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Cooling speed is a significant factor for LiNipsMny 50,4 synthesized by solution combustion synthesis
method. In order to investigate the influence of cooling speed on LiNigsMn; 504 spinels, in this paper,
LiNigsMn; 50,4 spinels have been synthesized by an improved solution combustion synthesis method at
800 °C for 10min with different cooling speed. X-ray diffraction (XRD), Fourier transform infrared
pectroscopy (FTIR) and scanning electron microscope (SEM) have been used to investigate the phase
composition and micro-morphologies of the products. Charge-discharge measurements, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) have been used to study the
electrochemical performance of the products. The results indicate that the fast cooled LiNigsMn;504
(FC-LNMO) is single phase and possesses highly disordered phase structure and large amounts of
Mn®* ions. Contrastively, the slowly cooled product (SC-LNMO) is a combination of two phases, the
main phase of LiNigsMn; 504 and the minor phase of LixNiyxO impurity. SC-LNMO has more ordered
phase structure and possesses little amounts of Mn** ions. Although the reversible capacity of FC-
LNMO is smaller than that of SC-LNMO, the cycle stability and rate capability of FC-LNMO are
much better than these of SC-LNMO, due to the larger amounts of Mn**, lower polarization and
smaller charge transfer resistance of FC-LNMO than these of SC-LNMO.

Keywords: Lithium ion batteries; solution combustion synthesis; LiNiosMn; 504 spinels; cooling
speed

1. INTRODUCTION

Nowadays, lithium ion batteries can power most of today’s portable electronic devices such as
lap-top computers and mobile phones [1]. However, they still suffer limitations in some new
applications such as hybrid electric vehicles (HEVS), electric vehicles (EVs) or power backup, which
require both high energy and high power densities. In order to satisfy the high energy and high power
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demands, good cathode materials for lithium ion batteries therefore should have high reversible storage
for Li and rapid Li* and electron transport to obtain high capacity and high rate capability [2].
LiNiosMn; 504 spinels, which possess the advantages of high average discharge voltage (around 4.7 V
vs. Li*/Li couple), fast Li* diffusion within the three-dimensional spinel structure, low cost and
environmental friendliness, have been regarded as one of the most promising candidates for high
power and high energy cathode materials [3]. It has been reported that the final electrochemical
performance of LiNigsMn; 504 can be affected significantly by the amount of Mn®" ions, the structural
ordering and the micro-morphology of LiNipsMny504 spinel, which strongly depend on the synthesis
method and process [4]. Various synthesis methods including solid-state method [5], sol-gel method
[6], Pechini method [7] or spray-drying method [8] producing LiNigsMn; 504 with different amount of
Mn®" ions, degree of structural ordering and micro-morphologies have been reported. Among them,
solution combustion synthesis method is more attractive because it is simple, fast and efficient [9].
LiMn,0,4-based spinels synthesized by the solution combustion synthesis have been reported, which
exhibit various electrochemical properties [10-12]. However, conventional solution combustion
synthesis method generally uses metallic nitrates as metal source and carbonaceous compounds such as
urea [13] or citric acid [14] as fuels. The combustion reaction between the nitrates and the fuel is
violent, leading to a non-homogeneous precursor [15]. In order to obtain single phase LiNigsMn; 50y,
the precursor has to be annealed for a long time. Previously, we have developed an improved solution
combustion synthesis method to synthesize LiMn,O,4-based spinels [16-18]. In this synthesis, metallic
acetates were used to partly substitute the nitrate ones as raw materials, and the acetic radicals were the
fuel themselves. The reaction rate could be decreased effectively, resulting in a more homogeneous
precursor. Therefore, single phase spinels could be obtained at low temperature for short time [19].

In the solution combustion synthesis method, heat treatment is significant, because under
different heat treatment, LiNiosMn;s0, would possess different amount of Mn** ions, structural
ordering and micro-morphology [20]. We have noticed that the cooling speed after calcinations is very
important for LiNigsMn;s0,4 synthesized by the improved solution combustion synthesis method.
Faster cooling speed easily leads to larger amounts of Mn®" and higher disordering of the phase
structure in LiNigsMn1sO.. In contrary, slower cooling speed generally results in less amount of Mn**
and higher ordering of the phase structure. Therefore, it is worthwhile to understand the influence of
the cooling speed on LiNipsMny 504 synthesized by the solution combustion synthesis method.

