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Effect of Mn Source on 5 V LiNi,sMn, 0, Positive Electrode Materials
Prepared by Combustion Method
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Abstract: Sub-micrometric LiNigsMn,s04 cathode materials were prepared by sucrose combustion method with two
different Mn sources. The effect of manganese acetate and manganese nitrate on the crystal structure, morphology,
particle size and electrical performance of the prepared samples was evaluated by X-ray diffraction (XRD),
scanning electron microscopy (SEM), particle size analysis, cyclic voltammetry (CV),galvanostatic charge-
discharge test and electrochemical impedance spectroscopy (ELS). XRD analysis shows that the structure of both
samples 1s a typical cubic spinel with Fd3m space group. The particle size and the distribution of the
LiNigsMn, s0, powder are strongly influenced by Mn source. The materials prepared by manganese acetate have
smaller particle size and narrower particle size distribution, which can facilitate Li ions extraction and insertion.
Furthermore, the sample LiNigsMn,sO, prepared by manganese acetate has better electrochemical performances.
An initial specific capacity of 144.5 mAh-g™ at 1C in the voltage range of 3.6~5.2 V, 96% of the initial capacity
after 100 cycles is maintained, and capacities of 136.3, 132.0, 124.7 and 96.6 mAh-g™ are achieved at the rate
of 3C, 5C, 10C and 20C, respectively.
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0 Introduction

Lithium-ion batteries are considered as the most
promising energy storage systems owing to their long
lifespan and high energy density, with environmentally
benign and other advantages?. With the development
of the hybrid electric vehicle and electric vehicles, the
high power density is considered to be first and
foremost. One approach of increasing the power density
of lithium-ion batteries is to enhance its operational
voltage by utilizing high-voltage cathodes™. Because of
the highest theoretical discharge capacity with stable
cycle ability at this high potential, LiNigsMn,s0, (146.7
mAh - g™') material receives the greatest attention for its
dominant potential plateau at around 4.7 VI¢7,

The  physical and the electrochemical
performances of the cathode material are strongly
dependent upon the synthesis method. The spinel
materials have been synthesized via various methods

8]

such as solid-state reaction ™, sol-gel process P

M and carbon combustion

co-precipitation reaction
method"*". Among them, the solid-state reaction is the
simplest, but the particle size of the material obtained
by this method is non-uniform. For sol-gel method, the
final products are very uniform, but the drying time
lasts too long and the raw materials cost too much. It is
difficult to control the reaction for co-precipitation, and
the technology is too complex. Although the carbon
combustion process is hard to control, this method
allows reactants to mix at atomic or molecular level, and
it is the most effective method to prepare the submicron
materials, which is adaptable for industrialization.
Therefore, carbon combustion process is a promising
method to synthesize submicron material efficiently.

In addition, the selection of the reagent is another
factor for the performances. Recently, a series of
LiNigsMn,; 50, cathode materials have been prepared via
sol-gel method. Their results show that the grain size
distribution and electrochemical performances could be
significantly influenced by the Li source ™. Similarly,
the selection of starting Mn source is of great
importance in the preparation of spinels with better

electrochemical behaviors.

In this paper, the spinel cathode material is
prepared with sucrose combustion method by using two
different Mn sources. The effects of the starting Mn
source on physical and electrochemical properties are

studied.

1 Experimental

1.1 Preparation of materials

Stoichiometric amounts of LiNO3(99%), Mn(NO3),
(50%) or Mn(CH;COO),-4H,0(99%), Ni(NOs),-6H,0
(98%) were weighed in accordance with LiNigsMn,s0,,
and the mixed solution was prepared by dissolving the
above weighed compounds in distilled water. Then,
the weighed sucrose as fuel was dissolved in distilled
water and slowly added to the mixed solution.
Afterwards, the dark green solution was continuously
stirred at 30 °C water bath for four hours, Yellow
brown solution was obtained after two hours by
evaporation at 90 °C , then the surface became
foamable and the solution began to expand due to the
evolution of gases generated in the thermolysis of the
reagents. The foamy solution was heated, and after a
few minutes, the solution started to burn up
spontaneously without flame, finally, the very light
and downy black precursor powders were obtained.
The powders were collected and sintered at 900 °C for
10 h with the same heating/cooling rate in air to
obtain the final products. The prepared materials were
denoted as samples A and B for Mn (NOj), and
Mn(CH;COO0),-4H,0 as the Mn source, respectively.
1.2 Physical characterization of materials

