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Single-phase lithium nickel manganese oxide, LiNigsMng 502, was successfully synthesized from a solid
solution of Ni;5sMn; 504 that was prepared by means of the solid reaction between Mn(CH;C0O0),-4H,0
and Ni(CH3COO0),-4H,0. XRD pattern shows that the product is well crystallized with a high degree of Li-M
(Ni, Mn) order in their respective layers, and no diffraction peak of Li;MnOs3 can be detected. Electrochem-
ical performance of as-prepared LiNig5Mng50, was examined in the test battery by charge-discharge
cycling with different rate, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS).
The cycling behavior between 2.5 and 4.4V at a current rate of 21.7mAg-! shows a reversible capacity
of about 190 mAh g~! with little capacity loss after 100 cycles. High-rate capability test shows that even
at a rate of 6C, stable capacity about 120 mAh g-! is retained. Cyclic voltammetry (CV) profile shows that
the cathode material has better electrochemical reversibility. EIS analysis indicates that the resistance
of charge transfer (R.) is small in fully charged state at 4.4V and fully discharged state at 2.5V versus
Li*/Li. The favorable electrochemical performance was primarily attributed to regular and stable crystal
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structure with little intra-layer disordering.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

During the past decade, rechargeable lithium batteries have
been extensively investigated and widely used; they are not only
required to enable the moderately charge/discharge rates applica-
tions like mobile phone and portable computer but also to meet an
increasing need for new applications such as hybrid electric vehi-
cles which need power sources with both high energy and high
power density. Although the LixCg/Li; _xCo0O, rechargeable batter-
ies satisfy most of the requirements, the cost, toxicity and safety
of cobalt have prevented their more widespread use. These limita-
tions have stimulated investigation of alternative lithium-insertion
electrodes [1-4].

Layered lithium nickel manganese oxides are promising, inex-
pensive and nontoxic alternative positive electrode materials to
the commercial LiCoO, electrode used in lithium-ion batteries.
Of these, LiNig5Mngs50, is one of the most attractive materi-
als because it has about 280 mAh g~ theoretical capacity [5-12].
Various synthesis methods, such as solid-state reaction [5-7],
ion-exchange [7,12], hydroxide co-precipitation method [8,9],
hydrothermal synthesis [10], ultrasonic assistance synthesis [11],
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etc., have been applied to prepare this material. However, it is dif-
ficult to obtain higher battery-active LiNig5Mng 50, due to either
containing substantial Li/Ni disorder [7,12] or existing structural
impurity [13] in LiNig 5sMng 50,. Recently, the major breakthrough
in solving those problems is either to transform Na(Nigs5Mng 5)0;
into Li(Nig s Mng 5)0, by ion-exchange of Na* for Li* [7,12], or to use
nickel manganese double hydroxides, i.e. one-to-one solid solution
of Ni(OH), and Mn(OH), as precursor [5,6]. The former is a multi-
step synthesis process, and needs to consume a large amount of
salts containing Li*. For the latter, it should be very careful to con-
trol the synthesis conditions in order to obtain the solid solution
of Ni(OH), and Mn(OH), since Mn?* in nickel manganese double
hydroxides are easily oxidized in air when wet.

Nevertheless, itis a good idea to use the solid solution of Ni(OH),
and Mn(OH), as the precursor instead of mixed hydroxides pre-
pared by co-precipitation. The solid solution material is of the single
phase, in which the distribution of Ni/Mn is homogeneous at atomic
level, whereas, the mixed hydroxides are composed of particles
with different phase. Therefore, electrochemical performance of
LiNig5Mng 50, prepared from the solid solution of Ni(OH), and
Mn(OH); is better than that prepared from the mixed hydroxides
[5,6,8,9]. This stimulates our interest to explore a simple method
to prepare the solid solution in order to obtain high battery-active
cathode material. In this paper, we will report synthesis and charac-
terization of higher battery-active LiNig 5sMng 50, cathode material
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prepared from the solid solution of Niy 5 Mn; 504 with a very simple
method. Comparing the solid solution of Ni(OH), and Mn(OH),, the
solid solution of Ni; 5Mn; 504 is not sensitive to humidity and oxy-
gen, and can be easily prepared. The as-prepared LiNig5Mng 50,
from the solid solution of Ni; 5Mny 504 is of higher electrochemical
reversibility, higher capacity (190 mAhg~1), higher rate capability
(about 120mAhg-! at a rate of 6C discharging) and smaller R.
The present synthesis condition is simply, easily controlled, and
this method can be used to prepare high battery-active cathode
material in a large scale.