In this paper, two LiNigsMn;s504 spinels have been synthesized by the improved solution
combustion synthesis method under same experimental conditions except cooling speed. The one is
cooled naturally in the furnace to room temperature after calcinations to get a slow cooling speed, and
the other one is taken out immediately after calcinations and cooled down in air to get a fast cooling
speed. The influences of cooling speed on the phase composition, structural ordering, micro
morphology, and the amount of Mn®" ions of the products have been investigated. Moreover, the
influences of the cooling speed on the electrochemical performances including specific capacity, cycle
stability and rate capability have been also studied.
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2. EXPERIMENTAL

2.1 Preparation

About 20 g raw materials of LiNO3; (AR, 99%), CH3COOLI (AR, 99%), Mn(NOs), (AR, 99%),
(CH3CO0),;Mn (AR, 99%), Ni(NO3)2(AR, 99%) and (CH3COO),Ni (AR, 99%) with the mole ratio of
0.5:0.5:0.75:0.75:0.25:0.25 were firstly dissolved in 10 ml distilled water to obtain a solution. The
solution was then put into a muffle furnace which presets at 800 °C and then ignited and combusted for
10 minutes. After that, for SC-LNMO, the furnace was stopped heating and then the sample was
cooled in the furnace to room temperature naturally. For FC-LNMO, the sample was taken out from
the furnace immediately after combustion and then cooled down to room temperature in air.

2.2 Characterization

The phase composition, structure ordering and mciro morphology of the products were
ascertained by XRD (D/max-rB, Cu-Ka, within scattering angles of 10°and 70° in steps of 0.02°),
FTIR (Perkin Elmer, with KBr pellets) and SEM (S4800, HITACHI).

2.3 Elctrochemical performance test

The electrochemical characterizations were performed by using CR2032 coin-type cell. The
test cell consisted of the LiNigsMn; 504 electrode as cathode electrode, lithium foil as anode electrode,
a porous polypropylene film as a separator and 1 M LiPFg in EC/DMC (1:1 in volume) as an
electrolyte. For LiNigsMn; 504 electrode fabrication, the prepared LiNigsMny 504 powders were mixed
with 10 wt % of carbon black and 10 wt% of polyvinylidene fluoride in N-methyl pyrrolidinone until
slurry was obtained. Then, the blended slurries were pasted onto an aluminum current collector, and
the electrode was dried at 120°C for 12 h in vacuum. The cells were assembled in an argon-filled glove
box and cycled at room temperature. The electrochemical performances of the products were evaluated
upon cycling in the 3.5 - 5.0V versus Li/Li* electrode at different C rate. Here 1C=150mA/g. Cyclic
voltammograms (CV) were carried out by an electrochemical workstation (AUT302N, Metrohm,
Switzerland) with a scan rate of 0.1 - 0.5 mV/s between 3.5-5.0 V. Electrochemical impedance
spectroscopy (EIS) were collected at 100% state of charge at 5V with an AC amplitude of 5 mV in the
frequency range of 10 kHz to 0.1 Hz, and Li foil was used as both counter and reference electrodes.

3. RESULTS AND DISCUSSION

3.1 Phase structure and micro-morphologies

Phase composition of the products can be determined by XRD. The XRD patterns of FC-
LNMO and SC-LNMO are shown in Fig.1. As shown in Fig. 1a, all peaks of the product correspond to
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LiNipsMn; 504 (JCPDS 80-2162, a=0.817nm) and no evident other peaks could be found, suggesting
that FC-LNMO s a single phase LiNigsMn; 50, spinel. For SC-LNMO (as seen in Fig. 1b), although
the strong peaks correspond to LiNigsMny 504, but there are some weak peaks in the pattern, which are
attributed to LixNi;-xO. Moreover, it also can be seen from Fig.1 that the relative intensities of the
peaks of SC-LNMO (Fig.1b) are stronger than there of FC-LNMO (Fig.1a), and the calculated average
grain size from the XRD data of SC-LNMO and FC-LNMO are 391 nm and 112 nm, respectively,
indicating that the crystallinity of SC-LNMO is higher than that of FC-LNMO.
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Figure 1. XRD patterns of (a) FC-LNMO and (b) SC-LNMO.

