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Nb-doped LiMn15Nip 504 materials have been synthesized through a solid-state reaction, and Nb doping
achieves some encouraging results. Both crystal domain size and electronic conductivity are influenced
by this kind of doping. The lattice parameter of the Nb-doped LiMn;5Nip 504 samples are slightly larger
than that of pure LiMnjsNig504 samples, and Nb doping does not change the basic spinel structure.
Even though the material has a particle size of 1—2 um, the capacity retention is improved remarkably
compared to that of the undoped one when charge-discharged at high rates. The LiNig 525Mn1.425Nbg 0504
has a discharge capacity of 102.7 mAh g~ at 1 C charge—discharge rate after 100 cycles. Though all
samples exhibit similar initial discharge capacities at various high C rates, the Nb-doped LiMn15Nig504
samples display remarkable cyclabilities. Capacity retention of Nb-doped LiMnjsNip504 is excellent
without a significant capacity loss at various high C rates. This is ascribed to a smaller crystallite, a higher
conductivity, and a higher lithium diffusion coefficient (Dy;) observed in this material. As a result, our
microscale Nb-doped LiMn; 5Nig504 can be used for battery applications that require high power and

long life, including HEVs and energy storage devices for renewable energy systems.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium-ion battery has a great potential as a new
large-scale power source for plug-in hybrid vehicles (PHEVs) and
electric vehicles (EVs) due to their high energy density, high
voltage, and long cycle life. As we know, the current commercial
lithium-ion batteries commonly based on layered Co oxide
positive-electrode materials (LiCoO;) can hardly fulfill the
requirement of high power applications [1]. Thus, developing
positive-electrode material with high energy density is one of the
key challenges for lithium-ion batteries, which can be obtained
either by high voltage or high capacity [2]. Since the pioneering
work of K. Amine [3] in 1995, spinel LiMn15Nip 504 was found to be
a particularly attractive positive-electrode material for lithium-ion
batteries, because of its dominant potential plateau at around
4.7 V and high reversible capacity as well as its low cost and non-
toxicity safety [4—7]. Hence, LiMny5Nip504 has a higher ener-
gy density than that of LiMnyO4, and then makes it the most
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attractive material for practical use [8]. In addition, the energy
density of LiMnysNigs504 is 20% higher than that of LiCoO,.
Unfortunately, the cycling stability of the LiMnjsNips504 positive
electrode at high rates is not satisfactory. According to our previous
review work [7], cation doping is considered as an effective way to
improve the electrochemical performance of LiMn;sNig504. The
reported doping cations include Mg?* [9,10], Cr>* [11,12], Co>* [13],
Fe3* [14], Ti** [15,16], Zr*+ [17], and Ru** [18]. Various methods
have been proposed to prepare LiMnj5Nig504, such as solid-state
reaction [19], sol—gel [20], one-step precipitation method [21],
molten salt [22], and so on. However, they have some other
disadvantages, such as complicated synthetic routes and high
synthetic cost, which is difficult for commercial applications. From a
commercial viewpoint, the solid-state synthesis of LiMnj5Nig504
powders exhibits a potential commercial application due to the
simple synthesis route and low synthesis cost. Our group reported
that Nb doping can be considered as an effective way to improve the
electrochemical performance of spinel LisTisO13 negative-electrode
material [23]. To our knowledge, the rate cycling performance of
Nb-doped LiMn15Nip 504 was not reported. It is well known that the
structural change of spinel lithium manganese oxide (LiMny04) is
due to the Jahn—Teller effect of Mn>* ions during cycles. Hence, we
hope that there is no Mn>* ion in our synthesized product. During
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charge—discharge of LiMny5Nig504, the change of nickel valence
state occurs as follows:

. . Ch . .
Li [Mn‘l‘gmﬁg]m Dﬂﬁ [Mn‘l‘gmg‘g} 04+ Lit +e (1)
ischarge
According to the equation mentioned above, the

charge—discharge capacity of LiMny5Nig 504 is from the reversible
redox reactions between bivalent nickel ion (Ni**) and tetravalent
nickel ion (Ni**). The more the Ni%** that exists in LiMn; 5Nig504,
the more lithium ions can deintercalate from the host, so the more
lithium ions can intercalate into the anode, and increase the
discharge capacity. Hence, Nb-doped LiMnj5Nig504 compound
(LiMn1.425Ni0.525Nbg 0504 and LiMn1 425Nip4Nbg104) was prepared
by a solid-state method. The electrochemical performances of
Nb-doped LiMn5Nig504, including cycling stability and rate
capability, were extensively evaluated in half cells.

