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LiMo1Mn; 904 (M=Mn, Al, Fe) compounds were synthesized via a sol—gel process. The XRD pattern
indicates that the samples could be indexed as a spinel structure without any impurities. The doped Al
and Fe can be clearly observed on the surface of the samples from the energy dispersive spectrometer
(EDS) images. The TEM images show that the particle size is about ~ 100nm. The SEM images reveal
the particles aggregated into porous structures. Textural analysis was carried out by measuring the N,
adsorption/desorption isotherms. Among the samples, the galvanostatic charge—discharge testing
shows that LiAly1Mn; 90,4 sample exhibits the best electrochemical performance at high rate and at
high temperature. A typical Li/LiAlg1Mn; 404 cell shows a discharge capacity of 95.8mAh g™ at 50C
discharge rate (charged at 5C) at 25°C. Even at 55°C, 85.0% of the discharge capacity is maintained at
a rate of 5C after 200 cycles. In addition, the influences of doping Al and Fe on the electrochemical
performance of LiMn,O, are characterized by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS).

Keywords: Doped LiMn,QO4; Sol-gel method; Rate capability; Lithium ion battery

1. INTRODUCTION

How to improve the high energy and power density capability of lithium ion battery is
attracting widespread research over the past few years due to potential applications in both electric
vehicles (EVs) and hybrid electric vehicles (HEVS) [1,2].

The improvement of the specific power density in lithium battery is a fundamental issue to
solve the above problem. LiMn,O, is a promising cathode of lithium ion battery to replace layered Ni
or Co oxide materials because of its significant advantages, such as excellent rate capability,
environmental friendliness and low cost [3].
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The nanostructured morphologies of LiMn,O, could meet the requirements for application in
high power systems [4,5]. However, plain LiMn,O, shows poor cycling stability, especially quick
fading of capacity at a higher temperature above 55°C [6].

Various methods have been developed to increase the electrochemical performance of
LiMn,0y4, such as coating [7,8] and doping [9-22]. And it has well been demonstrated that the
electrochemical properties of LiMn,O4 could be improved by partial substitution of Mn** with several
elements, such as Co [10,11], Cr [12], Zn [13], Ce [14], Li [15] Al [16-20], Fe [21,22] etc. Lee et al
reported that Al-doped spinel (LiAl,Mn,_O4) obtained 128 mAh g™ for the first cycle and 115 mAh g
! after 100 cycles with a discharge current of 0.4 mA cm™ [16]. Hwang et al investigated the effect of
Al—doped on the stability of LiMn,O, spinel. The initial discharge capacity and 10th discharge
capacity were about of 100 mAh g™ and 90 mAh g™ at 0.1C charge—discharge rate [17]. Bang et al.
reported that Fe improve the capacity retention ratios from 70% to 96% after 30 cycles [21]. It is clear
that doping Al and Fe can play a role in stabling the structure to improving the capacity retention.
However, fast charge and discharge performance especially at elevated temperature was lack for most
published Al or Fe doping LiMn,Q, literatures.

In our study, LiMg1Mn; 904 (M=Mn, Al, Fe) materials were synthesized by a sol-gel method.
The XRD pattern indicates the samples are in a spinel structure. The grains around ~ 100nm aggregate
into porous structures showed by SEM. The N, adsorption/desorption experiments show the similar
big surface area compared to the porous nanorods reported previously [23]. Among the three samples,
LiAlp1Mn; 90,4 exhibits the best electrochemical performances showing a discharge capacity of
95.8mAh g™ at 50C discharge rate (charged at 5C) at 25°C. Even at 55°C, capacity retention of 85.0%
after 200 cycles at 5C charge—discharge rate is obtained for this electrode. The diffusion coefficient of
Li* (D) calculated from cyclic voltammograms (CVs) is in the range of 10°-107 cm? s™. The Faradic
charge-transfer resistance (R.) and the Warburg impendence (Z,) are investigated by fitting the
impedance data with ZSimpWin software. The good electrochemical performance of LiAlp1Mn; 90y is
in agreement with data of CV and EIS.