There are two types of LiNigsMn; 504 spinel with different space groups, disordered Fd-3m or
ordered P4332 [21]. It has been reported that most of the reported high-voltage LiNigsMn; 50,4 spinels
are non-stoichiometric, disordered, and oxygen deficient due to the high-temperature calcination [22].
For the non-stoichiometric LiNigsMn; 5044 spinel, accompanied by the loss of oxygen, part of the
inactive Mn** ions are reduced to Mn®* due to the charge neutrality. Because Mn** ion has a larger
ionic radius than that of Mn*" ion, the lattice parameters of the non-stoichiometric LiNigsMn; 504«
spinel generally increase with increasing amounts of Mn® ions in the lattice [23]. The calculated
lattice parameter of FC-LNMO is 0.8217nm, much larger than that of the standard lattice parameter of
0.817 nm. It suggests that the FC-LNMO is a non-stoichiometric LiNigsMn;s04.x With moderate
amounts of Mn*" and oxygen deficient in the product due to the fast cooling speed. In contrary, the
calculated lattice parameter of SC-LNMO is 0.8166 nm, similar as the standard one, suggesting that
the SC-LNMO is a more stoichiometric LiNigsMny504 with little amounts of Mn®** ions and oxygen

deficient.
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Figure 2. FTIR spectra patterns of (a) FC-LNMO and (b) SC-LNMO.

However, the structural ordering of LiNigsMn;sO4 is hardly to be distinguished by normal X-
ray diffraction directly because the scattering factors of Ni and Mn are similar [24]. FTIR spectroscopy
has been proved to be an effective technique in qualitatively resolving the cation ordering [25].
Characteristic infrared vibration bands of the M—O bonds of the sample between 700 cm™' and 400
cm' were used to determine the structural ordering in LiNigsMni504. With increasing degree of
lattice ordering, the intensity of Ni—O band at about 588 cm™" increases while the intensity of Mn-O
band at 620 cm ™' decreases [26]. As shown in Fig.2a, there is no evident peak appeared at about 588
cm™, suggesting that FC-LNMO is a highly disordered LiNiosMn;50s. From Fig.2b, there is an
obvious peak appeared at 586 cm™, but the band intensity at 586 cm™ is lower than that at 620 cm ™. It
suggests that SC-LNMO is also a disordered LiNigsMn; 504, but its structural ordering is higher than
that of FC-LNMO [27].

Figure 3. SEM images of (a) FC-LNMO and (b) SC-LNMO.

Fig.3 shows the SEM images of the products. It can be found that the grain size of SC-LNMO
(as shown in Fig.3b) is larger than that of FC-LNMO (as shown in Fig.3a), and the surface facets of
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SC-LNMO are clearer than these of FC-LNMO. These indicate that the grains of SC-LNMO are more
developed and the crystallinity of SC-LNMO is higher than these of FC-LNMO, which are in
agreement with the XRD results.

3.2 Electrochemical performance

The electrochemical charge/discharge studies of the products were performed in a galvanostatic
mode between 3.5 and 5.0 V at 0.2C charge/discharge rate. The initial voltage profiles of the products
are shown in Fig.4a. The charge/discharge curves show two main voltage plateaus in 4.7 V and 4.0 V
regions, respectively. The plateau at 4.7V has been ascribed to the two-steps (Ni**/Ni**, Ni**/Ni®")
redox reactions, and the plateau at 4V reflects the redox reaction between the Mn** and Mn** couple
[28]. It can be seen from Fig.4a that the charge/discharge curves of FC-LNMO show flat voltage
plateaus in the 4.0 V regions with similar length as the plateaus in 4.7V regions, suggesting that the
redox reaction between the Mn** and Mn** couples of FC-LNMO is obvious and the amount of Mn®"
in FC-LNMO is considerable.
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Figure 4. (a) Initial charge/discharge curves of the products versus metal Li. The test was performed in
a constant current and constant voltage mode. The cell was charged with a constant current of
0.2C (about 30mA/g) to 5.0 V, held at 5.0 V for 10min and then discharged at 0.2C to 3.5 V.
(b) Cycling performance and (d) the comparison of the 1 and the 100" discharge curves of the
products at 1C rate. The test was performed at 1C discharge rate and 0.5C charge rate within
the voltage range of 3.5-5.0V.
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In contrary, the voltage plateau in the 4.0V region of SC-LNMO is not obvious, indicating that
the amount of Mn*" in SC-LNMO is little [23]. The percentages of capacity contribution from the 4.0
V plateau of the samples can be calculated from the capacity between 3.80 and 4.25 V divided by the
total discharge capacity and can be qualitatively used to evaluate the relative concentration of Mn**
ions in the spinels [23]. About 41.2% and 6.1% of the total capacities from 4.0V plateaus of FC-
LNMO and SC-LNMO are obtained, respectively. It confirms that FC-LNMO has large amounts of
Mn®" ions and SC-LNMO has little amounts of Mn®" ions in the lattice, which is consistent with the
XRD and FTIR results.