The purity and crystalline structure of each
sample was analyzed by X-ray diffraction (XRD, DX-
1000, Cu Ko radiation at scanning angle of 10°~80°
and scanning rate of 0.06°+s™) (A=0.154 18 nm) with
proportional detector operated at 40 kV and 25 mA.
The particle morphology and particle size of the
samples were observed by scanning electron
(SEM, SPA400 Seiko Instruments). The
particle size distribution was tested by laser particle

size distribution tester (JL-6000).
1.3 Electrochemical performance of materials

microscopy

The cathode was fabricated by positive electrode
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composites of 80wt% LiNigsMn,;s0, (LMNO), 13wt%
(conducting additive) and 7wt%
polyvinylidene fluoride (PVDF, binder) onto an Al foil.
After being blended in N-methylpyrrolidinone (NMP),

the mixtures were spread uniformly onto a thin Al foil,

acetylene black

and its surface must be free from oxide layer before
coating with electrode materials, dried in vacuum at
120 C for 15 h and then cut into pieces with
diameter of 1.4 cm; thus, the area of the active
electrode surface was about 1.54 cm® The electrolyte
was a 1 mol L ™ solution of LiPFs in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1, by
volume), and celgard 2400 as the separator. The coin
type cells were assembled in an argon-filled glove
box. Galvanostatic charging/discharging tests were
operated in the potential range of 3.6~5.2 V and at
(25 C) with a battery test system
(CV) was
performed on the positive electrode in the cells

described above by a CHI 660C electrochemical work

station. CV tests were carried out in voltage range of

room temperature

(Neware BTS-610). Cyclic voltammetry

3.6 ~5.2 V at a scanning rate of 0.10 mV -s "
(EIS)  was

recorded with a zennium electrochemical workstation

Electrochemical impedance spectrum
in a frequency range of 100 kHz~10 mHz at an open-
circuit potential of 2.5 V by applying an AC signal of

5 mV.
2 Results and discussion

2.1 Structure analysis

The X-ray patterns of the samples prepared with
different Mn sources are illustrated in Fig.1(a). All the
fundamental diffraction peaks from Fig.1(a) could be
assigned to a nonstoichiometric cubic spinel structure
of LiNigsMn,s0,PDF 80-2162) with the space group of
Fd3m'™ the sharp peaks in the patterns indicate that
both samples are well crystallized. When Mn
(CH;C00),-4H,0 is used as the Mn source for sample
B, no impurities phases are detected. However, two
peaks at about 37.5° can be observed when Mn(NO;),
is used as the Mn source for sample A, being
recognized as the impurity phase of NiO (Fig.1(b)),

which is consistent with the literature report'®. This is

NiO
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Fig.1 XRD patterns of samples A, B and PDF#80-2162
(a), and patterns for samples A,B in the26 range
of 35°-42°(D).
a common phenomenon resulted from oxygen release
when the sintering temperature is above 650 °C,
accompanied with a small amount Mn** generated for
balancing the valence.

