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Abstract

Nb-doped LiMn2O4 materials were synthesized by a solid state process, and the structure and kinetic performance were characterized

by TG-DTA, XRD, SEM, CV, and EIS. TG-DTA shows that the decomposition reaction has almost completed and all reactions have

finished at the temperature of 590 1C. XRD indicates that the all samples are in accordance with the standard spinel LiMn2O4. However,

it can be found that little Nb5þ ions do not completely substitute Mn3þ ions of LiMn2�1.667xNbxO4 (x¼0.02, 0.03, 0.04). SEM reveals

that the average particle size of all samples is about 1 mm. CV exhibits that the improved reversibility and dynamic behaviors of

LiMn2O4 can be attributed to the Nb doping. EIS demonstrates that Nb doping decreases the charge transfer resistance of LiMn2O4,

and then reduces the cell impedance. Nb doping results in lower electrode polarization and a high lithium ion diffusion coefficient, and

can effectively improve the kinetic performance of LiMn2O4.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lithium-ion batteries have received intense attention as
the power source in hybrid electric vehicles (HEVs), plug-
in hybrid electric vehicles (PHEVs), and full electric
vehicles (EVs) among the currently available energy sto-
rage technologies due to the high energy density [1,2].
Spinel LiMn2O4 has received a great deal of attention as
the most promising positive-electrode material for lithium-
ion battery because of its low cost, high safety and lower
toxicity compared with the layered oxides LiCoO2 and
LiNiO2 [2]. However, the Jahn–Teller distortion associated
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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with the high spin Mn3þ results in a huge volume change
and severe capacity fade at the deeply discharged state [3,4].
Hence, we hope that Mn3þ ion can be decreased in our
synthesized product. As a result, we design the composition
of LiMn2�1.667xNbxO4(x=0, 0.01, 0.02, 0.03, and 0.04).
They also can be further denoted as LiMn4þ

1 Mn3þ1�1:667x

NbxO4 (x=0, 0.01, 0.02, 0.03, and 0.04). The electrochemi-
cal performance of LiMn2O4 has been improved by doping
with metal ions (such as Ni2þ , Al3þ , Cr3þ , Co3þ , etc.) [5–8]
or non-metal ions (F�) [9] in Li, Mn or O sites, or reducing
the particle size [10]. It has been reported that Nb doping
can be considered as an effective way to improve the
electrochemical performance of spinel LiMn1.5Ni0.5O4 and
Li3V2(PO4)3 positive-electrode material [11,12]. Some soft
chemistry routes, such as sol–gel [13], emulsion [14], combus-
tion method [15], hydrothermal [16], microwave-induced
combustion method [17], etc., have also been proposed.
These methods lead to homogeneous spinel materials with
ll rights reserved.
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Fig. 1. TG-DTA curves for the thermal decomposition of the precursors

of LiMn2�1.667xNbxO4: (a) x¼0 and (b) x¼0.01.
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smaller particle size. However, these methods also suffered
from use of expensive reagents and process complexity.
From a commercial viewpoint, the solid-state synthesis of
LMn2O4 material exhibits a potential commercial applica-
tion due to the simple synthesis route and low synthesis cost.
The rate determining step in the electrodes of lithium ion
batteries is supposed to be a solid state diffusion. The
chemical diffusion coefficient describes the transport prop-
erty of mobile species under a concentration gradient.
Hence, it is important to investigate the lithium-ion trans-
port processes for intercalation materials, and then study
chemical diffusion coefficient of lithium ion to understand
the intrinsic kinetic property of the electrode material [18].
The chemical diffusion coefficients of inserted ions in solid
electrodes can be estimated by galvanostatic intermittent
titration technique (GITT) [19], potentiostatic intermittent
titration technique (PITT) [20], capacity intermittent titra-
tion technique (CITT) [21], and electrochemical impedance
spectroscopy (EIS) [22]. EIS is considered as a very powerful
technology to determine the rate of individual electrode
kinetic steps because it can also be obtained under more
equilibrium conditions compared with other methods. In
addition, it has been reported that the cathode-side impe-
dance, especially the charge transfer resistance (Rct), is the
main contributor to the cell impedance [23]. Therefore, the
stability of interface can be reflected during the cycle of
positive-electrode materials by comparing with the change of
charge transfer resistance. To our knowledge, the kinetic
performance of Nb-doped LiMn2O4 was not reported. In the
present paper, LiMn2�1.667xNbxO4(x¼0, 0.01, 0.02, 0.03,
and 0.04) is successfully synthesized by a solid-state method,
and the structure and kinetic properties are evaluated.

