
ORIGINAL PAPER

The effects of crystal structure of the precursor MnO2

on electrochemical properties of spinel LiMn2O4

Qiliang Wei & Xianyou Wang & Xiukang Yang &

Hongbo Shu & Bowei Ju & Benan Hu & Yunfeng Song

Received: 8 May 2012 /Revised: 22 June 2012 /Accepted: 24 June 2012 /Published online: 6 July 2012
# Springer-Verlag 2012

Abstract The spinel LiMn2O4 samples for lithium-ion bat-
tery have been synthesized through one-step solid-state
method using four different polymorphs of MnO2, e.g., α-,
β-, γ-, and δ-MnO2. The structure, morphology, and elec-
trochemical properties of as-prepared LiMn2O4 were char-
acterized by X-ray diffraction, X-ray photoelectron
spectroscopy, scanning electron microscope, galvanostatic
charge/discharge, cyclic voltammogram, and electrochemi-
cal impedance spectroscopy. The results reveal that the
performances of as-prepared LiMn2O4 are obviously affect-
ed by crystal structure of MnO2 precursor. Among all as-
prepared LiMn2O4, the LiMn2O4 sample obtained from β-
MnO2 shows the best electrochemical performance. The
initial discharge capacity is 126 mAh g−1 at 0.5 C
(74 mA g−1) between 3.0 and 4.4 V; after 100 cycles, its
capacity retention is still 83.3 %.
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Introduction

The electric vehicle using a rechargeable lithium-ion battery
is seen as one of the ways to solve two great problems of
industry: the shortage of oil energy sources and the pollution
of the environment [1]. Spinel lithium manganese oxide
(LiMn2O4) is currently one of the most promising cathodes
for lithium-ion batteries because of abundant manganese
resources, environmental friendliness, low cost, and facile

production. However, the spinel LiMn2O4 suffers from ca-
pacity fading during cycling due to crystal distortion, which
has been a key problem prohibiting LiMn2O4 from com-
mercialization. Several contributing factors could include
Jahn–Teller distortion, e.g., lattice instability, manganese
dissolution, and electrolyte decomposition [2–6]. Thus, a
great deal efforts have been done for obviating these defects.
For example, metal doping at the Mn-site and metal oxide
coating on the surface have been successfully used to avoid
Mn-dissolution [7–13].

On the other hand, it is well-known that the structure and
morphology of the starting materials, reaction temperature
and time, and the preparation technique have a great impact
on the electrochemical properties of LiMn2O4 [14, 15]. An
important class of the starting materials for the preparation
of LiMn2O4 is the manganese dioxides, MnO2, of which
there are over 14 polymorphs [16]. Several kinds of MnO2

have usually been chosen as the manganese source to obtain
spinel LiMn2O4, for example, electrolytic manganese diox-
ide has been widely used as manganese compound for
synthesis of LiMn2O4 cathode; however, due to existence
of the impurities such as Na+ and SO4

2−, the maximum
initial discharge capacity is 117 mAh g−1 at a rate of 0.2 C
with a capacity retention of 93.5 % at the 15th cycle
[17–23]. Besides, Luiz C et al. used ε-MnO2 as Mn source
to get the spinel LiMn2O4; the initial discharge capacity was
about 110 mAh g−1 at a rate of 0.36 C [24], Bao et al.
optimized the spinel LiMn2O4 using γ-MnOOH [17]; the
initial discharge capacity was 115 mAh g−1 at C/3. Jae Won
Lee et al. prepared the LiMn2O4 using different CMDs, and
obtained a capacity of about 110 mAh g−1 at 0.1 C [25].

In order to study systematically the effects of crystal
structure of MnO2 precursor on the electrochemical per-
formances of spinel LiMn2O4, in this study, four different
polymorphs of MnO2, for example, α-, β-, γ-, and δ-MnO2,
have been selected as the manganese source to obtain
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spinel-structured LiMn2O4 through one-step solid-state re-
action. The microstructure and electrochemical properties of
the synthesized samples are characterized and discussed in
detail.

