is given by:
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where c is the molar concentration of the jumping atoms and n; and n, their equi-
librium fractions in sites 1 and 2; 2; and /, are the elastic dipoles [22] of the defects
in their two configurations; g is a factor of the order of ¥2 depending on the geometry
of the jump and the type of sample vibration, 7o the unit cell volume, « a parameter
equal to 1 for a single Debye process, and k the Boltzmann constant. For classical pro-
cesses T = 1oeV/¥T, where W is the activation energy. In many cases, the experimental
peaks are broader than the Debye one and they can be described by means of a
Fuoss—Kirkwood model, in which the parameter « in Eq. (1) becomes smaller than 1.

In the usual model of defect relaxation between two equivalent sites, the relax-
ation intensity (A) in Eq. (1) decreases with increasing T, leading to a higher inten-
sity for the peaks measured at lower frequencies. However, experimentally, many
peaks are more intense when measured at higher frequencies. In such cases, one
has to consider the process of hopping between two non equivalent sites, 1 and
2, with energy separation AE: the relaxation intensity, which is proportional to
the product of the respective populations, becomes [23]:
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and leads to higher intensity of peaks detected at higher «. Moreover, many mate-
rials present highly asymmetrical peaks, having a large low temperature tail, which
cannot be described by use of a physically reasonable distribution of relaxation times
[24]. In this cases a satisfactory analysis can be obtained [25] replacing the wt
Debye-like formula by the Jonscher empirical expression of the dielectric response
theory [26]:

Q' xA L _ 3

(@/a)™ + (o]w)

In this model, the temperature dependence of the relaxation intensity (A) is re-
tained [22]; the factors n and m are lower than 1; the parameter ' is expected to be
of the same order of magnitude of t~'. The parameter «’ is assumed to be
' = wye""W/* and is used to measure the activation energy, W, in the usual way
[25].

Thermogravimetry (TGA) measurements were performed concomitantly with
mass spectrometry (MS), using a Setaram Setsys Evolution 1200 TGA System,
equipped with a Pfeiffer Prisma analyzer QMS 200. The TGA curves were measured
during heating with a rate of 10 K/min in a vacuum of the order of 10~4 mbar. The
cooling was carried out at the same pressure and with the same temperature rate.

3. Results and discussion

Fig. 1 shows the X-ray diffraction analysis of the as prepared
sample (sample S1). The pristine material is constituted by the
cF56 lattice (crystallite size 194 nm, consistent with the stoichiom-
etry LipogNig46Mnys5404) with some traces of the cF8 phase
(2.7 vol.%, crystallite size 49 nm, consistent with the stoichiometry
Lig.1Nig.90g.95). The resulting mean Mn oxidation state of the spinel
phase is 3.96 to be compared with the 3.98 estimate from CG data
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Fig. 1. X-ray diffraction patterns of samples S1 (as prepared), S3 (annealed at
10~* mbar at 950 K) and S4 (annealed at 10~* mbar at 1050 K).

(results not shown), indicating a content of Mn3* <4% of the total
manganese ions.

Fig. 2 shows the anelastic spectrum of the as-prepared S1 sam-
ple, measured in the temperature range between 290K and 4 K
and the featureless dissipation of a pure KBr sample, to be consid-
ered as a background. The spectrum of the as-received sample S1
displays a broad dissipation peak centered around 100K and a
smaller bump around 230 K. The spectrum was measured at differ-
ent frequencies (results not shown) but the broadness of these fea-
tures made difficult to ascertain if they were due to thermally
activated processes or not. In this compound, non thermally acti-
vated processes could be induced by the occurrence of magnetic
transitions in the LiNigsMn; 504-like spinel [27,28] and in the spu-
rious LiyNi;_,O;_x/> phase [29,30]. On the contrary, the dynamics of
Mn>* would give rise to a thermally activated relaxation process, as
already reported for the LiMn,0,4 parent compound [31].

To quantitatively investigate the dynamics of Mn>" ions, we in-
creased their concentration by means of thermal treatments. It is
known [32,33] that an oxygen off-stoichiometry is balanced by a
change in the Mn ions valence. Therefore, we prepared a Mn>*

—
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Fig. 2. Elastic energy loss of sample S3 (LiNip5Mn; 504 heated in vacuum up to
950 K) and S4 (LiNipsMn; 504 heated in vacuum up to 1050 K). Lines are best fit
curves. As a reference also the spectra of sample S1 (starting LiNipsMn; 504 spinel)
and of KBr are shown.
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enriched samples by heating the starting spinel in vacuum
(10~*mbar) in a thermobalance. TGA data are reported in Fig. 3
and show that the mass starts to decrease at 850 K; the loss is
about 1.0% at 950 K and reaches a value of about 5.4% at 1050 K,
and it is entirely due to the release of oxygen, as indicated by the
concomitant MS measure. The oxygen loss induces the presence
of 15% (41%) Mn>* ions in the sample heated at 950 K (1050 K).

XRD experiments performed on sample S3 (heated in vacuum
at 950K) confirm that the pristine cF56 phase (the spinel
LiNigsMn; 504 phase) is the dominant phase and the amount of
the contaminant cF8 lattice (i.e. LixNi;_xOq_x32) is only slightly
increased (8.5 vol.%) (see Fig. 1). The anelastic spectrum of sample
S3 (with 15% Mn>*) measured between 300 and 4 K displays a very
intense thermally activated peak centered around 150 K with a
shoulder on the low temperature side (see Fig. 2). The peak is quite
large and highly asymmetric and its shape closely resembles the
one of the relaxation peak previously measured in LiMn,04 [31].