2. Experimental

2.1. Material preparation

Spinel LiMn2�1.667xNbxO4(x¼0, 0.01, 0.02, 0.03, and
0.04) samples were synthesized by a solid-state reaction
process. Stoichiometric Li2CO3 (AR, 99.0%), MnO2 (GR,
98.0%), and Nb2O5 (AR, 99.9%) were mixed and ground
in a mortar. Then the mixtures were calcined in air to
850 1C in an alumina crucible at a rate of 10 1C min�1.
The calcination at 850 1C was held for 18 h followed by a
natural cooling to room temperature so that the final
products were obtained.

2.2. Material characterization

Differential thermal analysis (DTA) and thermogravimetry
(TG) measurements were performed in air from room
temperature to 800 1C with a Henjiu Chare Tianping-1/2
thermal analysis system (Beijing, China) under a scanning rate
of 10 1Cmin�1. The crystalline structures of the samples were
characterized by X-ray diffraction (XRD). The morphology
and particle size were characterized by scanning electron
microscopy (SEM). Cyclic voltammograms (CV) of the cells
were measured at room temperature on a CHI 852C electro-
chemical workstation (China) in the voltage range from 3.3 to
4.5 V at the scanning rate of 0.2 mV s�1. EIS measurements
were carried out in two-electrode cells by using CHI 760D
electrochemical workstation (China) with a 75 mV AC signal
and a frequency range from 105 to 0.1 Hz. The positive-
electrodes were adopted as the work electrode; the counter
electrode and reference electrode were Li foil. Charge–
discharge performance was characterized galvanostatically on
Land 2000 T (China) tester at 0.2C rates between 3.3 and 4.
5 V (vs. Li/Liþ ).
2.3. Battery preparation

The electrochemical properties of the Nb-doped
LiMn2O4 samples were measured in the CR2032 coin-
type half-cells. Slurry was formed by mixing the active
material (80%), acetylene black (10%), and binder
(10 wt% polyvinylidene fluoride, dissolved in N-methyl-2-
pyrrolidone). The slurry was coated onto the aluminum
foil from which pellets of 14 mm in diameter were cut as
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electrodes. The complete coin cell comprises a positive-
electrode, a porous polypropylene membrane (Celgard
2300) as the separator and lithium foil anode. 1 M LiPF6

dissolved in a mixture of ethylene carbonate and dimethyl
carbonate (1:1 by volume) was used as the electrolyte.
3. Results and discussion

Fig. 1a and b shows the TG-DTA curves of LiMn2�1.667x

NbxO4 (x¼0, 0.01) obtained from the ternary precursors of
Fig. 3. SEM images of LiMn2�1.667xNbxO4: (a) x¼0, (b
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Fig. 2. XRD patterns of LiMn2�1.667xNbxO4 (x¼0, 0.01, 0.02, 0.03, and

0.04) prepared by the solid state method.
Li2CO3, MnO2 and Nb2O5. There are three temperature
intervals where significant mass loss can be detected. The first
one is the interval between room temperature and about
200 1C due to the removal of moisture and entrapped water
[24]. In the second region (250–495 1C), two exothermic peaks
observed are accompanied by noticeable weight loss in the TG
curve. This can be ascribed to the decomposition of the
inorganic constituents of the precursor followed by crystal-
lization of the spinel phase. The obvious exothermic peak
located at around 512 1C and a small exothermic peak located
at around 590 1C in the DTA curves can be assigned to the
phase-change reaction, the formation LiMn2�1.667xNbxO4

(x¼0, 0.01), and the completion of crystallization reaction.
It corresponds to the following reaction

Li2CO3þ4MnO2-2LiMn2O4þCO2þ0:5O2 ð1Þ

Li2CO3þ3:966MnO2þ0:01Nb2O5-2LiMn1:983Nb0:01O4

þCO2þ0:491O2 ð2Þ

In the last region, the TG curve becomes flat and no
sharp peaks can be observed in the DTA curve, indicating
that no phase transformation occurs, and that any further
heating only makes the structure of samples more perfect.
Therefore, it is necessary to calcine the precursor mixture
above 590 1C to obtain the well-crystallized LiMn2�1.667x

NbxO4. In this study, thermal conversion into LiMn2�1.667x

NbxO4 with subsequent crystalline growth was prepared by
heat treatment at 850 1C for 18 h. Fig. 1a and b also indicates
that the Nb doping does not change the reaction mechanism
and the phase transition reaction.
Fig. 2 shows the X-ray diffraction patterns of LiMn2�1.667x