2. Experimental
2.1. Synthesis

The sample was prepared from precursor Ni;5Mn;504, which
was prepared as follows. Mixture of Mn(CH3C0O),-4H,0 (AR, 99%)
and Ni(CH3C00),.4H;0 (AR, 98%) were completely dissolved into
distilled water with molar ratio of 1:1, water was removed by means
of a rotary evaporator at 75 °C, and salt precipitate was made. The
salt precipitate was ground and calcined at 800°C for 12h in air.
The as-prepared precursor was mixed with LiOH-H, O (AR, 95%) in
stoichiometric proportions and pressed into pellet. The pellets were
heated at 480°C for 3 h in air followed by annealing at 800, 850 and
900°C for 12 h, respectively. The pellets were quenched to the room
temperature using a copper plate.

2.2. Characterization

Powder X-ray diffraction (XRD) was performed on a Philips
X'pert pro X-ray diffractometer equipped with graphite monochro-
matized high-intensity Cu Ka radiation (A = 1.54178) in the 260 range
from 10° to 80°. The contents of cations in both precursor and
sample were measured by inductively coupled plasma atomic anal-
ysis (ICP, Atomscan Advantage). The scanning electron microscope
(SEM) study of the samples was performed using JEOL JSM-6700F
electron microscope.

2.3. Electrochemical characterization

Charge and discharge profiles were collected by galvanostati-
cally cycling between 2.5 and 4.4 V on multi-channel battery testers
(Shenzhen Neware, BTS, China). For the preparation of cathode
sheets, slurry was formed by mixing the active material, acetylene
black, and binder (polyvinylidene fluoride, PVDF, dissolved in N-
methyl-2-pyrrolidone, NMP) in a weight ratio of 75:20:5. The slurry
was spread uniformly on aluminum foil. The electrodes were dried
under vacuum at 120 °C overnight and then punched and weighed.
1M LiPFg in a 1:1 ethylene carbonate/diethyl carbonate was used
as electrolyte, and lithium foil was used as anode. A thin sheet of
microporous polypropylene insulated the cathode from lithium foil
anode. Battery assembly was carried out in an argon-filled glove
box. CV and electrochemical impedance spectroscopy (EIS) were
measured on an electrochemical workstation (CHI660C, Shanghai,
China). CV was carried out at a scanning rate of 0.1 mV s~! between
2.5 and 4.4V (vs. Li/Li*). EIS was conducted in a frequency range
from 0.1 MHz to 0.01 Hz using an ac signal with 5mV amplitude.
Impedance data were analyzed with ZView-Impedance Software.

3. Results and discussion

The chemical compositions of the prepared powders were deter-
mined by ICP and the results are summarized in Table 1. The
measured cation ratios of Ni:Mn and Li:Ni:Mn are well in agree-

Table 1
Chemical composition (wt.%) of the prepared precursor and product determined by
Icp

Li Ni Mn Formula
- 34.42 32.60 Ni],43Mn145004
6.51 27.47 25.65 Liy 01 Nip5Mng 50,

ment to the intended composition, which implies that metal oxides
are homogeneously reacted.

Fig. 1a shows the XRD pattern of as-synthesized precursor
Niq5Mnq504, which is similar to the pattern of NiMn; 04 with JCPDS
card number 84-0542. All the peaks in Fig. 1a can be indexed to
the Fd3m space group with a cubic lattice. The purpose of making
Ni;5Mn; 504 is to ensure sufficient mixing of Mn-Ni in the precur-
sor at the atomic level, and to obtain the pure phase LiNig5sMng505.
This technique route appears to be successful as the XRD pattern of
the final product (Fig. 1b) can be indexed with the a-NaFeO,-type
structure (R3m) with scarcely any sign of the unwanted Li;MnOs;
phase. The inset in Fig. 1b is the magnified XRD pattern between
20° and 30°. No diffraction peak can be detected in this range, indi-
cating that Li,MnOs-based oxide does not exist in the final sample
under the detection limitation [10,13]. Lattice parameters obtained
from ten LiNig5sMng 50, samples with the identical electrochemi-
cal reactivity are a=2.880 (2)A and c=14.26 (1) A in a hexagonal.
Both the c/aratio (4.95) and the Iy 3/l g4 intensity ratio (1.46) indi-
cate a high degree of Li-M (Ni, Mn) order in their respective layers
[12,14]. The splitting of the (006)/(102) and (108)/(1 1 0) diffrac-
tion pairs can be clearly detected, indicating that the product of
LiNig5Mng 50, is of almost ideal layered structure and crystallinity
[11].