The calculated cell lattice parameters of the
samples are listed in Table 1. The crystallinity of the
two samples synthesized by combustion method are both
above 95% (calculated via Jade software), which shows
that both samples crystallize well through the above
preparation process. Their lattice parameters of a axis
are 0.817 11 nm (for sample A) and 0.8170 4 nm (for
sample B), greater than the theoretical value 0.817 0
nm. Since the radius of Mn?®*(0.065 nm)is larger than
that of Mn**(0.053 nm), as mentioned above, more Mn**
and impurity phase of NiO appear in sample A to
balance the valence caused by oxygen loss, so both the
lattice parameters (a) and the crystal cell volume of
sample A are larger than those of sample B. Therefore,
the diffusion pathway of Li ions for sample B is shorter

than that of A, which is good for Li ions inserting and
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Table 1 Calculated cell parameters of sample A and B
Sample a/ nm Volume / nm? Crystallite size / nm Crystallinity Loy 1 Luw
Sample A 0.817 11 0.545 56 443 95.012% 0.952
Sample B 0.817 04 0.545 41 40.5 98.662% 0.948
PDF 80-2162 0.817 00 0.545 30 / / /

extracting. Besides, less Mn* can reduce the dissolution
of manganese, decrease the polarization, and increase
the cycle performance. These features can significantly
contribute to the electrochemical performances of the
materials. The crystallite size both outdistance the
lattice parameters (a) testifies that the materials are
polycrystalline structures. It has been reported that the
intensity ratio of the [ /I wo peaks reflects the
structural stability of the [Mn,]O, spinel framework .
The 1511/l uo ratio for samples A and B are higher than
0.9, indicating that these samples show good structural
stability.
2.2 Morphological characterization

Fig.2 shows the SEM images of sample A and B.
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It can be observed that all the samples have sharp
edges, with obvious spinels, which suggests that the
samples are well crystallized. This is in agreement
with the X-ray results. Furthermore, the particles are
with narrow particle size distributions and no obvious
aggregation. The small particle size of the samples
could be explained by the gases generated during the
sucrose combustion process and the raw material
decomposition, which separate the particles into the
spongy and loose morphology of the samples (Fig.2).
In addition, the gases spreading out can also help to
remove the heat generated by the sources burning,
hence, suppressing the agglomeration of the particles.

The more gas generated, the smaller particle size can

Fig.2 SEM images of samples A and B synthesized by carbon combustion method
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Fig.3 Particle size distribution of sample A and B
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be achieved. Fig.3 shows the particle size frequency
and cumulative distribution of the samples. The
average particle size (Ds) of sample A is 0.348 m
(Fig.3a), and 0.209 pm (Fig.3b) for sample B. Small
particles could supply larger surface area where the
electrochemical reaction occurs between the cathode
surface and the electrolyte. Moreover, the particle
distributions are both narrow, which is in agreement
with the SEM images above. This is an important
issue for cathode materials because electrode
materials with sub-micron particle size can notably
improve their electrochemical properties, such as
cycle capability and discharge capacity. For the two
samples, as there are more gases generated in the
combustion process for sample B, it owns smaller
particle size and narrower distribution, so, it is
exhibit

electrochemical performances.

expected  to better cycle stability and
2.3 Electrochemical test

2.3.1 Cyclic voltammetry analysis

Fig.4(a) shows the cyclic voltammetry (CV) curves
of the samples plotted in the potential range from 3.6 V

to 5.2 V at a scan rate of 0.1 mV +s™". There are three
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Fig.4

range of 3.6~4.2 V for samples A and B(b)

2.3.2  Electrochemical performance

Fig.6 demonstrates the cycle and rate

performance of sample A and B at various discharge
rates from 1C to 20C  (1C=140 mA) between 3.6 and
52 V versus Li. It can be clearly seen that the
discharge capacities of the two samples are affected

by C rates, and their specific capacities are high at

pairs of redox peaks that can be clearly observed in the
CV curves for both samples. They appear at around 4.1
V,4.7V and 4.8 V, corresponding to the Mn*/Mn*, Ni*
/Ni** and Ni**/Ni**, respectively, which is in good line
with the charge-discharge profiles below. Moreover, the
redox peak in the potential region from 3.9 V to 4.1 V
indicates that the Mn**ions indeed exist in the cathode
material, and the intensity of this peak can reflect the