2. Experimental
2.1. Material preparation

The Nb-doped powder samples were prepared by a solid-state
method. A mixture of MnO,, Li,CO3, NiO and NbyOs5 in proper
amount was mixed by ball milling for 5 h in an acetone slurry,
followed by drying at 80 °C for 12 h. Then, the powders were
calcined at 850 °C for 24 h in a flowing air atmosphere to obtain the
samples.

2.2. Material characterization

Differential thermal analysis (DTA) and thermogravimetry (TG)
measurements were performed in air from room temperature to
800 °C with a Henjiu Chare Tianping-1/2 thermal analysis system
(Beijing, China) under a scanning rate of 5 °C min~'. XRD was
performed on Rigaku D/MAX-2400 X-ray diffractometer with Cu
Kaq (10°<26 < 80°) monochromated radiation in order to identify
the crystalline phase. The particle morphologies were examined
with a scanning electron microscope (Hitachi, S-4000).
Charge—discharge performance was characterized galvanostati-
cally on Land 2000T (China) tester at 0.1 C charge rate and 1,3 and 5
C discharge rates between 3.3 and 4.95 V (vs. Li/Li"), respectively.
Cyclic voltammograms of both electrodes ware measured on an
electrochemical workstation (CHI 852C) between 3.3 and 5 V (vs. Li/
Li*). EIS measurements were carried out in two-electrode cells by
using Zahner Zennium IM6ex electrochemical workstation with
a &5 mV ac signal and a frequency range from 10* to 0.1 Hz. The
prepared positive-electrode materials were adopted as the work
electrode; the counter electrode and reference electrode were Li
foil.

2.3. Battery preparation

The electrode was prepared by pasting a slurry containing 80 wt
% active material, 10 wt% carbon black, and 10 wt% polyvinylidene
fluoride dissolved in N-methylpyrroline onto a Al foil. After coating,
the film was dried in a vacuum oven at 100 °C for 12 h, and then cut
into a sheet. Before using, the sheet was dried in a vacuum chamber
at 120 °C for 10 h. Two-electrode batteries for cycles were assem-
bled in an Ar-filled glove box using a metal lithium foil as counter
electrode, 1 M LiPFg in a 1:1 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) as electrolyte and Celgard 2300
polypropylene as separator.

3. Results and discussion

Fig. 1a and b shows the TG—DTA curves of LiMnjsNig504,
LiMn1 425Nig 525Nbg 0504 obtained from the ternary precursors of
MnO», LiCO3, NiO and Nb,Os. There are two temperature intervals
where significant mass loss can be detected. The first one is the
interval between room temperature and about 220 °C, which may
be due to the removal of moisture and entrapped water [24,25].
In the second region (300—520 °C), the endothermic peak observed
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Fig. 1. TG—DTA curves for the thermal decomposition of the precursors of (a)
LiMnysNips04 and (b) LiMny425Nigs525NboosO4; (c) TG curves for the thermal
decomposition of the precursors of LiMn;5Nig504 and LiMny 425Nig 525Nbg 0504.
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at 396 °C is accompanied by noticeable weight lose in the TG curve.
It can be considered as a result of the decomposition of the inor-
ganic constituents of the precursor followed by crystallization of
spinel phase. In addition, it can be clearly seen an exothermic peaks
located at around 452 °C in the DTA curves. This can be assigned to
the phase-change reaction, the formation of LiMnis5Nig504 or
LiMn1.425Nig 525Nbg 0504, and the completion of the crystallization
reaction. It corresponds to the following reaction

Li2C03 + NiO + 3Mﬂ02 = ZLiMH]_SNi0_504 + C02 (2)

Li;CO3 + 1.05NiO + 2.85Mn0O; + 0.05Nb,05
= 2LiMny 435Nig 525Nbg 9504 + CO; (3)

In the last region, the TG curve becomes flat and no sharp peaks
can be observed in the DTA curve, indicating that no phase trans-
formation occurs, and that any further heating only makes the
structure of samples more perfectly. Fig. 1a and b indicates that the
Nb doping does not change the reaction mechanism and the phase
transition reaction. From Fig. 1c, it can be seen that the weight loss
of Nb-doped LiMn15Nigp 504 is lower than that of pristine LiMn1 5.
Nigp504. The reason is that the former has a larger molar mass than
that of the latter.