The ratio of Ipg3/l1 04 is sensitive to synthesis conditions. The
ratio of Ipg3/l1 04 decreases with increasing heat-temperature up
to 900 °C since the amount of Li/Ni disorder increases as the heat-
ing temperature increases [12]. While heat-temperature decreases
to 800°C, the sample with the smaller ratio of Iyg3/I1 ¢4 contains
impurity (Supporting Material, Fig. 1S). Electrochemical perfor-
mance of both samples obtained at 800 and 900°C is poor
comparing to that obtained at 850 °C (Supporting material, Fig. 2S).
In the following, we will focus our attention on the sample obtained
at 850°C.

The morphology of the precursor Ni;5Mn;504 and the final
sample LiNig5Mngs0, is shown in Fig. 2. The precursor has a
uniform structural morphology and smooth crystal surface with
narrow size distribution, which is less than 1 wm. The final sample
has an irregular morphology, the size distribution is from sub-
micron to micrometer.

Intensity (a.u.)

2 theta (degree)

Fig. 1. XRD patterns of precursor Ni;5Mn;504 (a) and LiNig5sMng50; (b). The inset
in the pattern (b) is magnified by 5 times.
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Fig. 2. SEM images of Ni;5Mn504 (a) and LiNip5Mng 502 (b).

In order to examine the electrochemical reactivity and stability
of LiNip5Mng 50, 100 cycle tests were carried out at a specific rate
of 21.7mAg~! at room temperature. As shown in Fig. 3(a), the first
charge and discharge capacity were 207 and 199 mAhg~!, respec-
tively, the ratio of discharge/charge is about 96%. From the second to
the one-hundredth cycle, the ratio of discharge/charge is larger than
99%, illuminating that electrochemical reversibility was established
after the initial cycle. As shown in Fig. 3(b), the batteries show about
190mAhg-! of rechargeable capacity without dramatic capacity
fading during 100 cycles, with only 4.7% capacity decreased after
100 cycles. This result indicates that the designed cathode material
with high capability has a high degree of cation ordering required
for good Li* mobility [15].
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Fig. 3. (a) Galvanostatic cycles for a battery operated in the voltage range from 2.5

to 4.4V atarate of 21.7mAg~! and (b) charge and discharge capacities as a function
of cycle number.

Fig. 4(a) shows the discharged curves at different discharged
currents and Fig. 4(b) shows the results on high-rate capability
tests accompanied with stability tests of a Li/LiNig5Mng 50, bat-
tery. In the calculation of C-rate, 190mAg-! is assumed to be
roughly equivalent to 1C. Discharge currents varied from 47.6 to
1142.9 mA g~ ! which corresponds to the rate from 0.25C to 6C, and
15 cycles were carried out at each different current. The battery was
charged at the same specific current of 47.6 mAg-! (0.25C rate)
to ensure identical initial state for each discharge. As shown in
Fig. 4(b), for each 15 cycles at the same rate, the rate capacities
scarcely changed. Even after 15 cycles at the rate of 6C, 97.5% ini-
tial capacity (about 117.5mAhg-1) remained. The present result
in this study is much better than that of SS-Li(Nig5Mng5)0, pre-
pared by solid-state reaction [7]. The ratio of Iyg3/I1 94 Stands for
cation ordering in their respective layers [12,14]. The ratio is about
1.74 for IE-Li(Nig 5Mng 5)0, [12], 1.46 in this study and 1.26 for SS-
Li(Nig5Mng 5)0, [12]. The corresponding capacity at almost same
discharge rate (note: 4C in Ref. [7] is equal to 5.9C in this study)
is ~180mAhg-1 [7], 120mAhg-! and ~80mAhg-! [7], respec-
tively. The relationship between the ratio and capacity is almost
linear as shown in Fig. 5. The similar relationship has been found
from another set of data from our group (Supporting material, Fig.
3S). Those facts suggest that the large capacity performance in the
high-rate condition could be attributed to improved cation order-
ing. The capacity is still about 188 mAhg~!, which is almost its
original value, when the discharge rate returns to 47.6 mA g~ after
completion of the high rates test, indicating that the as-prepared
LiNig 5sMng 50, material has good electrochemical reversibility and
structure stability. The high-rate discharge performance suggests
that the synthesized LiNig 5Mng 50, composite would be well suit-
able for cathode materials of high power lithium batteries.