18 Since there is more amount of

purity to some extent
Mn* resulted from the existence of small amount of NiO
for sample A, as a result, the redox peak around 4V is
stronger than that of sample B (Fig.4 (b)). Fig.5 shows
the cyclic voltammetry (CV) curves of sample B after
different cycles. It can be seen that the intensities of
the peaks around 4.1 V almost keep the same after
different cycles, which are different from the
intensities of the peaks around 4.7 V area. It can be
observed that the peak intensities at 4.7 V area slowly
decrease with cycle number increasing, showing
excellent reversibility and no any polazrization when
cycling, demonstrating the spinel structure of sample
B is very stable with the reversible intercalation/

deintercalation of Li*.
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Cyclic voltammetry curves of samples A and B(a), and cyclic voltammetry curves in the voltage

low discharge rate and decrease only a little as the
rate increases, indicating good rate performances for
the spinels. It is obvious that the compound prepared
with Mn(CH;C00),-4H,0 has better rate performance
and higher specific capacity at every discharge rate.
On the other hand, both the two samples have

excellent cycling stability at each rate, their discharge
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Fig.5 Cyclic voltammetry curves of sample B after

different cycles
capacity does not decrease after about twenty cycles
at each rate. At 1C, the discharge specific capacities
are 141.7 and 144.5 mAh -g™' for sample A and B,
respectively, which are very close to the theoretical
capacity, as can be seen, the discharge capacities are
132.7 and 136.3 mAh-g™ at 3C, 126.4 and 132 mAh-
g at 5C, 115.3 and 124.7 mAh -g™ at 10C for
samples A and B, respectively. When the current
comes to 20C, they are still as high as 84.7 and 96.6
mAh - g7, Clearly, the capacities of sample B surpass
that of sample A at every discharge rate, indicating
sample B with Mn (CH;COO), -4H,0 exhibits better

electrochemical performance. The retentions of both

cathodes as a function of discharge rate are calculated
based on the capacity of 1C in Table 2. The discharge
capacity decays at the beginning low rates for both
cathodes are actually slow, and when the current
comes to 10C and 20C, the capacity attenuation is
accelerated. The capacity retention is 81.4% and
86.3% for 10C, 59.8% and 66.9% for 20C for samples
A and B, respectively. Obviously, the electrochemical
performance of products can be improved by using
manganese acetate as the Mn sources, especially at

high discharge rate.
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Fig.6  Cycle performances for sample A and B at various

discharge rates

Table 2 Calculated capacity retention of sample A and B

Sample 1C 3C 5C 10C 20C
Sample A 100% 93.6% 89.2% 81.4% 59.8%
Sample B 100% 94.3% 91.3% 86.3% 66.9%
The cycling performances of both cathode
materials measured at 1C rate at room temperature 150
between 3.6 and 5.2 V versus Li are shown in Fig.7.
For both samples A and B, the specific capacities will
reach to maximum after about 20 cycles, and remain > 1301 A e
as 129.1 and 138.1 mAh-g™ for 100 cycles, keeping E‘)
S 120 1 o Sample A
at 91.1% and 95.6% of the maximum valve, with > » Sample B
approximately 0.126 and 0.064 mAh-g™ capacity loss 110
per cycle. It is obvious that the compound prepared
with Mn(CH;COOQ),-4H,0 has stable cycling behavior, 100 0 20 40 60 30 100

while the other one presents an obvious capacity
decreasing upon cycling. The abrupt capacity decay

for sample A can be explained by the impurity phase

Specific capacity / (mAh-g)

Fig.7 Cycling performance for the samples A and
B at I1C
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of NiO, larger particle size, wider grain size plateau is small, which becomes much bigger as the

distribution, and inferior crystallinity. Larger particles
could only supply smaller surface area where the
electrode reaction occurs between the cathode surface
and the electrolyte at the high operating voltage.
Combined with the impurity phase of NiO, wide grain
size distribution and inferior crystallinity, the spinel
material surface is easier to be corroded by HF, which
is one of the side products resulted from the
electrolyte. This phenomenon can accelerate the
solution of transition metal elements and the
decomposition of the electrolyte, and finally, the
deterioration of cyclability.