The initial discharge capacity of SC-LNMO is 128.6 mAh/g, which is much higher than 91.5
mAh/g of FC-LNMO. Because there are large amounts of Mn** ions in FC-LNMO, for charge
neutrality, it will induce the loss of oxygen, or induce Ni* to be oxidized to Ni** or Ni**. The capacity
contribution from 4.7V plateau could be approximately calculated from the capacity >4.4V, which is
attributed to Ni?* ions in the spinels. The calculated capacities from 4.7V of FC-LNMO and SC-
LNMO are 44 and 116 mAh/g, respectively. The results clearly show that the capacity from 4.7V
plateau of FC-LNMO is much smaller than that of SC-LNMO. It suggests that a part of Ni** ions in
FC-LNMO are oxidized, resulting in smaller reversible capacity than that of SC-LNMO.

Cycling performances of the products at 1C at 25 °C are shown in Fig.4b. The capacity
retentions after 100 cycles of FC-LNMO and SC-LNMO are 99.6% and 82.8%, respectively. After 100
cycles, the plateau voltage in the discharge curve of FC-LNMO changes much less than that of SC-
LNMO (as seen in Fig.4c), suggesting that the cycling stability of FC-LNMO is much higher than that
of SC-LNMO. Park [29] and Shin [30] reported that disordered LiNigsMn; 50,4 spinels with appropriate
amounts of Mn*" ions have better electrochemical performances than these of the ordered
LiNig.sMny504 spinels without Mn®*" ions. FC-LNMO in this paper possessing a more disordered phase
structure and larger amounts of Mn*" ions therefore has better cycling performance.

Rate capability is important for lithium ion batteries. The rate capabilities of the products are
shown in Fig.5. Both FC-LNMO and SC-LNMO show excellent capacity retentions with increasing
rate (as seen in Fig.5a). Although SC-LNMO exhibits larger reversible capacities at different rate than
these of FC-LNMO, FC-LNMO exhibits better capacity retentions than these of SC-LNMO. Here we
chose the initial discharge capacity of the electrode at 0.2C as 100% for comparison. It is found that
FC-LNMO remains 98.1%, 97.8%, 96.6%, 92.6% and 81.9% of the capacity (0.2C) at discharge rate
of 0.5, 1, 2, 5 and 10C, respectively. For SC-LNMO, the capacity remains 98.4%, 95.2%, 91.0%,
83.2% and 72.8% at 0.5C, 1C, 2C, 5C and 10C, respectively.

From Fig.5b and Fig.5c¢, it can be found that the polarizations of the two products from 0.2C to
2C are small, suggesting that at low rate, both FC-LNMO and SC-LNMO exhibit good rate
capabilities. However, at above 5C, the operation voltages of FC-LNMO are higher than these of SC-
LNMO. It suggests that the polarization of FC-LNMO is larger than that of SC-LNMO with increasing
rate. It has been reported that the existence of Mn®" ions [23, 31] and the increase of oxygen non-
stoichiometries in LiNipsMn; 504 [25] can improve the rate performance. FC-LNMO possessing much
larger amounts of Mn®" ions than these of SC-LNMO therefore exhibits much better rate capability
than that of SC-LNMO. Fig.5d shows the cycling performances of the two products at 10C. After 100
cycles at 10C rate, the capacity retention of FC-LNMO is near 100%. In contrast, the capacity
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retention of SC-LNMO is only 90.1%. FC-LNMO exhibits excellent cycling abilities at high rate.
Nevertheless, it is noticeable that although the rate capability of SC-LNMO is inferior to that of FC-
LNMO, compared with some previously reported pristine LiNigsMn;504 [21, 32], the rate capability