NbxO4 (x¼0, 0.01, 0.02, 0.03, and 0.04) samples prepared by
) x¼0.01, (c) x¼0.02, (d) x¼0.03 and (e) x¼0.04.
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the solid-state route. The diffraction peaks of the powders
conform to JCPDS Card no. 89-0118, indicating that the
synthesized powders are in accordance with the standard
spinel LiMn2O4. However, there is some impurity in the
patterns of LiMn2�1.667xNbxO4 (x¼0.02, 0.03, and 0.04)
samples, indicating that little Nb5þ ions do not completely
substitute Mn3þ ions. Hence, it is important that a proper Nb
doping level should be optimized to achieve a pure spinel
structure.
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Fig. 4. Electrochemical performance of Li/ LiMn2�1.667xNbxO4 (x¼0,

0.01, 0.02, 0.03, and 0.04) half cells: (a) cyclic voltammogram at a voltage

sweep of 0.2 mV s�1 and (b) initial charge–discharge curves at 0.2 C.

Table 1

Values of the CV peaks for LiMn2�1.667xNbxO4 (x¼0, 0.01, 0.02, 0.03, and 0

Samples jpa1 (V) jpc1 (V) Djp

LiMn2O4 4.118 3.890 228

LiMn1.983Nb0.01O4 4.702 3.915 157

LiMn1.967Nb0.02O4 4.073 3.953 120

LiMn1.95Nb0.03O4 4.055 3.963 92

LiMn1.933Nb0.04O4 4.057 3.961 96
The SEM images of LiMn2�1.667xNbxO4 (x¼0, 0.01,
0.02, 0.03, and 0.04) samples are shown in Fig. 3. It can be
seen that sample powders are uniform with a small grain
size and the average particle size of all samples is about
1 mm. However, there is a great extent of agglomeration of
particles in the LiMn2O4 samples. The results indicate that
the Nb doping can restrain the agglomeration of solid
powders during high temperature calculations. An
increased porosity of Nb-doped LiMn2O4 may increase
the electrode–electrolyte contact area and facilitate the
lithium ions transportation, and then improve the electro-
chemical performance.
Cyclic voltammograms and initial charge–discharge curves

for LiMn2�1.667xNbxO4 (x¼0, 0.01, 0.02, 0.03, and 0.04)
spinel are presented in Fig. 4, and their values of the CV peak
are listed in Table 1. The redox peaks of all electrodes show
well-defined splitting, which indicates that the powders exhibit
good crystallinity. There are two anodic and cathodic peaks
for LiMn2O4 and the substituted spinel. These two pairs of
.04) samples.

1 (mV) jpa2 (V) jpc2 (V) Djp2 (mV)

4.238 4.037 201

4.205 4.055 150

4.197 4.078 119

4.185 4.085 100

4.187 4.073 114
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Fig. 5. (a) Nyquist plots and (b) equivalent circuit of LiMn2�1.667xNbxO4

(x¼0, 0.01, 0.02, 0.03, and 0.04) electrodes.
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redox peaks correspond to a two-step reversible intercalation
reaction [25], in which lithium ions occupy two different
tetragonal 8a sites in spinel LixMn2O4 (xo1). The first
oxidation and reduction peaks at 3.9–4.0 V corresponding to
the second charge–discharge plateaus (Fig.4b) can be attrib-
uted to the removal of lithium ions from half of the tetrahedral
sites in which Li–Li interactions occur. The second oxidation
and reduction peaks corresponding to the first charge–
discharge plateaus (Fig.4b) at 4.0–4.2 V are due to the removal
of lithium ions from the other tetrahedral sites in which
lithium ions do not have Li–Li interactions. The voltage
differences (Djp1 and Djp2) of the LiMn2�1.667xNbxO4 (x¼0,
0.01, 0.02, 0.03, and 0.04) electrodes between oxidation and
reduction peaks are listed in Table 1. Djp1 and Djp2 are 228
and 201 mV for the LiMn2O4 electrode, obviously much larger
than those for the Nb-doped electrodes, respectively. LiMn1.95
Nb0.03O4 sample shows the lowest potential interval between
anodic and cathodic peak. The potential interval can be
determined by the potential polarization of the active material
during the charge and discharge process. Hence, the low
potential interval demonstrates that the lithium insertion into
the Nb-doped LiMn2O4 electrodes behave more likely as a
Nernst system [26]. Based on the results mentioned above, it
can be concluded that the improved reversibility and dynamic
behaviors of LiMn2O4 can be attributed to the Nb doping.

