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LiNigsMn; 5045 microspheres with a P4332 space group constructed from nanometer-sized primary
particles are synthesized using an ammonia-mediated carbonate precipitation method. Rietveld
refinement of XRD and XPS results reveal that the total number of oxygen vacancies increases with
increasing synthesis time. Li/Ni antisite defects increase with the synthesis time. The 5th discharge
capacity of the sample synthesized at 700 °C for 10 h reaches 142.9 mAh g * at a discharge rate of 0.1
C. The discharge capacity at a discharge rate of 0.5 C is still above 120 mAh g*. When the current is
increased from 0.2 C to 0.5 C, the percentage of the capacity loss increases sharply with increasing
synthesis time. We suggest that this is closely related to the higher number of oxygen vacancies,
increasing Li/Ni antisite defects and bigger primary particles.

Keywords: LiNigsMn;s5045, P4332 space group, nano-structured, oxygen vacancies, Li/Ni antisite
defects

1. INTRODUCTION

Lithium—ion batteries have been widely used as power sources in the field of electric vehicles
[1-2], but their energy density needs to be further enhanced for large-scale applications such as in
electric vehicles. To enhance the energy density of lithium—ion batteries, much attention has been paid
to developing high-voltage cathode materials. LiNigsMn;s04 (4.7 V vs. Li/Li") is one of the most
promising high-voltage cathode materials owing to its low cost and nontoxicity [3-4]. However, it is
well known that the cycle performance of LiNigsMny 50, is far from satisfactory to meet the needs of
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real applications, especially for materials with a P4332 space group at a high current density [5-6].
There are two main reasons for the fading of its capacity with cycling. One reason is the dissolution of
manganese into the electrolyte [7]. The other reason is the formation of a solid electrolyte interphase
(SEI) layer with poor conductivity [8-9]. As a consequence, the impedance and polarization of
LiNipsMn; 504 electrodes increase with cycling, which deteriorates the cycling performance [10-11].
In order to improve the cycling performance of this material, many efforts have been devoted to
solving these challenges. Multiple surface coatings have been explored, such as V,0s [12] and Li,TiO3
[13]. In addition, some dopant cations (Al, Mg, Co, and Ti) could segregate preferentially to the
surface of LiNigsMn; 504, resulting in a more stable cathode-electrolyte interface and better cycling
performance [14, 15]. Pure LiNigsMn;s0,4 materials are hard to be synthesized in air atmosphere at
higher temperatures. LiNiyosMn; 5045 with the Fd-3m space group synthesized at temperatures above
700°C [16] in air generally has oxygen vacancies, leading to Mn oxidation states less than 4. In
previous study, for the ideal LiNios*"Mn;5*"O4 composition, which has the P4532 space group, the
oxidation state of Mn should be fixed at +4 [5]. However, we found that there exist oxygen vacancies
in LiNigsMn; 504 with a P4332 space group. The resulting cycling performance from oxygen vacancies
is disappointing in almost all of cases [17, 18]. As for the effect of oxygen vacancies on the
electrochemical properties, we have not seen the systematic study.

Herein, we synthesized a series of nanostructured LiNipsMn; 5045 materials with a P4332 space
group that show good electrochemical performance. We achieved the increase of the oxygen vacancies
by controlling the synthesis time. Our results will be of great help for the study of the structure—
property relationship of ordered LiNigsMn; 504.s.

2. EXPERIMENTAL

500 mL mixed solution of NiSO,4 and MnSO,4 (Ni/Mn = 0.5:1.5 molar ratio) and 500 mL mixed
solution of NH3-H,0 (0.3 mol/L) and Na,COs3 (1 mol/L) were fed dropwise into a continuously stirred
tank reactor at a rate of 0.5 mL/min using a peristaltic pump at a pH of 7.8. A relatively fine needle
was used to control the droplet size to a volume of 0.01 mL. After vigorous stirring for 10 h, the
NigsMny5(CO3), precursor was collected and washed four times with distilled water to remove
residual sodium and sulfate ions, then filtered and dried. Finally, a stoichiometric mixture of the
precursor and Li,CO3 was ground fully. And then, to obtain LiNigsMn; 5045, the mixture was heated at
700 °C for 10 h and 48 h in a muffle furnace, respectively.