2. EXPERIMENTAL

2.1. Preparation of materials

The LiMg1Mny 90, (M=Mn, Al, Fe) were prepared by the sol-gel method using citric acid and
glycol as the chelating agent.

The stoichiometric amount of LINO3 (CP), 50% Mn(NOs), solution (AR), AI(NOs)s- 9H,0
(AR), Fe(NOs)s- 9H,0 (AR) were mixed with citric acid (AR) and glycol (AR) which their molar ratio
was kept as 1:4 dissolved in 20mL of distilled water. The molar ratio of metal ion to citric acid was
1:1. Then the solution was stirred at 80°C for 2h, and the obtained gel was dried in air oven at 180°C
for 10h. After that, it was sintered at 700°C for 10h in air at a heating rate of 5°C min™ then cooled to
room temperature naturally in the oven.
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2.2. Characterization of LiMy1Mn; ¢O4 (M=Mn, Al, Fe) compounds

X-ray diffraction was carried out by an advanced X-ray diffractometer of Bruker D8 based on
Ni-filtered Cu Ka-radiation (A1=1.5418 A). The particle morphologies were examined using a
transmission electron microscope (TEM, JEM-1011) and a field emission scanning electron
microscope (FESEM, JEOL JSM-6700F). The EDS used the same FESEM (JEOL JSM-6700F)
instrument. The N, adsorption/desorption experiment was carried out by using a QuadraSorb Sl
surface area analyzer at 77 K. Cyclic voltammetry experiments were carried out between 3.4~4.3 V at
a scan rate of 0.1 mV s™ using a LK2005A Electrochemical Workstation. EIS were performed by a
Zahner Elektrik IM6 (Germany) impedance instrument over the frequency range of 100 kHz to 0.01
Hz.

2.3. Preparation and electrochemical testing of composite electrodes

The composite electrodes were prepared as follow: active material, acetylene black and PVDF
binder in the ratio of 80: 10: 10 respectively with N—methyl-2—pyrollidone were mixed completely to
form slurry.

The slurry was coated onto an Al-foil current collector, and dried at 80°C for 12h and finally
roll pressed to ca. 0.6 mm thick. The coin cells of type CR2032 were made in Ar-filled glove box
using lithium metal foil as the counter and the reference electrode. The electrolyte used was LiPFg in
ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate (DMC) in the ratio of 1:1:1 by
volume.

The galvanostatic studies were carried out with a LAND CT2001A auto—cycler (China) in the
voltage range of 3.4~4.3V at 25°C and at 55°C. The cells were cycled at current rate 1C and 5C
(1C~148mA g™).

3. RESULTS AND DISCUSSION
3.1 Structure characterization and morphology observation

3.1.1. Structure characterization

Fig.1 shows the XRD patterns of LiMg1Mn;904 (M=Mn, Al, Fe) compounds. All the peaks in
these XRD patterns could be assigned to a spinel structure. No impurities such as Al,03 and Fe,O3 are
detected. The calculated lattice constant of LiMn,Og, LiAlg1Mn;904 and LiFeg1Mny 90,4 are 8.234(2)
A, 8210(7) A and 8.232(5) A, respectively. This lattice contraction indicates the successful
substitution of Al and Fe for Mn in the products. EDS images for element analyses were shown in Fig.
2. The doped Al and Fe can be clearly observed on the surface of the samples in Fig. 2b and Fig. 2c,
respectively.
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Figure 1. X—ray diffraction patterns of LiMn,0,, LiAly1Mn; 90,4 and LiFeg1Mn; 904
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Figure 2. EDS of (a) LiMn,0y, (b) LiAlg1Mn;904 and (c) LiFeg1Mn; 904
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3.1.2. Morphology observation
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Figure 3. SEM micrographs of the as—prepared (a) LiMn,QOy, (c) LiAlg1Mn;904, (€) LiFeg1Mny 0.
TEM images of the samples (b) LiMn,O4, (d) LiAlg1Mn1 904, (f) LiFeo1Mn; 904

