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Lithium content is one of crucial factors for the electrochemical properties of Li-rich cathode
materials. The effects on crystalline structure and electrochemical properties are thoroughly
investigated by Rietveld refinement, characterization and electrochemical tests. With the increasing of
Li content, cation disorder is alleviated and the redox reaction of Mn**/Mn** gets obvious. The sample
with 10% extra-lithium exhibits highest discharge capacity, best cyclic stability and smallest charge
transfer resistance.
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1. INTRODUCTION

Considering energy source and environment, lithium-ion batteries (LIBs) with high energy and
power density have attracted great research interest for application in plug-in hybrid electric vehicles
(PHEV), electric vehicles (EV) and other large-scale energy storage equipment in recent years [1].
Exploring high-performance cathode material is one of the crucial issues to improve the energy and
power density of LIBs. In recent years, Li-rich cathode materials XLi,MnO3-(1-x)LiNiy;3C013Mn130,
with high discharge capacity (>250 mAh g*) and average discharge voltage of >3.5 V have been
extensively investigated as a candidate of new generation high-performance cathode materials [2-4].
However, Li-rich cathode materials suffer from some defects restricted their industrial application,
such as large irreversible capacity loss during the initial charge process and voltage decay with
cycling.
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Except for surface modification and element doping, optimizing the composition is also an
available approach to improve the performance by constructing perfect crystalline structure and
reducing transition metal migration with cycling [5]. For Li-rich cathode materials, high capacity is
associated with the extraction of Li ions from Li,MnQOj3 and the concomitant release of oxygen atoms
when charging above 4.5 V [6]. The lithium content is one of significant factors for the
electrochemical properties of such materials. Extra lithium should be added in most synthesis methods
to compensate lithium loss during high-temperature heating process. Some works were reported the
effect of lithium content on structure and electrochemical properties, which is synthesized by various
methods, such as co-precipitation [5, 7, 8], spray pyrolysis process [9], conventional solid-state
reaction [10].

Gel-combustion method is prone to obtain the materials with homogenous element distribution
[11], which is crucial to improve the performance of the Li-rich cathode material with multiple
transition metals. In this work, Li-rich cathode materials Lij2+xMngs4Nio13C00130, have been
synthesized by gel-combustion method with different lithium content. The effects of Li content on
crystalline, hexagonal ordering, ion arrangement, element valence and electrochemical properties are
thoroughly characterized and discussed.

2. EXPERIMENTAL

Li-rich cathode materials Li;2MngssNig13C00130, were synthesized by a typical gel-
combustion method followed by calcination. The stoichiometric amount of Co(NO3),:6H,0,
Ni(NO3),-6H,0, Mn(NO3),-4H,0 (50% water solution) were dissolved in 100 mL distilled water, and
citric acid and the sucrose were added to the solution as chelating agent and incendiary agent. The gel
obtained after slow evaporation of the solution was heated up to burn concomitant with a flame and
finally formed brown ash. After added LiNOj3; with the extra amount of 5%, 10% and 15%
respectively, the mixtures were presintered and calcined at 900 °C 12 h. The final products were
obtained after washed by ethanol in order to confirm that the exceed lithium is incorporated in the
crystalline of the material, and noted as GC5, GC10 and GC15 respectively.

The structures of the materials were characterized by X-ray diffraction (XRD, Rigaku D/Max-
2400, Japan) with the scan rate of 1°/min. The XRD profiles were fitted through Rietveld refinement to
calculate cell parameters and atomic occupation by using the Rietveld program (GSAS). Chemical
stoichiometry was confirmed by Inductively coupled plasma (ICP, PROFILESPEC, Leeman). The
morphology, size and distribution were observed by Field-emission scanning electron microscopy
(SEM, Hitachi S-4800, Japan) and Transmission electron microscopy (TEM, JEOL 2010 F). Raman
tests were carried out by using LabRam HR 800. The chemical valence was determined by X-ray
photoelectron spectroscopy (XPS, ESCALAB250).

The as-prepared powders, carbon black and polyvinylidene fluoride (PVDF) were mixed
sufficiently at mass ratio of 8:1:1 with n-methyl-2-pyrrolidone (NMP). Under continuous stirring, the
mixtures formed to viscous slurries and then were coated on aluminum foil. The half-cells were
assembled in a glove box filled with argon gas (MB-10G with TP170b/mono, MBRAUM). Lithium
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foil was used as negative and counter electrode. The electrolyte was formed by 1 M LiPFg dissolved in
a mixture of ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC) with
the volume ratio of 1:1:1. Galvanostatic charge-discharge tests were carried out by Neware system
with cut-off voltage of 2.0-4.8 V at 1 C (250 mAh g™). The cyclic voltammograms (CV) tests were
conducted by using an electrochemical station (CHI660a) in the voltage range of 2.0-4.8 V at a scan
rate of 0.1 mV/s. The electrochemical impedance spectra (EIS) measurements were engaged by using
an electrochemical station (CHI660a) with amplitude of 5 mV and the frequencies from 100 kHz to 10
mHz. All measurements were carried out at room temperature.