The structure of the LiNigsMn;1504.5 was characterized by X-ray powder diffraction (XRD,
D/Max2500PC, Japan) with Cu Ka radiation. The valence of Mn was measured with X-ray
photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi, USA) using a focused
monochromatized Al Ko radiation. The morphology and microstructure of the sample were studied
using field emission scanning electron microscopy (FE-SEM; Nova Nano SEM450, USA). The
composition of the LiNipsMn; 5045 sample was measured using inductively coupled plasma optical
emission spectroscopy (ICP-OES; Prodigy 7, USA). To further determine the number of oxygen
vacancies, we performed a TG test at 700 °C for 10 h, 20h, and 48 h. To form slurry, 85 wit%



Int. J. Electrochem. Sci., Vol. 12, 2017 9525

LiNigsMn;5045, 10 wt% acetylene black, and 5 wt% polyvinylidene fluoride were mixed in in N-
methyl-2-pyrrolidone. The slurry was uniformly coated onto aluminum foil current collector and then
dried under vacuum at 120 °C for 12 h. The electrolyte was a 1 M LiPFg solution dissolved in ethylene
carbonate: dimethyl carbonate: ethyl methyl carbonate in a 1:1:1 volume ratio. A Cellgard2400
membrane was used as the electrode separator. Then, a CR2016-type coin cell was employed to carry
out electrochemical tests, which were assembled in a glove box (Mikrouna, Super 1220/750/900), with
a metallic lithium plate as the counter electrode. Electrochemical performances of the LiNigsMn; 5045
cathode materials were evaluated with using a LAND-CT2001A system (Wuhan, China).
Electrochemical impedance spectroscopy (EIS) was performed with an impedance analyzer (Zahner
Elektrik IM6, Germany).

3. RESULTS AND DISCUSSION

XRD patterns of the samples synthesized at 700 °C for 10 h, 20 h, and 48 h are shown in Figure
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Figure 1. XRD pattern of LiNigsMn;504.5 samples synthesized at 700 °C for 10 h, 20 h, and 48 h.

In order to further study the structure of LiNiygsMn;504.5, we refined the XRD data and the
calculated lattice parameters are summarized in Table 1.

Table 1. Refined structural parameters of the LiNigsMn; 5045 materials with a P4332 space group.

Samples L|N|05 Mn1.504-10h LiNio.5Mn1.504-20h L|N|05 Mn1.504-48h
Space group P4332 P4332 P4332
Lattice constant
a(A) 8.16447(12) 8.16435(10) 8.16261(5)

Cell volume(A®)

544.232(0.014)

544.208( 0.011)

543.859( 0.006)
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0.62500(0)
1.0(0)
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1.0(0)
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0.933(0)
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-0.00094(209)
-0.00094(209)
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0.959(244)
0.62500(0)
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0.62500(0)
1.0(0)
0.354(8)
-0.00094(209)
-0.00094(209)
-0.00094(209)
0.003(0)
0.959(244)
0.12500(0)
0.37947(15)
-0.12947(15)
1.0(0)
0.354(8)
0.38578(39)
0.38578(39)
0.38578(39)
0.921(3)
0.236(62)
0.14493(60)
-0.14140(53)
0.12815(39)
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5.61
8.04
0.00668(194)
0.00668(194)
0.00668(194)
0.985(0)
1.370(246)
0.62500(0)
0.62500(0)
0.62500(0)
1.0(0)
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0.00668( 194)
0.00668( 194)
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0.015(0)
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0.12500(0)
0.37943(17)
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1.0(0)
0.343(7)
0.38507(54)
0.38507(54)
0.38507(54)
0.927(2)
0.245(56)
0.14571(52)
-0.14018(48)
0.12439(48)
0.912(4)