Fig. 5 presents EIS profiles of LiMn2�1.667xNbxO4 (x¼0,
0.01, 0.02, 0.03, and 0.04) and the corresponding equivalent
circuit. EIS measurement performed at the open circuit
voltage (about 3.0 V) after preliminary potentiostatic polar-
ization at the same potential (3.0 V) for over 1 h in order to
achieve an equilibrium condition, which is displayed in the
form of Nyquist plot. According to the reported references
[27,28], the symbols, Rs, Rf, Rct, and W, represent the
solution resistance, the diffusion resistance of Liþ ions
through SEI layer, the charge transfer resistance and War-
burg impedance, respectively. The two constant phase ele-
ments (CPE1 and CPE2) associated with the interfacial
resistance and charge transfer resistance [29]. According to
the equivalent circuit, the charge transfer resistances of
LiMn2�1.667xNbxO4 (x¼0, 0.01, 0.02, 0.03, and 0.04) are
calculated to be 2005, 968.7, 1314, 755.4 and 214.8 O,
respectively. It can be found that the Rct values vary greatly
with different samples. Obviously, it can be concluded that
Nb doping decreases the charge transfer resistance of
LiMn2O4, indicating that the doping increases the conduc-
tivity. Similar positive results, such as Nb5þ-doped LiMn1.5-
Ni0.5O4 [11] and Li3V2(PO4)3 [12] and LiFePO4 [30], have
also been proposed by other researchers. A decrease in
charge transfer resistances may be due to that there is a
possibility to increase the electronic conductivity of LiMn2O4

is to substitute multiply charged ions (i.e., M5þ ) on a Mn3þ

site, which should lead to an increase in electron concentra-
tion. The minimum Rct value of Nb-doped LiMn2O4 means a
lower electrochemical polarization, and this can lead to a
better kinetic performance. In addition, we can also conclude
that Nb-doped LiMn2O4 battery has lower cell impedance
than that of LiMn2O4.
The diffusion coefficient (DLi) of lithium ion can be
calculated from the plots in the low-frequency region. The
equation for the calculation of DLi values by EIS can be
expressed as [31]

Zre ¼RctþRsþso�1=2 ð3Þ

DLi ¼
R2T2

2A2n4F 4C2
Lis

2
ð4Þ

where R is the gas constant, T the absolute temperature, A the
surface area of the positive-electrode, n the number of
electrons transferred in the half-reaction for the redox couple,
F the Faraday constant, CLi the concentration of lithium ion
in solid, and s is the Warburg factor, which is relative to
Zre�s, which can be obtained from the slope of the lines in
Fig. 6. The lithium diffusion coefficients of LiMn2�1.667x

NbxO4 (x¼0, 0.01, 0.02, 0.03, and 0.04) electrodes are
calculated to be 1.24� 10�16, 0.115� 10�16, 0.626� 10�16,
2.61� 10�16 and 181� 10�16 cm2 s�1, respectively. It is
obvious that the lithium diffusion coefficients decrease and
then increase due to the Nb doping. The diffusion coefficient
of LiMn1.933Nb0.04O4 is almost 146 times higher than that of
LiMn2O4. This result clearly indicates that the lithium-ion
mobility of LiMn2O4 can be effectively improved by Nb
doping. Based on the above results and discussion, it can be
found that Nb doping results in lower electrode polarization
and a high lithium ion diffusion coefficient. Therefore, Nb
doping can effectively improve the kinetic performance of
LiMn2O4.

4. Conclusions

Powders of spinel Nb-doped LiMn2O4 were successfully
synthesized at air conditions by a solid-state method.
The phase transition reaction and electrochemical reaction
process has not been changed by Nb doping, as indicated
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by TG-DTA test and CV. All samples have the uniform,
nearly cubic structure morphology with narrow size dis-
tribution, and the particle size of all prepared LiMn2O4 is
about 1 mm. The low potential interval demonstrates that
the lithium insertions into the Nb-doped LiMn2O4 electro-
des behave more likely as a Nernst system, and the
reversibility and dynamic behaviors are improved. The
charge transfer resistance of Nb-doped LiMn2O4 electrode
is lower than that of pure LiMn2O4. This suggests that
Nb-doped LiMn2O4 battery has lower cell impedance than
that of LiMn2O4.
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