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Abstract

Li-rich oxides of different phase compositions xLi2MnQOs-(1-x)LiMOz are synthesized by coprecipitation of mixed
transition metal carbonates followed by solid-state reaction with lithium hydroxide. X-ray powder diffraction,
scanning electron microscopy, and magnetic studies are used to characterize the pristine structure of the
oxides with different compositions. The materials are tested as positive electrode in lithium half-cells.
Galvanostatic charge-discharge measurements are performed at different current densities. The lithium-ion
diffusion coefficients (Dui+) are estimated from the cyclic voltammetry experiments and found to reach
maximum values for composition at x=0.35 having the best electrochemical characteristics.
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1. INTRODUCTION

Over-lithiated layered manganese nickel cobalt oxides Li1+yM1.4yO2 (M = Mn, Ni, Co) termed also as Li-rich
oxides attract much attention as materials for the next generation of high energy density Li-ion batteries [1-3].
The oxides can be written in another notation as xLi2MnOs-(1-x)LiMO2 and can be considered to be either a
nanocomposite of monoclinic LizMnOs and trigonal LiMO2 phases or a solid solution between these phases.
Li2MnOs was initially considered as inactive for lithium insertion and extraction between 2.0 V and 4.4 V,
however electrochemical oxidation at a higher voltage [4] has shown that Li2MnOs after this electrochemical
activation demonstrates electrochemical performances better than those of LiMnO-2. The activation is ascribed
to partial Li+ extraction accompanied by oxygen loss from the lattice and formation of a composite structure
built up of Li2MnOs and LiMnO:. In the working voltage range of 2V- 4.4 V, Li2MnQs is supposed to act as a
stabilizer of the structure [5]. Li-rich Mn-rich xLi2MnQO3-(1-x)LiIMO2 oxides (LMR) being electrochemically
activated can show capacities exceeding 270 mAh/g or more in the first activation cycles. A high capacity of
these materials is explained as due to cumulative cationic Mn™ <« M™*"* and anionic 202~ < (O2)"" reversible
redox processes [6-8]. The activation is accompanied by structural reorganization of these oxides. Therefore,
an important role plays the initial structure of the oxides. A two-phase model of Li-rich oxides xLi2MnQOs-(1-
x)LiIMO2 was first proposed by Thackeray et al. [1] and the Li(LixM1-x)O2 model based on a solid solution with
a homogeneous long-range order was proposed by Dahn et al. [9]. Both models are widely discussed in the
literature, but the optimal model of the original structure is still a matter of debate. There is currently no
complete understanding of the relationship between the microstructure of the material and its electrochemical
characteristics [10]. Another debate issue is the influence of the material composition on the electrochemical
behavior of the complex oxides. The aim of this research is to investigate the impact of pristine structure and
composition of Li-rich oxides of different compositions xLi2MnOs-(1-x)LiM13Ni13C01302 on their
electrochemical and magnetic characteristics.
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2, EXPERIMENTAL

2.1. Synthesis procedures

Li-rich Mn-rich oxides of the compositions 0.5Li2MnO3:0.5LiMO2 (LMR50), 0.35Li2Mn0O3-0.65LiMO2 (LMR35),
and 0.2Li2Mn0O3-0.8LiMO2 (LMR20), where M=Mn1;3Ni1;3Co13 (MNC), were synthesized by coprecipitation of
appropriate carbonate precursors MCOs followed by solid-state reactions with LIOH-H20. The starting reagents
were manganese nitrate tetrahydrate (98%, Alfa Aesar), nickel nitrate hexahydrate (99.9%, ABCR), cobalt
nitrate hexahydrate (99% Acros Organics), sodium carbonate anhydrous (299%, Chimmed), ammonium
hydroxide (special purity grade, Chimmed), and lithium hydroxide monohydrate (299%, Sigma-Aldrich). The
carbonate precursors were washed with deionized water and dried at 110°C in an argon flow. The mixtures of
a precursor with an appropriate amount of LiOH-H20 (with a 3 wt% excess of lithium hydroxide) were annealed
in air at 480 °C (6 h) and 900 °C (12 h). The synthesis procedure is described in details elsewhere [11].

2.2. Material characterization

Powder X-ray diffraction (XRD) patterns were recorded at room temperature with a Bruker D8 Advance Vario
(Cu Ka1 radiation) equipped with a Ge monochromator and position-sensitive detector LynxEye with rotating
sample stage. The data were collected in the ©/20 scan mode in the 20 range of 5° - 80° at a scan step of
0.02°. The data were collected with the use of the Bruker DIFFRACplus program package, the analysis was
performed with the EVA and TOPAS softwares.

