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The hybrid LiNipsMn;504/C cathode material is prepared with a facile method of pre-mixing and
post-calcination treatment for enhancing the rate performance. The physical and electrochemical
properties are discussed through X-ray diffraction (XRD), transmission electron microscopy (TEM),
charge-discharge measurements in test cells and electrochemical impedance spectroscopy (EIS). The
results show that the LiNigsMn; 504 particle can be partially surrounded and interconnected with each
other by carbon black particles, therefore the electronic conductivity can be remarkably improved by
over 5 times without degrading the spinel structure. The LiNip5Mn; 504/C composite exhibits enhanced
rate capability together with cycling performance compared to LiNigsMnj 504. EIS confirms that the sig-
nificantly improved electrochemical property is due to the suppression of surface resistance and the
enhanced electronic conductivity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lithium ion batteries which are regarded as an available power
source for meeting the ever increasing energy requirements and
relieving the environmental pollution, have been commercially
used in high power density devices such as electric vehicle (EV)
or hybrid electric vehicle (HEV) [1-3]. The spinel LiNig5Mn;504
has been extensively studied as a promising cathode material for
lithium ion battery due to its high capacity and distinctive high
discharge potential (4.7 V vs. Li) [4,5]. The impressively high volt-
age can supply the battery with an extended working potential and
hence a larger energy density. However, for EV or HEV application,
the rate performance of LiNig 5sMn; 504 should be especially taken
into consideration. Some efforts have been devoted to enhance the
rate performance of LiNig5sMnq 504 in the literatures. Liu et al. [6]
and Katiyar et al. [7] centered their attention on chemical doping.
The partial replacement of Ni2* ions with Cr3* ions could main-
tain the spinel structure, which led to the high capacities of 95
and 100mAhg-1 at 5 and 1C, respectively. Similarly, Lafont et al.
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[8] substituted trace Mg2* ions for Ni2* sites in LiNig5Mn; 504
for better rate behavior by increasing the electronic conductivity,
and a high capacity of 90mAhg-! at 5C was obtained. Different
from the doping strategy, Kunduraci and Amatucci [9] synthesized
nano-LiNig5sMn 504 spinels at different preparation conditions
and investigated the relationship between the electronic conduc-
tivity and the rate behavior. Based on the nanostructure which
favored the Li* diffusion, the authors proved that the high elec-
tronic conductivity contributed to the excellent rate performance.
Itis reasonable because the cathode in lithium ion batteries is based
on insertion reactions, in which lithium ions are accommodated
into an open host structure with electron addition and followed by
an extraction with electron removal during the cycling processes.
Therefore, the electronic conductivity plays a significant role in rate
property no matter which approach is adopted.

The conductive carbon is characterized by its fast electronic
transport, which facilitates the intrinsically insulated electrode
material to exhibit an improved high-rate performance, such as
LiFePO,4[10,11]. Following this idea, recently we successfully devel-
oped a facile method to fabricate the hybrid LiNig5Mn504/C
cathode material by partially surrounding the LiNigsMn;504
with carbon black. This fabrication includes two procedures: the
pre-mixing and the post-calcination. To our knowledge, there
is no report on the enhancement in the rate performance of
LiNig5sMn; 504 via this technology, and it is of significance because
a remarkable improvement in rate capability has gained. In
this study, the LiNigsMn;504/C composite was constructed and
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Fig. 1. XRD patterns of the LiNig5Mn; 504 and LiNip5Mn;504/C powders.

characterized through the physical and electrochemical measure-
ments.

2. Experimental
2.1. Synthesis procedure

The LiNigsMn; 504 powder was synthesized by sol-gel method as reported
before [12]. All chemical reagents used in this study were A.R. grade. In brief,
stoichiometric LiOH-H, 0, Ni(CH3C00),-4H,0, and Mn(CH3COO),-4H,0 were suc-
cessively dissolved in a continuously stirred aqueous solution of citric acid. After
adjusting the pH of solution to 7.0 using ammonium hydroxide, the solution was
evaporated at 75 °C until obtaining a wet gel. The as-prepared gel was dried at 90°C
under a vacuum atmosphere for overnight, and then pre-sintered at 450°C for 5h
in air. Thereafter, the obtained powder was calcined at 850°C for 6 h. For preparing
the LiNip5Mn; 504/C composite, the gelatin (1g) was firstly dissolved in distilled
water (100 ml) by stirring at 50 °C for 2 h, and then the carbon black (0.01 g) and the
as-prepared LiNip5sMn; 504 powder (1 g) were added. After ultrasonic treatment for
15 min, the obtained mixture was stirred at 50 °C for 1 h. Finally, the LiNig 5Mn; 504/C
was obtained by filtering and drying the mixture at 300°C for 3 h.

2.2. Physical characterization

The crystal structure of materials was identified by XRD (Rigaku D/max-yB)
using monochromated Cu Ka radiation (45 kV, 50 mA). The particle morphology of
LiNip5sMn; 504/C was observed using TEM (Hitachi, 7650). The electronic conduc-
tivity of the prepared samples was measured by a four-point probe method and
combined with a Keithley 2400 source meter.