An analysis of the peaks by means of the Fouss-Kirkwood mod-
el did not account for the width of the peaks and for their shape, as
already observed in LiMn,04 [31]. Therefore, we adopted the more
complex Jonscher empirical formula of the universal dielectric re-
sponse theory (Eq. (3)), considering also the temperature depen-
dence of the relaxation intensity (A) for double potential well,
with two non-equivalent sites (Eq. (2)):

(4) i
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Moreover, we added a gaussian contribution to the elastic dissi-
pation, Q;, to account for possible non thermally activated contri-
butions due to the occurrence of magnetic phase transitions in the
LiNipsMn; 504 spinel and the spurious LiyNi;_,O1_x> phase [27-
30]:

(4)
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The best fit curves are plotted as lines in Fig. 2 and the relative
parameters are reported in Table 1. The activation energy, W, and
the energy separation, AE, obtained from the Jonscher model for
the mobile species are W=0.301eV and AE=0.053eV. As dis-
cussed in Section 2, the parameter «' is assumed to be
' = w'e”"*T; even though it does not provide information on 7, it
is used to measure the activation energy W.

The peak at 150K is likely originated by the presence of Mn>*
ions. Indeed, also O vacancies are present in the samples, but they
give rise to symmetric peaks [22]. The need of fitting the anelastic
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Fig. 3. TG curve of the starting LiNipsMn; 504 powders on heating up to 1050 K.

Table 1
Parameters of the best fit curves.
S3 S4

AE (eV) 0.053 0.035
To (S) 6.1E-14 5.9E-13
W (eV) 0.301 0320
m 0.14 0.10
n 0.01 0.18
C(K) 31 2.1
A(K) 0.34 0.00231
1(K) 55 70
T. (K) 117 127

peak with a model based on ionic conduction [25] further corrob-
orate the hypothesis of the motion of manganese ions. Moreover,
the ionic dynamics was already reported for spinels containing
mixed valence ions, like LiMn,04, Fe3s04 and FeMnQO,4 [31-34]. It
is important to note that the presence of Mn>" would induce a
transfer of an electron from a Mn>* to Mn** ion. Anelastic spectros-
copy would not detect a transfer of charge, if it was not accompa-
nied by a lattice distortion [22]. However, Mn>" is a Jahn-Teller ion,
which implies that the lattice is distorted around it; during the
charge transfer to Mn*", the motion of the electron is associated
with the lattice distortion and gives rise to a polaron dynamics re-
vealed by AS. One can note that the present analysis provide for the
first time the activation energy for the movement of Mn>" ions in
LiNigsMn; 504 and a good fitting model which is able to reproduce
the experimental data quite well.

Previous literature about the movement of polarons in the par-
ent compound LiMn,04 reported great discrepancies in the values
of the activation energy: Sugiyama et al. [34] reported a value of
about 0.14 eV from the Arrhenius plot, while, later on, Paolone
et al. [31] obtained a value of 0.062 eV by means of a Fouss—Kirk-
wood model. This difference was attributed to a different stoichi-
ometry of the samples, but it is worth noting that the models
used in those papers are not able to well reproduce the experimen-
tal data. In the present work the Jonscher formula is finally able to
give a good fitting of the experimental points.

To investigate the effects of an additional increase of number of
the Mn3* ions, we measured the anelastic spectrum of a sample
(sample S4) heated in vacuum up to 1050 K, inducing about 41%
of Mn?". S4 displays a thermally activated relaxation peak (see
Fig. 2), which is less intense and shifted to higher temperature with
respect to the one observed for the sample S3. This peak was ana-
lyzed by means of the same model used for sample S3 and the best
fit curves obtained from the analysis are plotted as lines in Fig. 2
and the relative parameters are reported in Table 1. In S4 the
non thermally activated component is practically negligible. The
activation energy, W, and the energy separation, AE, obtained from
the Jonscher model are in good agreement with those ones ob-
tained for sample S3, but the values of «’ in S4 is higher than in
S3 by an order of magnitude (6 x 107 '®s vs. 6 x 107'*s), and
therefore also the 7o would differ by an order of magnitude in
the two samples. These differences for the relaxation processes ob-
served in the two samples S3 and S4, i.e. the absence of non ther-
mally activated contribution and the different values of the
parameters, can be ascribed to the a dramatic change induced in
the lattice by the thermal treatment up to 1050 K. In particular
one can connect the absence of the peak around 117 K to the dis-
appearance of the spinel phase, which undergoes a magnetic phase
transition around such temperature. Indeed X-ray Diffraction on
the material heated in vacuum up to 1050 K (Fig. 1) showed that
the pristine cF56 phase completely disappeared and the cF8 phase
becomes the dominant component of the material. The possible
other components tentatively identified in the XRD pattern of the
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material heated at 1050 K were mixed oxides (Li,(Mn,Ni)O, (oP32,
hR12 or mC8 lattices) [35-38], where large part of Mn ions are 3+.
Indeed the relaxation process observed in sample S4 could be due
to the dynamics of Mn>" ions relaxing in a lattice strongly modified
by the oxygen loss, but the possibility that the peak could be as-
cribed to a different relaxing unit cannot be ruled out.

4. Conclusions

In LiNigsMn; 504 samples, heat-induced oxygen deficiency in-
creases the presence of Mn>*. In the anelastic spectra of these sam-
ples, the dynamics of the manganese ions is detected as a
thermally activated process, which would correspond to a transfer
of an electron from a Mn>* to Mn** ion. Since Mn>" is a Jahn-Teller
ion, the lattice is distorted around it; therefore during the hopping
of Mn®* a transfer of the distortion of the lattice from a lattice site
to another is expected. In other words, the dynamics is of polaronic
origin. It is possible to model such polaronic dynamics by means of
the Jonscher model which provides an activation energy of 0.3 eV.
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