0.245(56)
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The three samples were assigned as having a P4332 space group. Site occupancy factors (SOF)
of all individual atoms were refined. As shown in Table 1, oxygen vacancies existed in ordered
LiNigsMn; 5045 synthesized at 700 °C for 10 h with 6=0.271. For the sample synthesized at 700 °C for
20 h, the value of 6 increased to 0.313. As the synthesis time increased to 48 h, the number of oxygen
vacancies increased to 0.337. The chemical composition for each metal in LiNigsMn;504.5 obtained at
700 °C for 10 h, 20 h, and 48 h is the same as the stoichiometry determined by inductively coupled
plasma (ICP) spectroscopy. The mass percent of oxygen in these samples were calculated from the
mass percent of metal. Oxygen vacancies were 0.24, 0.288, and 0.332 from ICP-OES, respectively. To
further confirm this conclusion, the TG of a stoichiometric mixture of the precursor and Li,CO3 were
measured. The calculated oxygen vacancies from the mass loss in the spinel phase were 0.29, 0.335,
and 0.37, consistent with the XRD refinement results. As shown in Table 1, there is no Li/Ni antisite
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defects in the ordered LiNipsMn; 50,45 synthesized at 700 °C for 10 h. For the samples synthesized at
700 °C for 20 h and 48 h, Li/Ni antisite defects were 0.3% and 1.5% respectively. In layer-structured
cathode materials, Li/Ni antisite defects (cation mixing) are closely related to the electrochemical
performance [16]. We have also found that electrochemical performance has a direct relationship with
Li/Ni antisite defects in spinel LiNigsMn; 504 [17].
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Figure 2. Fitting XPS of the Mn 2p3/, peak of the as-synthesized LiNigsMn;504.5 samples.

Figure 3. SEM image of precursor under low magnification indicating single particle size (a). SEM
image of LiNipsMny 5045 samples synthesized at 700 °C for 10 h (b), 20 h(c), and 48 h (d).
Inset: the images of (a)-(d) under low magnification, respectively.

To determine the oxidation state of Mn in the three LiNiosMn;504.5 samples, the literature data
for the binding energies of Mn** and Mn** are taken into account. The Mn 2ps;, XPS can be fitted by
two binding energies of 642.8 eV (correlated with Mn** in MnO,) and 641.8 eV (correlated with Mn**
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in Mn,03) [18]. Figure 2 shows the full XPS of Mn element and the detailed XPS fitting results of
Mn®* and Mn** of the three samples. The corresponding mole ratios of Mn**/ (Mn**+Mn*") are
34.07%, 37.38%, and 41.41%, respectively. As a result, a small amount of Mn** ions are observed in
ordered spinel materials. This also demonstrates that oxygen vacancies were induced in
LiNipsMn; 5045 materials with a P4332 space group.

Figure 3 shows SEM images of the NigsMn;5(COs), precursor and the corresponding
LiNipsMn; 5045 products synthesized at 700 °C for 10 h, 20 h, and 48 h. The precursor has an
excellent spherical morphology with an estimated diameter of 13 um (Figure 3(a)). The precursor
powder is homogeneous without agglomerated particles. The spherical morphology and the diameter
of the LiNipsMnys04.5 products remained unchanged after high-temperature calcination. The
microstructure of the LiNigsMn; 5045 products is shown in Figure 3(b)-3(d), which shows the surface
morphology of a single particle of LiNigsMn; 5045 under high magnification synthesized for 10 h, 20
h, and 48 h. The three samples are similar in particle morphology and the size of the primary particles
gradually increases with increasing synthesis time. We randomly selected 50 primary particles and
calculated the particle size distribution with Nano measurer (a particle size analysis software). The
primary particle size distributions and the mean primary particle size as a function of synthesis time
are shown in Figure 4.
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Figure 4. Primary particle size distribution of LiNigsMn; 5045 Samples synthesized at 700 °C for 10 h
(@), 20 h (b), and 48 h (c). Mean primary particle size as a function of synthesis time (d).

The primary particle size of the sample synthesized for 10 h was 50-80 nm. When the synthesis
time was extended to 48 h, the primary particles grow to approximately 80-100 nm. The primary
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particle size of 20 h is between 10 h and 48 h. The primary particle size gradually increased with
increasing synthesis time. The average primary particle size increased from 66.4 nm to 93.33 nm.
Bigger particles would be detrimental to the electrochemical properties of the materials. Because the
enhanced electrochemical performance could be attributed to the smaller particle sizes as well as well-
defined crystals which provide a directional and shorter diffusion path length for Li" transportation
within the crystals [19].

