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The spinel Liy 02Mn,04 samples were synthesized at different sintering times (5 h, 10 h, 15 h, and 20 h)
via a solid-state method. The Mn** content decreases from 84.32% to 77.52% as the synthesis time
increases from 5 h to 20 h, as indicated by Mn 2p3, X-ray photoelectron spectra. The rate capability of
Li; 02Mn,0O4 samples increased initially and then decreased as synthesis time increased from 5 h to 20
h. Our results show that Li; c,Mn,O4 sample synthesized for 10 h has the best rate capabilities of 144.1
mAh/g, 138.2 mAh/g, 126 mAh/g, and 106.2 mAh/g at 0.1, 0.2, 0.5, and 1 C, respectively. We suggest
that change in rate capability of the Li; c,Mn,0. samples with increased synthesis time is related to the
modification of Mn** content in LiMn,Os.
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1. INTRODUCTION

Because LiMn,O,4 cathode material has many advantages over other cathode materials, it has
attracted worldwide attention [1-6]. However, spinel LiMn,QOy still has the unavoidable challenges of
poor cycling retention and limited rate performance, especially the rapid capacity fade at elevated
temperature, which adversely influences its potential as a cathode material for next-generation lithium-
ion batteries. Capacity fading has been attributed to manganese dissolution, structural instability, and
Jahn-Teller distortion [7-9], and Mn** is responsible these processes [10-12].

In addition, the change in electrochemical performance is related to the change of the second
phase. The structure of the second phase has been well studied by many researchers [13-15]. In this
work, we systematically studied Li;0,Mn,0,4 samples synthesized at different sintering times (5 h, 10
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h, 15 h, and 20 h) using the same precursors prepared by the solid-state reaction method. The structure,
morphology, and Mn valence state of LiMn,O, were obtained by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), respectively.

2. EXPERIMENTAL

2.1. Materials synthesis

To synthesize LiMn,0Oy4, the mixture of as-prepared Mn3O,4 and Li,CO3 (molar ratio of Li:Mn =
1.02:2) was mixed with alcohol in the agate mortar, and calcined at 500 °C for 5 h and then
synthesized at 750 °C for different times (5 h, 10 h, 15 h, 20 h). Finally, a black powder (LiMn,0,)
was obtained. Pristine Mn3zO4 and Li,CO3 were obtained from industrial manufacturers.

2.2. Characterization of materials

The structure of the LiMn,O, was characterized by powder X-ray diffraction (XRD,
D/Max2500PC, Japan) with a tube voltage of 30 kV, a tube current of 100 mA, and a 26 scan range of
10-120° with a step size of 0.02°. The morphology and microstructure of the samples were studied
using field-emission scanning electron microscopy (FESEM, Nova Nano SEMA450, USA). X-ray
photoelectron spectroscopy (XPS) was performed using Thermo Scientific ESCALAB 250 XI with a
monochromatic Al Ka (1350.08 eV) anode (250 W, 10 kV, 30 mA).

2.3. Electrochemical measurements

The as-synthesized LiMn,O,4, carbon black, and polyvinylidene fluoride were mixed at a
weight ratio of 85:10:5 in N-methyl-2-pyrrolidone to form a slurry. Charge/discharge tests were
performed over a voltage range of 3.0-4.3 V with a battery test system (LAND-CT2001A, China). EIS
was performed using an impedance analyzer (Zahner Elektrik IM6, Germany) over a frequency range
of 100 mHz to 100 kHz with amplitude of 10 mV.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of Li;0,Mn,0,4 samples synthesized over time periods of 5 h,
10 h, 15 h, or 20 h. The XRD patterns of the four samples are in agreement with the standard pattern of
spinel LiMn,0O4. The structures of all four samples are with high degrees of crystallinity. The intensity
ratio of the (311) and (400) peaks (1(311)/1(400)) of the four samples are 1.007 for 5 h, 0.959 for 10 h,
0.949 for 15 h and 0.916 for 20 h, indicating that 1(311)/1(400) decreased with increasing synthesis
time. The intensity ratio 1(311)/1(400) is related to the electrochemical performance [16]. Therefore,
optimizing the synthesis time may improve the electrochemical performance of the Li;o,Mn,04
samples.
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Figure 1. XRD patterns of Li; 0,Mn,0O4 samples synthesized at different sintering times (5 h, 10 h, 15
h, and 20 h).
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Figure 2. Rietveld refinement of XRD patterns of Li; ;,Mn,04 sample synthesized for 5 h.