Element contents in materials under study were determined by the inductively coupled plasma mass-
spectrometry (ICP-MS) with an Agilent Technologies Agilent 7500ce ICP-mass spectrometer. The morphology
and microstructure of the samples were studied by scanning electron microscopy (SEM) using a NVision-40
(Carl Zeiss) microscope. Particle size analysis was performed with the use of a laser particle sizer Analysette
22 (Fritsch). We used the Fraunhofer model for data analysis.

The magnetic properties of the samples were studied using a Quantum Design Physical Properties
Measurement System (PPMS-9) at temperatures from 4 to 300 K in a static field of 100 Oe (7960 A/m). The
sample was cooled in the absence of a magnetic field to liquid helium temperature, and then a small measuring
field of 7960 A/m (100 Oe) was applied, the temperature was slowly raised, and the magnetization was
measured (zero field cooling (ZFC)). Magnetization isotherms were obtained at magnetic field strengths of up
to H = 4.78x10% A/m (60 kOe). The spin freezing temperature was evaluated from the maximum in the
temperature dependence of the initial magnetization of the zero field-cooled samples.

2.3. Electrochemical testing

The electrochemical tests were carried out in CR2032 coin-type cells at 25 °C. The cathodes were prepared
by mixing the active material, polyvinylidene fluoride, and Timcal Super C65 carbon black at 92:3:2 mass ratios
with N-methyl-2-pyrrolidone as the solvent. The slurry was pasted onto aluminum foil and dried at 110 °C in
air. Then, the electrodes were cut out of the foil and dried under vacuum at 90 °C. Celgard 2325 membranes
(2 layers) were used as a separator, TC-E918 (Tinci) as an electrolyte, and metallic lithium as anode
electrodes. Active material loadings were in a range of 8-12 mg cm=. The samples were tested using a
Neware CT3008W-5V10mA battery cycler. Before the cycling tests, each sample was subjected to
electrochemical activation including consecutive double cycles in the ranges of 2.5-4.2, 2.5-4.4, and 2.5-4.8
V. Cyclic voltammetry (CVA) tests were carried out with the use of Metrohm Autolab Potentiostat-Galvanostat
PGSTAT302N over 2.5-4.8 V at a scan rate from 0.05 to 0.4 mV/s.
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3. RESULTS AND DISCUSSION

The chemical compositions of the samples under study determined by ICP-MS analysis were found to be very
close to target compositions. All the samples consist of agglomerates with narrow size distribution. The
agglomerate and primary particle sizes are close to each other for all the samples (Figure 1).
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Figure 1 SEM images of samples (a, b) LMRS50, (c, d) LMR35, and (e, f) LMR20; and Rietveld refinement
results of the X-ray diffraction patterns of (g) LMR50, (h) LMR35, and (i) LMR20: experimental data are black
lines; the calculated patterns are red solid lines; blue lines at the bottom show the difference between them.

The areas indicated by squares at 20 = 19°-28° are enlarged in the inserts.

In Figure 1, we show also the results of the Rietveld refinement of the XRD data for the samples under study.
The X-ray powder diffraction patterns of the samples were interpreted on the basis of the model of two
structurally integrated phases: a trigonal phase, which is isostructural to LiNiO2 (the R3-m space group), and
a monoclinic phase, which is isostructural to Li2MnOs (the C2/m space group). The quantitative phase analysis
could not be carried out because of overlapping peaks of the trigonal and monoclinic phases. The most
intensive peaks of the monoclinic phase, which do not coincide with peaks of the trigonal phase, have
substantial anisotropic broadening (see Figure 1, insets), which cannot be simulated within the Rietveld
method. This broadening is due to various degrees of disorder associated mostly with stacking faults along
the ¢ monoclinic direction and made of irregular rotational twins for ordered LiisMnzs sheets between the
oxygen layers [12] which cannot be simulated within the Rietveld method. The unit cell parameters were refined
for the trigonal phases. The a parameters were 2.85177(3), 2.85534(5), and 2.85839(3) A; and the ¢
parameters were 14.2371(3), 14.2531(6), and 14.2453(3) A for LMR50, LMR35, and LMR20, respectively. The
¢ parameter changed non-monotonously in this row. We have evaluated the fraction of the monoclinic phase
as about 40 and 20% for samples LMR50 and LMRS35. Reflections of monoclinic phase are virtually not
observed for LMR20.