Figure 5 shows the 5th charge-discharge curves of LiNigsMn; 5045 Synthesized at 700 °C for
10 h, 20 h, and 48 h measured at 3.5-4.9 V at a rate of 0.1 C. The 5™ discharge capacity of the sample
synthesized at 700 °C for 10 h was reached 142.9 mAh g *. For the samples synthesized at 700 °C for
20 h and 48 h, their discharge capacity was not much difference and was a little smaller than the
sample synthesized at 700 °C for 10 h. Figure 6(a) shows the rate performance of the LiNigsMn; 5045
samplesat 0.1 C, 0.2 C, and 0.5 C. Figure 6(b) shows that the percentage of capacity loss of the current
increases from 0.1 C to 0.2 C and from 0.2 C to 0.5 C. At a discharge rate of 0.2 C, the capacity was
slightly attenuated. When discharged at 0.5 C, the discharge capacity was still above 120 mAh g* for
the sample synthesized for 10 h. With the synthesis time extended to 20 h, the capacity decreases from
135.6 mAh g t0110.2 mAh g *. However, the sample synthesized for 48 h had a low discharge
capacity of approximately 97 mAh g, showing poor rate performance. As can be seen from Figure
6(b), the percentage of capacity loss when the current increased from 0.1 C to 0.2 C was almost the
same for the three samples. But, when the current increased from 0.2 C to 0.5 C, the percentage of
capacity loss increased sharply with the synthesis time. We can infer that the presence of oxygen
vacancies is detrimental to the rate performance because O, pressurized LijgsMny 950399 electrodes
showed improved electrochemical cycling behavior at elevated temperatures than samples with more
oxygen vacancies [20].
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Figure 5. 5th charge and discharge curves of LiNigsMn; 5045 Synthesized at 700 °C for 10 h, 20 h, and
48 h between 3.5 and 4.9 V at a rate of 0.1 C.
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Figure 6. (a) Rate performance of LiNigsMn;504.5 Synthesized at 700 °C for 10 h, 20 h, and 48 h at
0.1C,0.2C, and 0.5 C. (b) The percentage of capacity loss of the current increases from 0.1 C
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To gain greater insight into the charge—discharge profiles, we plotted the corresponding
differential capacity vs. voltage curves of the 5th cycle in Figure 7. There were two split redox peaks
in the 4.7 V region. There was no peak at 4.0 V, consistent with the charge—discharge curves. The
reduction peaks were almost in same voltage region. The position of the two oxidation peaks in the 4.7
V region all shifted to a higher voltage as the synthesis time was extended to 48 h. Strong electrode
polarization occurred. These results were in line with the rate performance exhibited by the materials.
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Figure 7. Differential capacity vs voltage curves of 5th cycle for the Li/ LiNigsMn; 5045 cells between

35Vand49V.
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Figure 8. Electrochemical impedance spectroscopy of the synthesized LiNigsMn; 504.5 materials.

Figure 8 shows the electrochemical impedance spectroscopy of the samples measured after 5
cycles at 0.1 C. All the EIS spectra contained one semicircle in the high and medium frequency regions
and an inclined line in the low-frequency zone. There was no semicircle associated with Rsg/Csg
parallel circuit. This was because the amount of graphite or other carbonaceous materials on the thin
film electrode was very low, leading to a smaller Rsg, [21]. The equivalent circuit shown in the inset in
Figure 8 was used to fit the EIS data. In this circuit, Rs represents the electrolyte resistance and
corresponds to the high-frequency intercept at the real axis. R is charge transfer resistance [22]. Cgq
denotes the capacitance of double electric layer.

The charge transfer resistances are 267.5 Q, 271.3 Q, and 405 Q for the samples prepared at 10
h, 20 h, and 48 h, respectively. The material synthesized at 700 °C for 10 h exhibited the lowest charge
transfer resistance, which correlated well with its electrochemical behavior.

4. CONCLUSIONS

We investigated the electrochemical properties of nanostructured LiNigsMn; 5045 with a P4332
space group and observed the increase of oxygen vacancies with increasing synthesis time. The 5th
discharge capacity of the sample synthesized at 700 °C for 10 h reached 142.9 mAh g* at a rate of 0.1
C, showing excellent electrochemical performance. The sample also exhibited best rate performance at
a high discharge rate in comparison with the samples prepared at 20 h and 48 h. This is closely related
to the presence of less oxygen vacancies, no Li/Ni antisite defects and smaller primary particles. Our
study shows that the number of oxygen vacancies in the P4332 structure is related to the
electrochemical properties of the material, which suggests a way to improve the performance of high-
voltage LiNipsMn1504.5. Future research can be done by controlling the number of oxygen vacancies
to improve the electrochemical performance of high-voltage LiNigsMn;504.5 With the P4332 structure.
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