Table 1. The structural parameters determined for the Lii0,Mn,O4 materials synthesized at different
sintering times (5 h, 10 h, 15 h, and 20 h) from the refinement of the XRD data. (LioMn3Oy is

an abbreviated form of [Liogssl10.136]sa[MN1.704L10.288]16404)(The data of 10h sample has been
published in previous paper [8])

5h 10h 15h 20h
LiMn,O, Li,Mn304 LiMn,O, Li,Mn30O, LiMn,O, Li,Mn304 LiMn,O, Li,Mn30,
Lattice constants
a(A) 8.23952(7)  8.2333(5) | 8.24489(7)  8.2384(5) | 823773(7)  8.2310(5) | 8.23963(8)  8.2346(6)
Cell volume | 559.378(0.0 558.104(0.05 | 560.472(0.0 559.158(0.06 | 559.015(0.00 557.644( 559.401( 558.375(0.06
(R%) 08) 9) 08) 5) 8) 0.061) 0.009) 5)
Structure parameters
Rp 7.85 7.10 8.04 8.65
Rup 11.9 10.2 12.2 125
Liga
X 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0)
Y 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0) 0.12500(0)




Int. J. Electrochem. Sci., Vol. 13, 2018

8820

Z 0.12500(0) _ 0.12500(0) | 0.125000) _ 0.12500(0) | 0.12500(0) _ 0.12500(0) | 0.12500(0) _ 0.12500(0)
B 0.019(204) 0.500(0) 0.361(194) 0.500(0) 0.234(223) 0.500(0) 0.198(249) 0.500(0)
SOF 1.00000(0) 0.86414(0) 1.00000(0) 0.86414(0) 1.00000(0) 0.86414(0) 1.00000(0) 0.86414(0)

Mngq
X 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0)
Y 050000000  0.5000000) | 0.5000000)  0.50000(0) | 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0)
z 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0) | 0.50000(0)  0.50000(0)
B 0372(17)  05000) | 0387(15)  05000) | 0.399(18) 0.500(0) | 0.388(1)  0.500(0)
SOF 1.000000)  0.85214(0) | 1.0000(0)  0.85214(0) | 1.000000)  0.85214(0) | 1.000000)  0.85214(0)
Ligq
X 0.50000(0) 0.50000(0) 0.50000(0) 0.50000(0)
Y 0.50000(0) 0.50000(0) 0.50000(0) 0.50000(0)
z 0.50000(0) 0.50000(0) 0.50000(0) 0.50000(0)
B 0.500(0) 0.500(0) 0.500(0) 0.500(0)
SOF 0.14402(0) 0.14402(0) 0.14402(0) 0.14402(0)
Oz
X 0.26155(16) 0.26672(201) | 0.26159(15) 0.27836(270) | 0.26174(17) 0.27685(264) | 0.26158(18) 0.27072(245)
Y 0.26155(16) 0.26672(201) | 0.26159(15) 0.27836(270) | 0.26174(17) 0.27685(264) | 0.26158(18) 0.27072(245)
z 0.26155(16) 0.26672(201) | 0.26159(15) 0.27836(270) | 0.26174(17) 0.27685(264) | 0.26158(18) 0.27072(245)
B 0963(50)  05000) | 1.131(45)  05000) | 0.959(52) 0.500(0) | 0.973(7)  0.500(0)
SOF 1.00000(0)  1.00000(0) | 1.00000(0)  1.00000(0) | 1.00000(0)  1.00000(0) | 1.00000(0)  1.00000(0)