Experimental

Synthesis of MnO2 polymorphs

All the chemicals are of analytical grade and used without
further purification. The preparation methods of different
crystal structure MnO2 polymorphs are as follows:

1. δ-MnO2. A solution containing 0.2 M (NH4)2S2O8 was
slowly added to the solution (100 mL) consisting of
0.2 M MnSO4·H2O and 1.2 M NaOH for about 10 h,
and filtered. The precipitate obtained, after thorough
rinsing with deionized water until nearly there is no
SO4

2−, was dried at 100 °C for 6 h [26].
2. α-MnO2. To obtain precipitate powder of α-MnO2,

K2S2O8 as an oxidizer was added into hot 1 M
MnSO4·H2O aqueous solution. The precipitated product
was filtered and washed with deionized water followed
by drying in air at 80 °C [27].

3. γ-MnO2. A solution (100 mL) consisting of 0.84 M
Na2S2O8 and 0.84 M MnSO4·H2O was heated to the
boiling point for about 5 min, cooled, and filtered. The
precipitate obtained, after thorough rinsing with deion-
ized water until the resulting pH was near 7, was dried
at 55 °C for 12 h [28].

4. β-MnO2. By heating the aforementioned γ-MnO2 at
300 °C for 12 h, β-MnO2 was prepared [29].

Preparation of LiMn2O4 using α-, β-, γ-, and δ-MnO2

LiMn2O4 powder was synthesized by the one-step solid-
state method. A stoichiometric amount of Li2CO3 and man-
ganese dioxide was mixed by grinding in the agate mortar
with ethanol as the dispersing agent. The obtained precur-
sors were annealed at 750 °C for 24 h [30] followed by slow
cooling to room temperature.

Structure and morphology characterization

The structures of synthesized samples were characterized by
X-ray powder diffraction using a Rigaku D/MAX-2500
powder diffractometer with a graphite monochromatic and
Cu Kα radiation (λ00.15418 nm) in the 2θ range of 10–70°.
The lithium content of the products was examined with a
Perkin–Elmer atomic absorption spectrometer with a lithium
lamp (Beckman) operating at λ0670 nm. The X-ray photon
spectra of O 1 s and Mn 2p were recorded by X-ray

photoelectron spectroscopy (XPS) with monochromatic Al
Kα radiation at 1,450 eV. The spectra were scanned in the
range from 0.01 to 1,400 eV binding energy in 0.5 eV steps.
The surface morphology of the samples was observed using
the JSM-5600LV scanning electron microscope (SEM)
(JEOL, Japan).

Electrochemical evaluation

The cathode for lithium cells was fabricated by mixing the
active material, carbon black, and polyvinylidene fluoride
binder in a weight ratio of 80:10:10 in N-methyl pyrrolidi-
none. The slurry was coated onto an aluminum foil and
dried under vacuum at 110 °C overnight. The testing cells
were assembled with the cathodes thus fabricated, metallic
lithium anode, Celgard 2400 film separator, and 1 M LiPF6
in 1:1 ethylene carbonate/dimethyl carbonate electrolyte.
The assembly of the testing cells was carried out in an
argon-filled glove box, where water and oxygen concentra-
tion were kept less than 5 ppm. Charge–discharge measure-
ment was carried out in Neware battery test system BTS-
XWJ-6.44 S-00052 (Newell, Shenzhen, China) at different
current densities between 3.0 and 4.4 V vs. Li+/Li at room
temperature. All the tests were performed at room tempera-
ture. Cyclic voltammetry (CV) tests and electrochemical
impedance spectroscopy experiments were performed on a
Zahner Zennium electrochemical workstation (Zahner, Ger-
many). CV tests were carried out at a scan rate of 0.1 mV s−1

on the potential interval 3.0–4.4 V (vs. Li+/Li). The ac
perturbation signal was ±5 mV and the frequency range
was from 10 to 10 KHz.