2.3. Electrochemical test

The cathode film was prepared by mixing active cathode material
(LiNip5Mn; 504/C or LiNigsMn;504), carbon black and polyvinylidene fluo-
ride with a weight ratio of 8:1:1 in N-methyl pyrrolidinone. The slurry was coated
onto an aluminum foil using doctor blade technique. CR2025 test cells used for
electrochemical measurements were assembled in a glove box (MBraun, 200B).
The cell consisted of a cathode and a lithium metal anode separated by two porous
polypropylene films. The electrolyte was 1 M LiPFg dissolved in ethylene carbonate
and dimethyl carbonate solution (EC:DMC=1:1, volume). The charge-discharge
measurement was carried out galvanostatically at the desired current density
(1C corresponding to 148 mAg-1) in the range between 3.0 and 4.95V at room
temperature. Electrochemical impedance spectroscopy (EIS) measurements were
performed using an advanced electrochemical system (Parstat 2273). The ampli-
tude of the a.c. signal was 10mV over the frequency range between 1 MHz and
9mHz. The spectra were analyzed by Z-view software. Before EIS measurements,
all samples were charged to the same voltage of 4.75 V. The Li foil served as both the
counter and reference electrodes during EIS measurements. Every electrochemical
measurement was carried out with more than two cells, only the reliable data were
compared in this study.

3. Results and discussion
3.1. Structural and morphological characterizations
The XRD patterns of the LiNig sMn; 504 powders with and with-

out addition of carbon black are illustrated in Fig. 1. Both the
prepared samples present diffractions of a cubic LiNig5Mnj 504

Spinel

particle

Fig. 2. TEM image of the LiNip5Mn;504/C composite.

spinel structure without any peaks for carbon black due to its
amorphous nature and/or low quantity. Quite weak peaks posi-
tioned at 43.7° and 63.3° are indexed to the NiO impurity in both
samples. No other impurity phases are observed in XRD patterns
for the LiNig 5sMn; 504/C composite. The crystal lattice parameters
dare 8176A and 8170A for LiNi0.5Mn1_504 and LiNiO.sMn1'504/C,
respectively, which are very close to each other and consistent with
the previously reported result [13]. All results illustrate that the
spinel structure is not affected by the introduction of carbon black.

Fig. 2 shows the TEM image of the LiNig5Mn;504/C. As can be
seen, carbon black particles present an average grain size of approx-
imate 70nm and are slightly agglomerated. The LiNig5Mn; 504
can be partially covered and interconnected with each other
by carbon black particles. Since the carbon additive can pro-
vide pathways for electron transfer and enhance the electronic
connection among LiNig sMn; 504 particles, the electronic conduc-
tivity of LiNigsMnq.504/C is improved from 7.23 x 10-7 Scm~! for
LiNig 5Mn; 504 to4.11 x 10~ Scm~1. Furthermore, the partial cov-
ering can suppress the side reaction of the active cathode material
with the electrolyte through reducing their direct contact interface,
which favors the cyclability. The effectiveness of this similar cover-
ing with ZnO has been confirmed by Morales and co-workers [14]
(Fig. 3).
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Fig. 3. Discharge profiles of the LiNig5Mn; 504 and LiNig5Mn; 504/C electrodes at
the discharge rate of 0.2C and 5C.
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Fig. 4. Discharge capacities of the LiNig5sMn; 504 and LiNigp5Mn; 504/C electrodes
as a function of cycle number and discharge rate.

3.2. Electrochemical characterizations

The discharge curves of the LiNig 5Mn; 504 and LiNig 5Mn; 504/C
electrodes are compared in Fig. 3. All test cells were charged at
0.2C and discharged at the rates of 0.2 and 5C, respectively. It
is clear that the voltage profiles of both electrodes recorded at
0.2C present two ambiguously flat plateaux around 4.7V which
correspond to the reduction processes of Ni**/Ni2* via Ni3*, and
also have a small voltage region at 4.1V which corresponds to
Mn**/Mn3* reduction process [15]. The discharge capacities of the
cells based on LiNig5Mn; 504/C and LiNig sMn; 50 are almost iden-
tical to 125mAhg-!. Therefore, although the electrochemically
inactive carbon black is introduced, the effect on the discharge
capacity can be ignored. In addition, while the 4.7V plateaux of
both electrodes are shortened and lowered down when increasing
the discharge rate to 5C, a greatly serious deterioration caused by
polarization is observed in the LiNig5Mn; 504 electrode [16]. The
LiNig5Mny 504 electrode delivers half of the capacity obtained at
0.2Cwithout a flat discharge plateau, whereas the LiNig 5 Mn; 504/C
can discharge at 4.3V with a high 88% of its original capacity at
0.2C. The reduced polarization and better discharge performance of
the LiNig 5sMn 504/C are ascribed to the improvement in electronic
conductivity.