Figure 3. SEM micrographs of Li; 0,Mn,04 samples synthesized at different sintering times (5 h, 10 h,
15 h, and 20 h) (a,b): 5 h; (c,d): 10 h; (e,f): 15 h; (g,h): 20 h.
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The structural parameters of the Li; ,Mn,O4 materials synthesized at different sintering times
determined from the refinement of the XRD data are given in Table 1, which indicates that
[Lio.ssalJo.136]8a[MN1.704L10.288]16404 exists in all four Li;go,Mn,O4 samples. Rietveld refinement of
XRD patterns of Li; ;oMn,04 sample synthesized for 5 h is given in Fig. 2, and different colors indicate
the two phases in the Li; 02Mn,O04 sample.

The morphologies and microstructures of the four Li; ooMn,O4 samples were investigated using
SEM (Fig. 3). Under high magnification, it was observed that particles were composed of nano-
polyhedrons with well-defined edges and planes, and that these polyhedrons have grown together on
the plane. Similar morphologies and particle sizes were shown by SEM images for all samples,
reflecting that synthesis time did not affect the morphology of LiMn,O4 materials.
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Figure 4. Deconvoluted profile of specific Mn 2ps;, XPS spectra of Lii02Mn,04 samples synthesized
at different sintering times (5 h, 10 h, 15 h, and 20 h).

The valence states of transition metal Mn in as-synthesized Li;g,Mn,O4 samples were
examined by XPS measurements (Fig. 4). The Mn 2pz» XPS binding energies for Mn** and Mn** was
641 eV(Mn,03) and 642.4 eV (MnO,), respectively (Table 2). The Mn** content of gradually decreased
from 84.32% to 77.52% as synthesis time increased from 5 h to 20 h, indicating that the content of
[Li0_864D0_136]83[Mn1_704Lio_288]16dO4 decreased gradually as well (Flg 5) The results also showed that
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the average valence of Mn changed from 3.8432 to 3.7752 (Table 2).
[Lio.ssalJ0.136]8a[MN1 7041 10.288] 16404 SUppressed the formation of a surface passivation film between the
cathode material and the electrolyte, thereby improving the electrochemical performance.

Table 2. Binding energy, cation distribution, and average valence of Mn from XPS (Mn-2ps/, spectra)
of Lil_onn204 samples.

Sample Binding energy(eV) Cation distribution Average valence
Mn** Mn** Mn** (%) Mn>* (%) Mn
5h 642.482 641.002 84.32 15.68 3.8432
10h 642.460 640.956 82.42 17.58 3.8242
15h 642.462 641.425 80.23 19.77 3.8023
20h 642.640 641.170 77.52 22.48 3.7752
86 T T T T T T T
85 .

o] O !
83- \ ]
82 - !
814 \ ]
80 ] ]
79- \ i
78- -
77 ] ]
76 - -

Content of Mn4+(%)

5 | 10 15 20
Sinter time(h)

Figure 5. The Mn** content of Li; 0,Mn,04 samples synthesized at different sintering times (5 h, 10 h,
15 h, and 20 h).

The first charge-discharge curves of Lij g,Mn,O4 samples in the voltage range of 3.0-4.3 V at a
rate of 0.1 C are given in Fig. 6. Two plateaus associated with two steps of the lithium extraction (or
insertion) were observed in all samples. The Li;¢2Mn,04 sample synthesized for 10 h showed the
highest discharge capacity (144.1 mAh/g). For synthesis times of 5 h, 15 h, and 20 h, the discharge
capacities were 140.6 mAh/g, 134.5 mAh/g, and 136 mAh/g, respectively.
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Figure 6. The charge-discharge curves of Li; ¢oMn,0, samples synthesized at different sintering times
(5h, 10 h, 15 h, and 20 h) between 3.0 Vt0o 4.3V at arate of 0.1 C.
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Figure 7. Rate capability of Li; 0,Mn,0O4 samples synthesized at different sintering times (5 h, 10 h, 15
h, and 20 h) at 25 °C.