Results and discussion

Characteristics of different polymorphs MnO2 and
corresponding LiMn2O4

Figure 1 shows the X-ray diffraction (XRD) patterns of the
as-prepared MnO2, which are matched to the JCPDS of δ-,
α-, γ-, and β-MnO2 respectively. It can be seen from Fig. 1
that all as-prepared MnO2 samples were the same as the pro-
designated crystal structure no matter what the preparing
technology is used.

The XRD patterns of the spinel LiMn2O4 samples pre-
pared from δ-, α-, γ-, and β-MnO2 are presented in Fig. 2.
The result indicates that four samples have identical crystal
structures. All the diffraction peaks can ascribe to the cubic
spinel structure with space group Fd3m, wherein the lithium
ions occupy 8a sites, manganese ions 16d sites, and oxygen
ions 32e sites. The diffraction pattern is in good agreement
with the JCPDS standard (JCPDS 35–0782). No other crys-
tal phase or obvious impurity peaks are detected. However,
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there are some slight different characteristics among these
LiMn2O4 materials; the lattice constant a of LiMn2O4 pre-
pared from δ-, α-, γ-, and β-MnO2 are 8.241, 8.250, 8.248,
and 8.247 Å, respectively, which indicates that the unit cell
parameters are affected by the starting materials to some
extent. It should also be noted that the ratio value of the
(3:1:1)/(4:0:0) peaks reflects the structural stability of the
[Mn2]O4 spinel framework [17, 31]. The tiny structural
difference between the samples may result from the different
starting materials. Therefore, the structural difference result-
ing from the intensity ratio of (3:1:1)/(4:0:0) peaks may be
closely related to the electrochemical properties of spinel
lithium manganese oxide. The (3:1:1)/(4:0:0) peak intensity
ratio (R), obtained for the sample prepared from β-MnO2

(R00.92) is lower than the other three samples (Fig. 2), and
it is known from the literature [32–34] that the extent of site

exchange between Li and Mn atoms decreases with a de-
crease in the (3:1:1)/(4:0:0) intensity ratio. Therefore, it is
expected from the LiMn2O4 prepared from β-MnO2 to show
better electrochemical performance than other samples. Ob-
viously, the structural difference of LiMn2O4 is influenced
by the starting materials.

From the XRD patterns, it can be seen that the as-
prepared materials are single-phase spinel LiMn2O4; all
the lithium in the various samples is contained only in the
LixMn2O4 spinel phase from the atomic absorption mea-
surement; x of LixMn2O4 prepared from δ-, α-, γ-, and β-
MnO2 are 0.992, 0.998, 1.003, and 0.995, respectively,
which indicates that the lithium content of all LixMn2O4

samples is nearly consistent.
XPS is a well-adapted, non-destructive technique for the

evaluation of valence states of the metal/nonmetal ions in
solids, and it has been extensively used to study the elec-
tronic structure of materials. The XPS binding energies
provide useful information on the oxidation states of differ-
ent elements in materials. The XPS spectra of O 1 s and Mn
2p of LiMn2O4 prepared from different polymorphs of
MnO2 are shown in Figs. 3 and 4. The binding energy of
O 1 s is shown to be 529.4, 529.6, 529.9, and 530.1 eV,
respectively. It can be seen that the binding energy of O 1 s
shifts to higher value in the order of the samples prepared
from δ-, α-, γ-, and β-MnO2, and it can be ascribed to the
stronger Mn–O bonds. [35] Another O 1 s peak at about
531 eV corresponds to the absorbed oxygen, which come
from surface CO3

2− and –OH, a common impurity at the
surface of air exposed materials, resulting from the adsorp-
tion of CO2 and H2O from the ambient either upon storage
or during synthesis process [36]. The Mn 2p3/2 binding
energies of the samples prepared from δ-, α-, γ-, and β-
MnO2 are found to be 642.2, 642.3, 642.5, and 642.7 eV,

Fig. 1 XRD patterns of the four polymorphs MnO2

Fig. 2 XRD patterns of the four LiMn2O4 prepared from (a) δ-MnO2, (b)
α-MnO2, (c) γ-MnO2 (d) β-MnO2. R is the intensity ratio of the (3:1:1)/
(4:0:0) peaks