The surface morphology and particle size were investigated by TEM and SEM. From Fig. 3a-
3f, TEM shows a uniform particle size around 100 nm for the prepared materials and porous structures
formed by aggregation of particles are observed through SEM. Textural analysis was carried out by the
N, adsorption/desorption experiments. The testing results of samples are summarized in Table 1. The
surface area are similar to the results of porous LiMn,O., nanorods (8.6 m? g™) previously reported by
Cheng et al [23] and larger than the values of Co doped LiMn,0,4 (2.1 m*g™) reported by Sakunthala et
al [3]. The uniform particle size and relatively big surface area are advantageous to improving the
discharge capacity and rate capability for LiMn,O4 material.
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Table 1. The parameters from N, adsorption/desorption experiment for the samples.

Sample Surface Area (m“g™) | Pore Volume (cc g™) | Pore Diameter Dv(d) (nm)
LiMn,O,4 9.317 0.011 3.285
LiAlo,an1.904 6.976 0.009 4,123
LiFeg1Mny 90,4 | 7.874 0.008 3.214

3.2 Galvanostatic cycling studies
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Figure 4. (a) The cycle performance of electrodes in the voltage range of 3.4~4.3 V at 1 C rate; (b)
Discharge capacity vs. cycle number of samples at 5C rate at 25°C, inset is the discharge
plateaus of 1st and 500th; (c) Rate performance of the discharge capacity of electrodes at varied
discharge rate from 5 to 50C and at charged at 5C; (d) The discharge plateaus of 1st and 200th
for the samples charge—discharge at 5C rate at 55°C, inset is the cycle performance of
electrodes

Fig. 4a and Fig. 4b represent the cycling performances of LiMn,O4, LiAly1Mn;90,4 and
LiFeo1Mn; 9O, cathode materials between 3.4 and 4.3V at 1C and 5C rate at 25°C, respectively. The
pristine LiMn,O4 shows slightly larger discharge capacities than those of doped samples and then
deteriorates in the following tests. Compared with LiFey1Mn; 90,4 sample, the LiAly1Mn; O, exhibits
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better cycle performance. Seen form inset of Fig. 4b, the discharge plateaus of doped LiMn;O4
samples shift toward higher potential than those of pure LiMn,O4. To further investigate the
application for high power density devices, the electrodes were discharged at rates ranging from 5C to
50C with 5C charge rate.

Table 2. The electrochemical performance of the LiMn,0,, LiAly1Mn; 904 and LiFeg1Mn; 904

Sample 25°C 55°C
1C 5C 5C
* ** * *k* * *hkkk
LiMn,04 119.8 | 106.8/89.1 112.0 |93.0/83.0 114.6 | 87.2/76.1
LiAlp1Mn; 90,4 | 117.3 | 109.7/93.5 108.2 | 100.6/92.4 111.1 | 94.6/85.0
LiFep1Mn; 90,4 | 116.8 | 107.1/91.7 107.7 | 95.3/88.5 107.1 | 90.6/84.5
Note:

* |nitial discharge capacity (mAh g™);

** 100th cycle discharge capacity (mAh g™)/retention of discharge capacity (%);
*** 500th cycle discharge capacity (mAh g™*)/retention of discharge capacity (%);
**x*% 200th cycle discharge capacity (mAh g™*)/retention of discharge capacity (%).