Figure 2A demonstrates the cycling performance of the samples in the range of 2.5-4.8 V. In the same figure
we show also the results of cyclic voltammetry of the oxides. Electrochemical measurements show both the
best cyclability and rate capability of sample LMR35. In spite of a greater voltage fade for LMR35, its discharge

139



2019
NAN OCO N ’ Oct 16™ - 18t 2019, Brno, Czech Republic, EU

capacity and energy exceed those for the oxides of other compositions. We have evaluated the Lithium-ion
diffusion coefficients (DLi) for these oxides from our data of cyclic voltammetry.
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Figure 2 (A) Discharge characteristics in the voltage range of 2.5-4.8 V: (a) capacity, (b) energy, (c) mid-
voltage, and (d) rate capability; (B) (a-c) |-V curves for LMR50, LMR35, and LMR20, respectively; (d) linear
fit of the peak currents versus the square root of scanning rates for the samples.

The lithium-ion diffusion coefficient was calculated based on the |-V curves with different scan rates in the
voltage range of 2.5-4.8 V (Figure 2B). In diffusion controlled process, the peak current is proportional to the
square root of the scanning rates, which is in line with the Randles-Sevcik equation [13]:

i = 0.4463nFAC nFvD,, s
ip=0. n ( RT )

where ip is the peak current, n is the number of the electrons transferred, C is the concentration of Li+, A is the
surface area of the electrode, v is the scan rate, F stands for the Faraday constant, and D is the diffusion
coefficient of lithium ions.

Figure 2B(d) shows the dependences of the current at the anodic and cathodic maxima on the root of the
potential scan rate. The linear approximation gives good results for the anodic and cathodic current
dependences for all the samples, except for the anodic current dependence found for LMR35. Nevertheless,
Adjusted R-Squared is a rather high value (0.958) in this case too, and we can formally consider that all these
dependences satisfy the Randles-Sevcik equation. The diffusion coefficients of deintercalation O-D.i and
intercalation R-Dvi are calculated from the oxidation and reduction peaks, respectively, and the data are
compiled in Table 1.

Table 1 The calculated diffusion coefficients of Li+ for deintercalation and intercalation processes

Sample O-Dii (cm? s™) R-Dii (cm? s™)
LMR50 8.10*10" 1.72*10 "
LMR35 1.39*10°10 2.43*10 "
LMR20 7.42*10M 2.18*10""
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As is seen from these data, oxide LMR35 has the greater diffusion coefficients for both deintercalation and
intercalation processes. These findings correlate with its electrochemical characteristics.

Since magnetic properties are sensitive to the cation distribution [14], magnetic measurements were also used
to characterize the samples. The magnetic parameters of the oxides are summarized in Table 2.

Table 2 Magnetic parameters of the samples

Sample C (emuK/mol) 0 (K) Hexp (UB) Htheory (HB) Tn (K)
LMR50 1.53 46.87 3.264 3.400 70.0
LMR35 1.32 50.77 2.997 3.057 43.2
LMR20 1.23 61.12 2.854 2,916 22.6

The Curie constants (C) and Curie-Weiss temperatures (@) are calculated by fitting the temperature
dependence of inverse dc magnetic susceptibility at high temperature using the Curie-Weiss law (Figure 3).
The negative Curie-Weiss temperatures indicate the dominant antiferromagnetic interaction in these
compounds. The experimental values of the magnetic moments derived from the Curie constants agree well
with the theoretical magnetic moments calculated assuming the existence of Ni2+, Mn4+ and Co3+ ions.
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Figure 3 Molar magnetization vs. (a) field H and (b-d) temperature at H = 100 Oe for LMR50, LMR35,
and LMR20, respectively. The insets show the Curie-Weiss law fitting for inverse magnetic
susceptibility 1/x.
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Figure 3 shows different magnetic behavior of the samples. The FC and ZFC curves bifurcate at the Néel
temperature (Tn) indicating a transition from paramagnetic to antiferromagnetic ordering in the lattice. Tn
gradually decreases when going from LMR50 to LMR20. The same tendency is observed for the dependences
of molar magnetization on the magnetic field (Figure 3a). This behavior agrees with the Li2MnO3s content in
the samples. The magnetic transition is not expected in the case of layered stoichiometric LiMO2 compounds
of R-3m space group, where lithium ions occupy only the Li sites and TM ions occupy the TM sites [15].
Tn temperature for Li2MnOs is equal to 50 K [16]. If we consider the monoclinic phase as the only cause of this
transition, the transition temperature is supposed to be the same for all the samples. However in our case, a
close value was obtained only for LMR35. Tn values can differ from Tn of Li2MnOs due to some structural
defects (vacancies) or the presence of Mn or Ni ions in the lithium layer.

4, CONCLUSION

Among the samples of different compositions xLi2MnO3-(1-x)LiM13Ni1;3C01/302 (x=0.2-0.5), the sample LMR35,
containing 35 mol% of Liz2MnOs, shows better electrochemical characteristics and differs from other samples
by much higher Li* diffusion coefficient and possibly contains fewer structural defects.
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