The discharge capacities measured at 0.2C charge and vari-
ous discharge rates as a function of cycle number for both the
LiNig5sMn; 504 and LiNigsMn; 504/C electrodes are compared in
Fig. 4. It is obvious that the LiNig5Mn;504/C electrode exhibits
enhanced rate capability compared with the LiNigsMn;504. In
details, when the discharge rate increases from 0.2 to 1C, there is
only a small capacity decrease of about 3mAhg-! (i.e., from 126
to 123 mAhg1) for LiNigsMn; 504/C. With further increasing the
discharge rate up to 5C, a capacity of 111 mAhg-! is still deliv-
ered. While the LiNip5Mn; 504 electrode degenerates greatly and
the capacity remains only around 70 mAh g-! at 5Crate. The results
demonstrate that the added carbon black allows a greater utiliza-
tion in capacity of the LiNig5Mn; 504 particles at high discharge
rates.

Fig. 5 shows the cycling performances of the LiNig5Mn; 504
and LiNig5Mn504/C electrodes under 0.2C charge and 1C dis-
charge rates. The discharge capacity, the capacity retention and the
cycling performance of the LiNig5Mn; 504/C electrode remarkably
outperform those of the LiNig s Mn 504 electrode. The initial capac-
ity of LiNig 5sMn; 504/C reaches 125 mAh g~! which is much higher
than that of the other one (118 mAhg~'). The capacity loss of the
LiNig 5sMny 504/C electrode is only 6% of its initial capacity after 100
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Fig. 5. Cycling performances of the LiNig5sMn; 504 and LiNigsMn; 504/C electrodes
with 0.2C charge and 1C discharge rates.
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Fig. 6. EIS spectra of the LiNig5Mn; 504 and LiNig5Mn; 504/C electrodes after 2 and
100 cycles. The insert represents the equivalent circuit.

cycles, while the discharge capacity of the LiNig5Mn; 504 shows a
faster decline with a capacity loss of 16%.

To understand the improvement of electrochemical property
in depth, EIS was carried out using the cells containing the
LiNig 5Mny 504 and LiNig 5Mn; 504/C. The data were collected from
the above cycling performance (Fig. 5) after 2 and 100 cycles. As
shown in Fig. 6, all spectra consist of a semicircle in the high
frequency range, another semicircle in the medium-to-low fre-
quency range and a sloping line at the low frequency range, being
ascribed to the resistance of Li* ion migration through the surface
layer, the charge transfer resistance, and the diffusion of Li* in the
solid electrode, respectively [17]. The impedance spectra can be
explained on the basis of an equivalent circuit which is also pre-
sented in Fig. 6 and the fitting results are summarized in Table 1.
Here, Rc is the electrolyte resistance, R; is the surface resistance,
Rt is the charge transfer resistance, Zy, is the Warburg impedance,
and CPEs and CPEy; are constant phase elements [18]. It is obvi-
ous that Rs and R at the second cycle of the LiNig5Mn504/C
electrode are smaller than those of LiNig5Mnq 504, explaining for
the higher initial capacity of LiNip5Mn; 504/C in Fig. 5. After 100

Table 1
Impedance parameters calculated from equivalent circuit.
Sample Cycle number Rs (R2) Ret (R2)
LiNig5Mny 504 2 39.08 31.88
100 120.40 114.20
LiNipsMn;504/C 2 23.12 23.15
100 46.92 55.39
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cycles, the Rs and R of LiNig5Mny 504 increase drastically, while
those of the LiNig5Mn;504/C do not change much. The less Rs of
the LiNig5Mnq 504/C compared with the LiNigsMn; 504 attests to
the suppression of surface resistance which is caused by the side
reactions between the active cathode material and the electrolyte
[15]. This result is consistent with the analysis in Fig. 2. Since the
charge transfer kinetics of the electrode material is inversely pro-
portional to the surface resistance, it is reasonable that the smaller
Ret of LiNigsMn;504/C than the LiNig5Mn; 504 stems from the
suppression of Rg as well as the enhanced electronic conductiv-
ity. Therefore, the significant improvements in rate capability and
cyclability are ascribed to the suppression of surface resistance and
the enhanced electronic conductivity.

It should be pointed out that although the experimental results
have proved that the conductive carbon black is responsible for the
improved electrochemical property, further investigations should
be carried out, including the content and the homogeneous dis-
persion of carbon black, or even the carbon sources and their
introducing methods. Consequently, much better electrochemical
performance can be expected through these optimizations.

4. Conclusions

The hybrid LiNig s Mn; 504/C cathode material was successfully
prepared by a facile method, in which the spinel LiNig5Mn; 504
was partially covered with carbon black through a combined treat-
ment of pre-mixing and post-calcination. Carbon black particles can
not only reduce the side reaction between the LiNigsMn; 504 and
the electrolyte, but also remarkably increase the electronic con-
ductivity due to the electronic connection among LiNig5Mnq 504
particles. The hybrid LiNigsMn;504/C can deliver a reversible
capacity of 125 mAh g~! when discharged at 1Cwith capacity reten-
tion of 94% after 100 cycles and a high capacity of 111 mAhg!
at 5C discharge rate. The remarkably improved rate capability
and cycling performance are due to the suppression of sur-

face resistance and the enhanced electronic conductivity. The
LiNig 5sMny 504/C is experimentally proved as a promising cathode
for lithium ion batteries, and much better results could be expected
via necessary optimizations in the following investigation.
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