Among the three samples, LiAlp1Mn; 904 exhibits the best electrochemical performance at high
rate. As shown in Fig. 4c, the Li/LiAlo1Mn; 90, cell exhibits relatively high specific capacity at 50C
discharge rate (5C: 111.6 mAh g, 10C: 110.5 mAh g™, 20C: 110.7mAh g, 30C: 109.8 mAh g*, 40C:
101.6 mAh g*, 50C: 95.8 mAh g™, respectively). Fig. 4d shows the typical galvanostatic discharge
profiles and the cycling performance (inset of Fig. 4d) of three spinel materials tested at 5C charge—
discharge rate at 55°C. The LiAlp1Mn; 904 also represents the best electrochemical performance at
high temperature. The good electrochemical property is due to the stronger bond energy of Al-O
(~501.9 kJ mol™) than Mn—O (~362 kJ mol™) [24] and Fe—O (~409 kJ mol™) [25], which stabilized the
structure during cycling. The electrochemical performance of the samples is summarized in Table 2.

3.3 Cyclic voltammetry studies

We have performed a series of voltammetry measurements of the prepared spinel electrodes in
order to gain further insight into the electrochemical characteristics. Fig. 5a-5c show the CVs of the
LiMn,0y, LiAly1Mn;904 and LiFeg1Mn; 90,4 recorded at different potential sweeping rates 0.1, 0.2,
0.3, 0.5, 0.7 and 1 mV s™. All electrodes show increasing peaks current density (I,) and widening
separation potential within each redox couple as the potential scanning rate (v) increases. Assuming
that the intercalation reaction is controlled by the solid-state diffusion of lithium ions, the dependence
of I, on v2 can be applied to determine the Dy on the basis of the following equation [23]:
1,=2.69x10°n*?DVA*?C°; \Where n is the number of electrons per reaction species and Cj is the
bulk concentration of Li* in the electrode (given as 0.02378mol cm™ from the theoretical density of
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spinel). Good linear relationship between I, and v'% is observed for the investigated samples (Fig. 6a)
and the calculated Dy; values are summarized in Table 3.
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Figure 5. Cyclic voltammograms (CVs) of the electrodes made with (a) LiMn,Oy, (b) LiAlg1Mn; 904
and (c) LiFeg1Mn;¢O4. In (2)—(c), the scan rates are set at 0.1 (black), 0.2 (red), 0.3 (green), 0.5
(blue), 0.7 (cyan), and 1mV S™(magenta) from the inside out. (d) Comparison of the CVs
recorded at the scan rate of 0.1 mV s™

Table 3. Summary of the CVs results at the potential scanning rate of 0.1mVs™ and the determined Li*

diffusion coefficient for the spinel electrodes

electrode Potential values/mV Diffusion coefficient/cm®s™
Epi |Ep2 |Epa |Epz |AE; |[AE; | Da De2
LiMn,O,4 406 |4.18 |[396 |4.07 |[100 110 | 2.64x10” 1.46x10”
LiAlgsMn1 0O, | 404 | 417 399 |411 |50 60 8.51x10° 6.25x10
LiFeo1Mn1 904 | 4.07 | 418 [394 [411 [140 |70 5.54x107 2.85x10°
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Figure 6. (a) Plots of the peak current density versus the square root of potential scan rate derived
from the CVs of LiMn,0y (black), LiAly1Mny404 (red) and LiFeg1Mn; 9O, (green). Solid lines
and dash lines correspond to the Epa and Epcp, respectively; (b) Widening separation potential
within each redox couple (AE,1) versus the potential scan rate