of SC-LNMO is better.
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Figure 5. (a) Discharge capacity vs rates of the products. (b) Charge/discharge curves of FC-LNMO.
(c) Charge/discharge curves of SC-LNMO. (d) Cycling performance of the products at 10C
rate. A slow charge rate of 0.5C was used to effectively evaluate the ability of the host spinel
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The main drawback of the LiNigsMn;504-based cathodes is the severe capacity loss at elevated
temperature (55 °C) [33]. Fig. 6 shows the cycling performances of the products in the voltage range of
3.5-5.0V at 1C rate at 55 °C. After 100 cycles, the capacity retention of FC-LNMO is 93.0%,
meanwhile the capacity retention of SC-LNMO is only 78.4%. FC-LNMO shows much better cycling
stability at the elevated temperature than that of SC-LNMO. Compared with the reported pristine
LiNigsMny504 [34], the capacity retention of FC-LNMO is also better. It confirms that Mn** ions in
LiNiosMn; 504 are important for improving the electrochemical performance of LiNigsMn; s0.

To gain further insight into the electrochemical characteristics, a series of voltammetry
measurements of the products were performed. Fig.7 shows the cyclic voltammogram (CV) of the
products recorded at 0.1mV/s to 0.5mV/s scan rates, respectively. There are two regions in the CVs,
4.0V region and 4.7V region.
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Figure 7. Cyclic voltammograms (CV) of (a) FC-LNMO and (b) SC-LNMO at different scan rate.
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From Fig.7a it can be found that the peak intensities of the two redox pair in 4.0V region of
FC-LNMO are very strong, suggesting that there are large amounts of Mn** ions in FC-LNMO.
However, for SC-LNMO (as seen in Fig.7b), the peak intensities of the two redox pair in 4.0V region
are weak, suggesting there are little amounts of Mn** in SC-LNMO. The results are consistent with the
results of charge/discharge curves. Moreover, it can be seen from Fig.7 that with the increase of scan
rate from 0.1 to 0.5 mV/s, the changes of the voltage gaps between each redox couple of FC-LNMO
are little. In contrary, the changes of SC-LNMO are much larger than these of FC-LNMO. It suggests
that the polarization of FC-LNMO is much smaller than that of SC-LNMO, which is in accord with the
rate test results.

Fig.8 shows the electrochemical impedance spectra (EIS) of the batteries with different samples
as electrodes after 5™ and 100" cycles. The plot includes the real component of the impedance on the
horizontal axis (Z’), and the imaginary component of the impedance on the vertical axis (Z’”). The EIS
spectrums are combination of the depressed semicircle at high-to-middle frequency region and an
inclined line in the low frequency region. The intercept at the Z’ axis corresponds to the ohmic
resistance (R;), the semicircle is related closely to the lithium-ion migration resistance (Ry) through the
multilayer surface films and the charge transfer resistance (Rc) in high-to-middle frequency range [35],
and the inclined line in the low frequency region is the Warburg impedance of solid phase diffusion
(ow), which is related to the lithium-ion diffusion in the spinel particles [36]. Apparently, it can be seen
from Fig.8 that the R of FC-LNMO (Fig.8a) is much smaller than that of SC-LNMO (Fig.8c).
Moreover, after 100 cycles, the R of FC-LNMO (Fig.8b) changes little, meanwhile the R of SC-
LNMO (Fig.8d) is increased obviously, suggesting that the conductivity of FC-LNMO changes little
after cycles. It has been reported that lower R value of LiNigsMn; 504 means a lower electrochemical
polarization, which can lead to higher rate cycling performance [21], and higher R¢; signifies the more
capacity loss at the high charge/discharge rate [37]. FC-LNMO possessing lower R before and after
cycles than these of SC-LNMO therefore exhibits better rate capability then that of SC-LNMO, which
is in good agreement with the C-rate capacity data.

4. CONCLUSION

LiNigsMn; 504 spinels have been synthesized by an improved solution combustion synthesis
method at 800 °C for 10min with different cooling speed. The fast cooled LiNigsMn; 504 has highly
disordered phase structure and large amounts of Mn** ions in the lattice. The slowly cooled
LiNiosMny504 has more ordered phase structure and little amounts of Mn®" ions. Although the
reversible capacity of the fast cooled LiNigsMn;504 is smaller than that of the slowly cooled
LiNigsMn; 504, the cycle stability and rate capability of the fast cooled LiNigsMn; 504 are much better
than that of the slowly cooled LiNigsMn;504, due to its larger amounts of Mn®" ions, lower
polarization and smaller charge transfer resistance.
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