Fig. 3 O 1 s XPS spectrum of the LiMn2O4 spinel prepared from (a) δ-
MnO2, (b) α-MnO2, (c) γ-MnO2, and (d) β-MnO2
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respectively. It has been reported that the Mn 2p3/2 binding
energies of Mn3+ and Mn4+ are 641.9 and 643.2 eV, respec-
tively [37]. In this study, the Mn 2p3/2 binding energies of
these samples are in this region, indicating that the Mn oxidation
state is between +3 and +4. Moreover, the binding energy of Mn
2p3/2 increases from 642.2 to 642.7 eV, which indicates that the
average valence state of Mn ions increase following the order of
the LiMn2O4 samples prepared from δ-MnO2<α-MnO2<γ-
MnO2<β-MnO2, [38] while the increase of Mn4+ content could
improve the stability of the spinel structure [39], thus the elec-
trochemical cycle stability of the samples prepared from γ- and
β-MnO2 are expected to be better. This conclusion is consistent
with the analysis of XRD.

The particle size and morphology of all the prepared
samples were examined by SEM. Figure 5 shows the images
of different polymorphs of MnO2. It can be seen that all the
samples are homogeneous; the difference is only their
crystallinity. δ-MnO2 presents a poor crystallinity, where-
as α-MnO2 shows a good crystallinity. The images of
LiMn2O4 obtained from different polymorphs of MnO2

are shown in Fig. 6. It can be found from Fig. 6 that the
average sizes of all the samples are about 200–300 nm.
Usually, the particle size and surface morphology are
important factors for influencing the cycling performance
of the Li/LiMn2O4 cells. Obviously, the sample prepared
from β-MnO2 (Fig. 6d) has well-distributed dispersity and
very smooth surface, while other three samples show the
indication of particle aggregation to some extent. Hence,
β-MnO2 is a better Mn source to obtain the LiMn2O4

sample with good crystal structure and morphology.

Electrochemical analysis of the spinel LiMn2O4

Figure 7 shows the charge/discharge curves of LiMn2O4

obtained from different polymorphs of MnO2. It can be
apparently seen that the charge/discharge curves of all the
samples have two voltage plateaus at approximately 3.9 and
4.1 V, which indicates a remarkable characteristic of a well-
defined spinel LiMn2O4. The two voltage plateaus manifest
that the insertion and extraction of lithium ions occur in two
stages [18]. In comparison with the other three samples, the
sample prepared from β-MnO2 delivers a large initial dis-
charge capacity of 126 mAh g−1 (85.1 % of the theoretical
value), while the other three samples show a smaller capacity
of 103, 104, and 117 mAh g−1, respectively. The coulombic

Fig. 4 Mn 2p XPS spectrum of the LiMn2O4 spinel prepared from (a) δ-
MnO2, (b) α-MnO2, (c) γ-MnO2, and (d) β-MnO2

a 

c d

b
Fig. 5 SEM micrographs of a
δ-MnO2, b α-MnO2, c γ-MnO2,
and d β-MnO2

3654 J Solid State Electrochem (2012) 16:3651–3659



efficiencies can also be calculated as 95, 94, 92, and 97 % at
the first cycle, respectively. The results indicate that the initial
capacity and the coulombic efficiency of LiMn2O4 prepared
by using β-MnO2 as the manganese source are improved
obviously.

In order to study the influence of different polymorphs of
MnO2 on the cycle performance of LiMn2O4, the batteries
were tested at 0.5 C between 3.0 and 4.4 V at room temper-
ature. The variation of the discharge capacity with the cycle
number for LiMn2O4 powder prepared by using different
manganese sources is shown in Fig. 8. It can be observed
from Fig. 8 that the capacity retentions of different samples
after 100 cycles are 40.8, 68.3, 77.8, and 83.3 %, respec-
tively. Apparently, the LiMn2O4 obtained from β-MnO2

represents a larger initial capacity and retains a higher ca-
pacity compared with the other three samples, while the
LiMn2O4 obtained from δ-MnO2 shows the poorest capacity
retention.