The rate capabilities of the four samples after 5 cycles at current rates ranging from 0.1 C to 1
C are presented in Fig. 7. The charge and discharge process was in the voltage range of 3.0-4.3 V at
the same current rate. The specific capacity of all the samples decreased by varying degrees with the
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increase in current rate due to the enhancement of cell polarization [17]. The results indicated that
Li; 02Mn,0O4 sample synthesized for 10 hours has the best rate capability of 144.1 mAh/g, 138.2
mAh/g, 126 mAh/g, and 106.2 mAh/g at rates of 0.1, 0.2, 0.5 and 1 C, respectively. The results
indicated that the discharge capacity of Li;0,Mn,O4 samples increased from 89.1 mAh/g to 106.2
mAh/g and then decreased from 106.2 mAh/g to 68.6 mAh/g at a rate of 1 C as the synthesis time
increased from 5 h to 20 h. The results show that the rate capability of the LiMn,O, samples decreases
as the synthesis time increases from 5 h to 20 h (Fig. 7) due to the decrease in
[Lio.gsaJ0.136]8al M1 704Li0.268]16¢04 content. The Mn** content is the highest when the synthesis time is
5 h, which indicates that the [Liogss[J0.136]sa[MN1.704L10288]16¢04 content in the 5 h sample is the
highest, but the rate capability of 5 h sample is poor. Because the [Lio.gss[J0.136]sa[MN1.704L10.288]16404
has a high lithium content, the main phase is lithium deficient, and this results in poor rate
performance.
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Figure 8. Electrochemical impedance spectroscopy of Lii0,Mn,04 samples synthesized at different
sintering times (5 h, 10 h, 15 h, and 20 h) with an amplitude of 10 mV.
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Figure 9. Z' vs. »™° plots at the low frequency region for Li10,Mn,04 samples synthesized at different
sintering times (5 h, 10 h, 15 h, and 20 h).
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Table 3. Re, Rst, Ret, and Dy;* for Liy goMn,04 samples synthesized at different sintering times (5 h, 10
h, 15 h, and 20 h).

Time/h Re(Q) Rs(Q) Ra(Q) D.if(cm?s™)
5h 3.318 150.5 39.53 0.34x1071°
10h 5.912 37.84 133.1 5.57x107
15h 3.467 209.3 43.84 3.38x10"°
20h 4.707 39.97 125.9 1.61x10%°

Figure 8 displays the Nyquist plots of Li;0,Mn,0, samples synthesized at different sintering
times after 5 cycles at a rate of 0.1 C in a fully discharged state. The equivalent circuit is also shown in
the inset of Fig. 8. The diffusion coefficient D ;" is calculated according to the following equation [18-

20]: s
RT

where R is the gas constant (8.314 J mol™*K™), T is the temperature (298.15 K), A is the surface
area of the electrode, n is the number of shifted electrons, F is the Faraday constant (96,500 C mol™), ¢
is the molar concentration of lithium ions, and the plot slope of Z' vs. ® *° gives o, the Warburg
coefficient [21-23]. The plot of the real part of the impedance Z' vs. ®  in the low-frequency region
for the Li; 0o,Mn,04 samples synthesized for different time periods is displayed in Fig. 9. The Re, Ry,
and R values simulated by Zsimpwin software for LiMn,O, samples are listed in Table 3. The results
showed that the sample synthesized for 15 h had the largest Ry value of 209.3 Q, while the sample
synthesized over 10 h had the largest R¢; value of 133.1 Q. In addition, the sample synthesized over 15
h had the largest D;* value of 3.38x10™%°.

4. CONCLUSIONS

As the synthesis time increases from 5 h to 20 h, the Mn** content decreases from 84.32% to
77.52%. The rate capability of the Li;0,Mn,O4 samples increase initially and then decrease as the
synthesis time increases from 5 h to 20 h. The refinement result shows that there is the
[Li0_854Do_135]3a[|\/|n1.704Lio_238]15dO4 in the Lil_onn204 Samples synthesized at different sintering times
(5 h, 10 h, 15 h, and 20 h). Our results demonstrate the relationship between Mn** content and the rate
capability of the Li; g,Mn,04 cathode materials.
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