Fig.8 shows the charge-discharge curves in a
potential range from 3.6 V to 5.2 V of both samples
prepared by carbon combustion method. The cell is
charged at 1C before discharge test at various rates. It
can be seen that the initial charge curves of 1C for
both samples exhibit two voltage plateaus. One is
apparent at 4.7 V and the other is not obvious at 4.1

V, and the interval between charge and discharge

2 Sample A

Voltage / V

T20c, 100, 5€, 3C, 1C

3.6 T T T T T T ?
0 20 40 60 80 100 120 140 160
Specific capacity / (mAh-g*)

b Sample B
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20C, 10C, 5C, 3C, 1C

3.6 T T T T T T T
0 20 40 60 80 100 120 140 160
Specific capacity / (mAh-g")

Fig.8 Chargedischarge plateaus for the samples A(a) and

B(b) at various discharge rates

discharge current increasing. Since the charge plateau
keeps almost constant, this phenomenon demonstrates
that the discharge plateaus decrease gradually with
the C rate increasing, indicating the effect of
polarization increases along with the increase of the
current.
2.3.3  Electrochemical impedance spectrum (EIS)
analysis

Electrochemical impedance spectrum  (EIS) for
the discharged cell was measured in the frequency
range of 100 kHz~10 mHz. EIS was applied to further
analyze the electrochemical performances affected by
Mn sources. Before EIS test, the two cells were
discharged after 30 cycles at 1C in a voltage range of
3.6~5.2 V. Fig.9 shows that both spectra consist of an
intercept at the Z’ axis in high frequency, a semicircle
in the middle frequency and a straight line in the low
frequency region, indicating the resistance of
electrolyte and LiNigsMn;s04 thin film, the charge-
transfer resistance of electrochemical reaction, and the
resistance related to the lithium-ion diffusion in the
spinels, respectively. An equivalent circuit model of
EIS is constructed to analyze the resistance of
LiNigsMn, 50, electrode(Fig.9b), which can explain the

impedance spectra through the ohmic resistance Re,

a —o—Sample A
50 —4—Sample B
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Fig.9 AC impedances for samples A and B (a);
Equivalent circuit model for fitting the

experimental AC data (b)
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Table 3 Numerical values of the elements from equivalent circuit

Sample R.1Q R/ Q R./Q
A 3911 18.39 21.56
B 2.722 8.763 11.77
charge-transfer R; and the diffusion resistance Ret. The References:

parameters of the equivalent circuit by computer
simulations are shown in Table 3. As can be seen from
the table, the resistance of the electrolyte and sample B
thin film is only 2.72 (), the charge-transfer resistance
of electrochemical reaction is 8.76 (), the diffusion
resistance is 11.77 (). The lower resistance for sample
B indicates a lower electrochemical polarization and
high electronic transmission rate which is in favor of the
transmission of ions and electrolytes, leading to higher
electrical

conductivity and the optimum

electrochemical performance of sample B.
3 Conclusions

In this work, spinel LiNigsMn,s0, cathode mater-
ials were synthesized with combustion method. The
effect of Mn source, on physical and electrochemical

Of LiNio_SMn1_504

discussed. The results show that the material obtained

properties cathode materials is
with manganese acetate has smaller average particle
size and narrower particle size distribution, which
results in good rate performance and excellent
capacity retention. Its discharge capacity is 144.5
mAh-g™, capacity retention is 95.6% after 100 cycles
in the cut-off voltage of 3.6~5.2 V, and high discharge
capacities of 136.3, 132, 124.7 and 96.6 mAh-g™ are
obtained at the rate of 3, 5, 10 and 20C, respectively.
The results indicate that manganese acetate is an
excellent Mn source for the preparation of spinel
LiNigsMn; 50,
method.

cathode materials with combustion
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