To further study the evolution during the cycling tests,
the charge/discharge curves of the first, 30th and 60th cycles
of the samples are shown in Fig. 9. It is obvious that the
sample prepared from β-MnO2 (Fig. 9d) presents the highest
stability during the cycling process, but for the other three
samples, the capacity decreases rapidly and the polarization
aggravates with the increase of cycle number, especially the
sample prepared from δ-MnO2 (Fig. 9a). In addition, the
resulting operation voltage also decayed with cycling for the
sample prepared from δ-MnO2. It is considered that the
variation is caused by the difference of the starting materials

c 

a b 

d 

Fig. 6 SEM micrographs of
LiMn2O4 prepared from (a) δ-
MnO2, (b) α-MnO2, (c) γ-
MnO2, and (d) β-MnO2

Fig. 7 Charge and discharge curves of LiMn2O4 prepared from (a) δ-
MnO2, (b) α-MnO2, (c) γ-MnO2, and (d) β-MnO2 at rate of 0.5 C
between 3.0 and 4.4 V

Fig. 8 Cycle performance of LiMn2O4 prepared from different poly-
morphs of MnO2
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under the same reacting conditions. Hence, β-MnO2 may be
a better alternative as the manganese source for the prepa-
ration of spinel LiMn2O4 as a cathode material for lithium-
ion batteries.

The CVs for LiMn2O4 prepared from four different
polymorphs of MnO2 are displayed in Fig. 10. As
exhibited, the curves of all samples have two pairs of
symmetrical redox peaks, corresponding to the two pairs
of charge and discharge plateaus shown in Fig. 7; the
two pairs of redox peaks correspond to a two-step
reversible intercalation reaction, in which Li+ comes
from two different tetragonal 8a sites of the spinel
LixMn2O4 (x<1) at each step. The first oxidation peak
is attributed to Li+ removal from one-half of the tetra-
hedral sites; the second oxidation, the removal of Li+

from the remaining tetrahedral sites, can be described as
follows [40]:

1

2
Liþ þ 1

2
e� þ 2MnO2! Li0:5Mn2O4 ð1Þ

1

2
Liþ þ 1

2
e� þ Li0:5Mn2O4! LiMn2O4 ð2Þ

The two redox peaks of the LiMn2O4 prepared from β-
MnO2 are narrow and well separated, and the narrow peak
in the CV curve implies that a specific electrochemical
reaction completes at a shorter period of time. But in other
three samples, both the anodic and cathodic peaks become

Fig. 9 The first, 30th and 60th charge–discharge curves of LiMn2O4 from a δ-MnO2, b α-MnO2, c γ-MnO2, d β-MnO2

Fig. 10 Cyclic voltammograms of LiMn2O4 synthesized from (a) δ-
MnO2, (b) α-MnO2, (c) γ-MnO2, and (d) β-MnO2 between 3.0 and
4.4 V. Scan rate00.1 mV/s
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broad and low, the anodic peaks shift toward high potential
and the cathodic ones shift toward low potential, suggesting
the reversibility of the spinels decrease. The parameters
obtained from Fig. 10 for the different samples are listed
in Table 1. In comparison with the current peaks of the four
samples, LiMn2O4 obtained from β-MnO2 has less peak
separations (ΔEp), sharper and higher redox peaks, and
shows well-defined splitting than the other three samples,
which indicate that they have better cycle stability and lower
overpotential. This result is in accordance with the charge/
discharge curves (Fig. 9), and it also explains why the
sample prepared from β-MnO2 has the best electrochemical
properties.