The determined data falls within the order of 10°-107 cm? s™. It should be noted that the
LiMn,O, displays relatively larger redox couple separation (AE,;) between Epag and Epe; than those of
doped LiMn,0O4 samples as the potential scanning rate (v) increases (Fig. 6b). It is reported that ionic
conductivity is not to be dominant in the conductivity of LiMn,O,4 at room temperature [26]. The rate
constant for electron transfer is determined from the peak potential separation [27]. The relatively
larger redox couple separation displaying by LiMn,O,4 is due to lower rate constant for electron
transfer. Fig. 5d compares the CVs of the three spinel electrodes tested at the same rate of 0.1 mV s™.
Seen from Fig. 5d, the cathodic peaks shift to higher potential. This observation coincides with the
galvanostatic results showing that the LiAlp1Mn; 90, and LiFey;1Mn; 90,4 electrodes exhibit higher
discharge plateaus. The separation of peak potentials for LiAly1Mn; 90,4 are 50 and 60 mV, obviously
lower than those of pure LiMn,O4 sample (100 and 110 mV) and LiFeq1Mn; 0,4 sample (140 and
70mV) indicating that lithium inserting reaction of LiAlp1Mn;90,4 is in a more equilibrium state
behaving more likely as a Nernst system. Therefore, LiAlp1Mn; 40, is featured with advantage of
better cycle performance compared to LiMn,O,4 and LiFeg1Mn; 90,.

3.4 The measurement of EIS

Fig. 7a shows the equivalent circuit for modeling the impedance data. The EIS of the
Li/LiMn,Q4, Li/LiAlg1Mn; 90,4 and Li/LiFeg1Mny 90,4 half—cells composed of a semicircle and a
straight slopping line are shown in Fig. 7b—7d, respectively. Electrochemical impedance data (points)
and the fitted curve (line) calculated with ZSimpWin software measured at the open circuit voltage
(OCV) [20]. The Rq is bulk resistance of the cell; R and Csj are the resistance and the capacitance of
the solid-state interface layer formed on the surface of the electrodes; R and Cgy are the Faradic
charge-transfer resistance and its relative double layer capacitance; W is the Warburg impendence (Z,,)
related to a combination of the diffusional effects of Li*. The R of LiMn,O4 (152.4Q cm™) is largest
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among the three half—cells, while the LiAly1Mn; 404 displays the lowest R (89.3Q cm™). This result
coincides with the separation of peak potentials with increasing the potential scanning rate. The Z,
values of LiMn,Oy, LiAly1Mn; 90,4 and LiFey1Mn; 90,4 obtained by fitting the impedance data are 57.4,
65.7, 87.2 Q cm™, respectively. This tendency is coincidence with the diffusion coefficient calculated
from cyclic voltammetry studies.

(2)

1004

Csa

Ca

RSoi

LiAl

calculated

measured

Mn_ O

0.1 194

100
70

T
150

200

(b)"

3004

=]
= 200+
N

B measured
calculated
LiMn,O,

(d)

100+

B measured

LiFe Mn O

calculated

(8% 1974

T
100
VALY

T
150

T
200

Figure 7. (a) The equivalent circuit for modeling the impedance data. (b—d) Electrochemical
impedance data (black points) and the fitted curve (red line) of the samples measured at
potential of the open circuit voltage

4. CONCLUSIONS

The spinel LiMoi1Mn; 904 (M=Mn, Al, Fe) materials were synthesized using the sol—gel
process starting from metal nitrates, citric acid and glycol. TEM shows the grain sizes of the prepared
materials are around 100nm. The porous structures formed by aggregation of particles are observed
through SEM. The N, adsorption/desorption experiments show the relatively big surface area of the
samples. The LiAlg1Mny 90,4 sample shows the best electrochemical properties both at high rate and at
high temperature. A typical Li/LiAl1Mn; 04 cell shows a discharge capacity of 95.8mAh g™ at 50C
discharge rate (5C charge rate) at 25°C. Even at 55°C, capacity retention of 85.0% for 5C rate after
200 cycles is obtained. The lower separation of peak potentials obtained from CVs for LiAly1Mn; 04
indicates that it is a more equilibrium state compared to LiMn,O,4 and LiFey;Mn;90,4. Dy of the
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samples calculated from the CVs data is the order of 10°-107 cm? s™. The LiAlp1Mn1 0, exhibits
good Kinetics properties due to the lowest R through the studies of EIS among the three spinel
cathodes. The LiAly1Mn; 90,4 synthesized in our work is a promising cathode material for applications
in both EVs and HEVs.
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