3. RESULTS AND DISCUSSION

The Rietveld refinement results of the as-prepared Li-rich cathode materials GC5, GC10 and
GC15 are shown in Figure 1 and the data are listed in Table 1. In Figure 1, the “Calc” refers to the
refinement results obtained by GSAS and “Diff” refers to the difference between experimental and
refined data. All the diffraction peaks could be indexed well by a hexagonal a-NaFeO, structure with
the R-3m space group, except for several weak peaks in the 26 range of 20-25°. Those weak peaks are
associated with the monoclinic Li,MnO3 phase (C2/m) and (020)/(110) peaks are marked in the
figures, which is demonstrated the existence of Li-rich phase [12]. The distinct splitting of (006)/(012)
and (018)/(110) peaks manifests the good structure of layered oxides [13]. As is known to all, the
relative intensity ratio of 1(os)/l104) IS an important factor to evaluate the ordering of oxide structure,
and it is considered that a desired structure is formed when the value is greater than 1.2 [14].
According to Table 1, the ratios of GC5 and GC10 are much more than 1.2, indicating the well oxide
structure. The value c/a is also an important factor to evaluate the structure of Li-rich oxides. It is
believed that a well crystalline layered structure is formed when the c/a value is more than 4.9, and the
larger the value is, the better channel for Li-ion transfer forms. It can be seen in Table 1 that the c/a
values for all the samples more than 4.9 and the value of GC10 is the largest, indicating that all the
samples exhibits good crystalline structure and the GC10 is the best of all. In addition, the results of
Rietveld refinement also present the ion mixing, particularly between Ni?* and Li* due to their similar
ion radii [15]. If the Ni** occupies the 3a site of Li*, the transfer of Li* will be blocked during charge
and discharge. As is shown in Table 1, the ion mixing between Ni?* and Li* is alleviated with the
increasing of Li content.

Table 1. Results of Rietveld refinement for XRD patterns of GC5, GC10 and GC15.

Samples a/A  c/A c/a  Rwp/% Ry/% lgosyaosy Ni**in  Chemical formulas
3a site

GC5 2.8518 142365 4.9921 465 3.10 1.6577 0.0261 Li118Mngs4Nig13C00.1302
GC10 2.8534 142475 49932 594 3.83 17047 0.0216 Liz23Mngs4Nig13C00 130
GC15 2.8522 14.2359 4.9912 6.06 3.78 1.1352 0.0176 Lis28Mngs4Ni13C001302
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Figure 1. Rietveld refinement results for XRD patterns of GC5 (a), GC10 (b) and GC15 (c).

The SEM and TEM images of GC5 (a, d), GC10 (b, e) and GC15 (c, f) are shown in Figure 2.
All samples display the uniform distribution of solid polyhedron particles with the size of 300-500 nm.
High-resolution TEM images in the inset of Figure 2d-f show the lattice distance are about 0.47 nm,
consistent well with both (003) for hexagonal phase (R-3m) and the (001) for monoclinic phase (C2/m)
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[16]. In addition, chemical formulas of GC5, GC10 and GC15 ascertained by ICP are also listed in
Table 1.

Figure 2. SEM and TEM images of GC5 (a, d), GC10 (b, e) and GC15 (c, f).

The XPS spectra of Co 2p, Ni 2p and Mn 2p of samples GC5, GC10, and GC15 are shown in
Figure 2. For all the samples, four signals are detected for both Co 2p and Ni 2p spectra, consisting of
two pairs of main peaks and corresponding satellite peaks. The positions of Co 2p1, and Co 2ps, are
around 795.3 and 780.2 eV, respectively. The values of the difference between the binding energies of
Co 2pyzand Co 2pszp is A = 15.1 eV for all the samples, indicating that Co ions for all the samples are
in an oxidation state of +3. The peaks for Ni 2p1,, and Ni 2ps/; of all the samples are located at about
872.7 and 855.0 eV, and the values of A are around 17.7 eV, indicating that the valences state of Ni
ions are +2 [17]. The XPS spectra of Mn 2p for all the samples exhibit two peaks of Mn 2p;, and Mn
2ps2. According to the data fitting results, each peak for the Mn 2pi, and Mn 2ps;, respectively
consists of two fitting peaks, the peaks about 654.3 and 653.3 eV for Mn 2py5,, and the peaks are
around 643.0 and 641.9 eV for Mn 2ps. It is indicated that a small amount of Mn*" exists besides
Mn** [18]. Furthermore, the XPS spectra of Li 1s and Mn 3p for samples GC5, GC10 and GC15 are
exhibited in Figure 4. It is reported that the binding energy of Li 1s for spinel-LiMn,Q, is 53.6 eV,
lower than that for layered LiNiO, (54.3 eV) [19]. It can be seen in Figure 4 that the peaks of both Li
1s and Mn 3p for all the samples shift to low binding energy, and the extent gets great with the
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increase of Li content. Therefore, based on the above analysis of XPS results, it is suggested that Mn**

exists on the surface of all the samples and the amount increases with the ascent of Li content.
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Figure 3. XPS spectra of Co 2p, Ni 2p and Mn 2p for the Li-rich cathode materials GC5, GC10 and
GC15.
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Figure 4. XPS spectra of Li 1s and Mn 3p for the Li-rich cathode materials GC5, GC10 and GC15.
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Figure 5. Raman spectra of GC5, GC10 and GC15.
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Figure 6. Cyclic voltammetry and charge-discharge curves of the Li-rich cathode materials GC5 (a, d),
GC10 (b, e), GC15 (c, ).