CV of LiNig5Mng 50, sample was tested in the potential region
of 2.5-4.4V. As shown in Fig. 6, there are no redox peaks around
3V in the CV curve, indicating that Mn ions are electrochemically
inactive and present 4+ oxidation state in the sample. Therefore,
the observed peaks near 4V are attributed to the redox reaction
of Ni2*/Ni%* according to Lu et al. and Kang et al. [16,17]. The oxi-
dation and reduction peaks are located at around 4.00V (¢ox) and
3.71V (¢req), respectively, and the differential peak potential Ag
between @ox and @4 is about 0.29V, which is smaller than 0.37V
reported by Kang et al. [17]. The smaller the differential redox
potential is, the better the electrochemical reversibility is. The CV
result indicates that our sample should be of better reversibility
and charge-discharge performance, which is well agreement with
the result of battery test.

To further understand the reason for the improved rate capa-
bility of LiNig5sMngs0, prepared from precursor Nij5Mnq504,
EIS was carried out in pristine state, fully charged state to 4.4V
and fully discharged state to 2.5V versus Li/Li*. In order to keep
the cell at the 4.4V charged state, the cell was first charged at
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Fig. 5. The relationship between the ratio of Ino3/I1 04 and capacity at the rate of 6C.
The data of IE- and SS-Li(Nig5Mng5)0, were from Ref. [7,12]. 4C discharging rate in
Ref. [7] is equal to 5.9C in this study.

constant current to 4.4V and then followed by constant voltage
charge held at 4.4V for another 10 h before the EIS data were col-
lected. Nyquist plots of pristine state, charged state and discharged
state of the Li-ion cell are shown in Fig. 7. Nyquist plot of pris-
tine state consists of a high-frequency semicircle and a sloping
line in the low-frequency region. As shown in Fig. 7, a resistance
component R. is arising from cell electrolyte resistant and cell
component. The semicircle may be attributed to the lithium ion
migration through the interface between the surface layer of the
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Fig. 6. Cyclic voltammetry of the synthesized LiNip5Mng50; in the voltage range
2.5-4.4V at scanning rate 0.1 mVs~'.
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Fig. 7. Nyquist plots of LiNig5Mng 50, electrode in pristine state, fully charged state
(4.4V) and fully discharged state (2.5V). EIS was conducted in a frequency range
from 0.1 MHz to 0.01 Hz using an ac signal with 5 mV amplitude.

particles and the electrolyte as addressed by Aurbach et al. [18,19].
When the electrode was charged to 4.4V, a semicircle and a half
semicircle appeared in the plot. The resistance of the semicircle
is obviously decreased to 22.4 Q2. The decrease in the impedance
at the charged state could be due to destruction or modification
of the inactive surface film covering the virgin electrode surface
by the current flux [20,21]. A new semicircle (only a half semicircle
observed due to the limitation of the machine) appeared in the low-
frequency region, whose original could be assigned to the charge
transfer resistance (R¢t) [20-23]. Ret is about 42.1 2 on the bases
of fitting with ZView-Impedance Software. This value is obviously
smaller than the R of LiNig 5Mng 50, synthesized by other meth-
ods [20,21]. After discharging to 2.5V, no significant change was
observed in the Nyquist plot comparing to the 4.4V charged state,
only the corresponding resistance slightly increases, which is coin-
cident to the observations that the impedance of the cell in the fully
charged state is lower than that in the fully discharged state [21,24].

4. Conclusion

The solid solution of Ni; 5Mn4 504 is a good precursor to fabricate
high battery-active LiNig5Mng 50, cathode material since the dis-
tribution of nickel and manganese is homogeneous at atomic level
in the solid solution, which results in highly ordering of cations
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and no structural impurity in the final sample LiNig5Mng50,. The
present synthesis condition is simply, easily controlled, and this
method can be used to prepare high battery-active cathode mate-
rial in a large scale. The electrochemical performance indicates that
LiNig5Mng 50, prepared in this study has a competitive capac-
ity, cycle ability and discharge rate since this cathode material is
of better electrochemical reversibility and smaller resistance of
charge transfer. The data from literatures and our group indicate
that LiNig5sMng 50, can be used as a possible alternative to LiCoO,
in response to an expanding need for the advanced lithium-ion
batteries.
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