AC impedance spectroscopy is a powerful technique for
determining kinetic parameters of the electrode process. It
was carried out with three electrode cells after the cells had
been charged and discharged at a 0.5 C current rate for a
cycle, and the impedance plots have been fitted using the

equivalent circuit model (Figs. 11 and 12). In general, The
AC impedance pattern is composed of two partially over-
lapped semicircles in the high frequency region and sloping
line in the low-frequency region. The intercept at the Z' axis
in high frequency corresponds to the ohmic resistance (Re),
which represents the resistance of the electrolyte. The semi-
circle at middle frequency is correlated with the Li+ charge
transfer resistance at the interface [41], while the linear
portion is designated to Warburg impedance (W), which is
attributed to the diffusion of Li+ into the bulk of the elec-
trode materials. In this work, the Re values are almost the
same throughout the experiments due to the same electrolyte
and fabrication parameters; they are much smaller than Rct.
The calculated parameters of Rct values for the four kinds of
LiMn2O4 are 83.01, 81.16, 80.19, and 61.38Ω, respectively,
indicating that the charge transfer resistance (Rct) of
LiMn2O4 from β-MnO2 is less than those of other three
products. Therefore, it suggests that the transfer rate of Li+

Table 1 Electrochemical
parameters from CVof different
LiMn2O4 samples prepared from
different polymorphs of MnO2

Parameter Ea1(V) Ea2(V) Er1(V) Er2(V) ΔEp1(mV) ΔEp2(mV)

(a) δ-MnO2 4.090 4.199 3.907 4.039 160 183

(b) α-MnO2 4.074 4.201 3.909 4.038 163 165

(c) γ-MnO2 4.075 4.196 3.927 4.055 141 148

(d) β-MnO2 4.064 4.185 3.939 4.064 121 125

Fig. 11 Nyquist impedance spectra of LiMn2O4 synthesized from a δ-MnO2, b α-MnO2, c γ-MnO2, and d β-MnO2 from 0.01 Hz to 100 kHz
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in the LiMn2O4 spinel structure is dramatically improved by
using β-MnO2 as the precursor.

As a consequence of the aforementioned comparison,
an additional further testing was focused on battery
characteristics of the LiMn2O4 prepared from β-MnO2.
Figure 13 displays the discharge capacity versus the
cycle number for the LiMn2O4 sample prepared from
β-MnO2 at different current rates (0.5, 2, and 5 C). All
three curves indicate good cycle ability and a high-rate
capability. After 50 cycles, the 2 C discharge capacity
could retain 91 % of the initial capacity. Besides, Shu et
al. [17] reported that the discharge specific capacity of
LiMn2O4 prepared from γ-MnOOH at 1 C rate was 110
mAh g−1, and after 30 cycles, the discharge capacity
maintained just 84.6 % of the initial capacity. Also,
Kumar et al. [42] reported that the LiMn2O4 prepared
from α-MnO2 gave much higher capacities in lithium
batteries than β-MnO2, the reason can probably be
ascribed to a poorer lithium uptake of β-MnO2 phase
during chemical lithiation. However, the LiMn2O4 pre-
pared from β-MnO2 in this work represents excellent
electrochemical behaviors, because the LiMn2O4 sam-
ples were prepared by mixing different polymorphs of
MnO2 and Li2CO3 through one-step solid-state reaction,
in which the Li content in LiMn2O4 are not affected by
the lithium uptake of different polymorphs MnO2.

Conclusion

Spinel-phase cathode material LiMn2O4 samples for
lithium-ion battery were synthesized by four different poly-
morphs of MnO2 through one-step solid-state method. All
the prepared LiMn2O4 have the same cubic spinel-phase
structure without any impurities. Trace adsorbed oxygen
was detected on the surface of the samples, the bond energy
of Mn–O, and the average valence state of Mn is affected
slightly by using different polymorphs of MnO2 as the
starting materials. The particle size and surface morphology
of LiMn2O4 obtained from β-MnO2 are well-distributed and
more regular, and the sample prepared from β-MnO2 exhib-
its the best electrochemical performance. These results, cou-
pled with the low cost and environmentally benign nature of
manganese, render β-MnO2 as an attractive manganese
source of LiMn2O4 with excellent electrochemical proper-
ties and battery characteristics.
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