Int. J. Electrochem. Sci., Vol. 12, 2017 5643

Figure 5 displays the Raman spectra of GC5, GC10 and GC15. Three major peaks in the
Raman spectrum were observed at ca. 604, 487 and 430 cm™ for each as-prepared materials, consistent
with the value given for a hexagonal (R-3m) and a monoclinic (C2/m) crystals [8, 20]. Two relative
sharp Raman peaks near 607 cm™ and 498 cm™ are ascribed to layered lithium transition metal oxide
with R-3m symmetry. An additional small Raman band at around 415-430 cm™ originated from the
Li;MnOs short-range superlattice ordering. A weak peak about 560 cm™ was attributed to the
formation of spinel phase [21]. However, it cannot be observed evident diffraction peaks of spinel
phase in the XRD patterns as illustrated in Figure 1. Combined with the results of XPS, it is indicated
that there is a small amount of spinel nanodomains for each sample.

Figure 6a-c displays the cyclic voltammetry (CV) curves of Li-rich cathode materials GC5 (a),
GC10 (b) and GC15 (c) to investigate the redox reactions during the charge-discharge processes. For
sample GC5 (Figure 6a), there are two high anodic peaks and one cathodic peak in the initial cycle.
The first anodic peak around 4.0 V is associated with the oxidation of Ni**/Ni*" and partial Co**/Co*
[22]. The second anodic peak at about 4.6 V is mainly associated with the electrochemical activation
of Li,MnOs, corresponding to the extraction of Li* and the concomitant release of oxygen atoms. This
anodic peak disappears in the subsequent positive scanning, implying the irreversible electrochemical
activation process. The cathodic peak at approximately 3.75 V is ascribed to the reduction of
Co**/Co® and Ni**/Ni** [22]. The redox peaks at around 3.3 V become obvious with the increasing
lithium content, which is associated with the redox reaction of Mn**/Mn®" [23].
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Figure 7. Cyclic stability of the Li-rich cathode materials GC5, GC10 and GC15.

Figure 6d-f also shows the charge-discharge curves of 1st, 2nd, 5th, 10th, 50th and 100th cycles
for as-prepared samples GC5 (d), GC10 (e) and GC15 (f). All the curves exhibit the typical charge-
discharge characteristics for Li-rich cathode materials. There are two regions in the initial charge
process. The first region below 4.5 V is associated with the oxidation of Ni**/Ni** and Co*'/Co™,
while the prolong plateau at second region above 4.5 V corresponds to the activation of Li,MnOs3 The
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initial charge and discharge capacities for samples GC5, GC10 and GC15 are 240.5/176.7 mAh g™,
254.0/190.1 mAh g*, 233.3/167.1 mAh g™ with the coulombic efficiencies of 73.4%, 74.8% and
71.6%, respectively. Cyclic stability curves of samples GC5, GC10 and GC15 for 100 cycles are
depicted in Figure 7. Samples GC5, GC10 and GC15 deliver the discharge capacities of 176.7, 190.1
and 167.1 mAh g'1 in the first cycle and maintain 165, 173, and 127.6 mAh g in 100th cycle.
According to above mentioned, GC10 displays the highest initial capacity, the best initial coulombic
efficiency and cycle performance.
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Figure 8. EIS spectra of the Li-rich cathode materials GC5, GC10 and GC15.

Electrochemical impedance spectroscopy (EIS) measurements of sample GC5, GC10 and
GC15 were carried out after fully initial charged to 4.8 V. Nyquist plots and relevant equivalent circuit
are shown in Figure 8. In the equivalent circuit, Rs represents the resistance of the transportation of Li*
through the interfacial film, R refers to the charge transfer resistance, CPE means the constant phase-
angle element relating to the nonideal characteristic of the double layer, Z,, indicates the Warburg
impedance associated with Li* diffusion in the bulk material. As shown in Figure 8, Nyquist plots
include a semicircle at high frequency and a slope line at low frequency. The diameter of the
semicircle refers to the value of charge transfer resistance (R¢) [18]. The R value of samples GCS5,
GC10 and GC15 respectively are 445.3 Q, 301.9 Q and 671.9 Q. The results show that sample GC10
exhibits the smallest charge transfer resistance, indicating the smallest electrode polarization and the
most easily redox reaction.

4. CONCLUSION

According to the above analysis concerning structure, morphology, element valence and
electrochemical tests, GC10 displays the best crystalline structure and the best electrochemical
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properties. The appropriate extra lithium content is significant to optimize the performance of Li-rich
cathode materials.
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