XRD patterns of substituted and unsubstituted LiMn5Nip504
samples are shown in Fig. 2, and the inset shows the enlarged (111)
peaks. All of the diffraction peaks are assigned to the spinel
compound LiMnq5Nig504. This means that the low dose doping of
Nb>* cannot change the basic LiMn15Nig504 structure, and form
a solid solution. The crystal structure of LiMn 5Nig 504 is plotted in
Fig. 3. Li" ions occupy the tetrahedral (8a) sites; Mn or Ni ions
reside at the octahedral (16d) sites random; and 0%  ions are
located at (32e) sites. The full width at half maximum (FWHM)
values of the (3 1 1) and (4 0 0) diffraction lines of Nb-doped
LiMn15Nig504 samples are larger those of LiMn5Nig504. It can be
concluded that the atom location confusion appears in the Nb-
doped LiMnq5Nigs504, for example, some lithium atom or metal
ions (Mn, Ni and Nb) are exchanged to form anti-spinel structure
because of the Nb doping [26,27]. In addition, small NiO impurity
peak can be found at 44 and 63—64° in the two theta range as
shown in Fig. 2, suggesting an oxygen loss reaction at high
temperatures. The reason is that LiMnq5Nig504 losses oxygen and
disproportionates to a spinel and rock salt NiO when it is heated
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Fig. 2. Powder XRD patterns of (a) LiNigsMny504, (b) LiMn1.425Nig525Nbg 0504 and (c)
LiMny 425Nig4Nbg104. Inset shows the enlarged (111) peaks for the Nb-doped
LiNigsMn; 504 materials.

Fig. 3. Crystal structure of LiMnysNigs04. Li* ions occupy the tetrahedral (8a) sites;
Mn or Ni ions reside at the octahedral (16d) sites random; and 0%~ ions are located at
(32e) sites.

above 600 °C [28]. The formation of the NiO impurity phase can be
shown by the generalized reaction:

LiMn; 5Nig 504 — aNiO + ﬁLiMn]'5+xNi0.5,x04 + 70, (4)

where q, § and vy define, respectively, the relative amounts of the NiO,
LiNip5_xMny5,x04, and O, phase. There is a slight shift in the
diffraction peaks to the lower 26 values for the sample Nb-doped
LiMn; 5Nip 504 compared to pure LiMnj5Nig504. This fact indicates
that the lattice parameters of the Nb-doped LiMn15Nig504 materials
are slightly larger than that for the pure LiMnq5Nig504. These varia-
tions are attributed to the ionic radius differences among Li* (0.59 A),
Ni%* (0.69 A), Mn** (0.53 A), and Nb>* (0.64 A) [29]. The lattice
parameters were calculated through the least square program
method from the diffraction data of LiMnj425Nigs525Nbg o504
and LiMnj425Nip4Nbg104, and were found to be about 8.225 and
8.230 A, respectively, which is slightly larger than that of a pristine
LiMn;5Nig504 positive-electrode material (8.186 A). The expansile
channels reduce the block for the diffusion of Li*, and then improve
the electrochemical performance of the material. Ohzuku et al. [30]
reported that any occupancy of the substituent ions in the 8a
tetrahedral lithium sites will lead to unfavorable electrochemical
characteristics. According to Ohzuku et al. [30], the integrated
intensity ratios of the (4 0 0)/(3 11) peaks are indices of the extent of
occupancy of the substituent ions in the 8a lithium sites. The intensity
ratios of the (4 0 0)/(3 1 1) peaks for pristine LiMni5Nig504,
LiMn1.425Ni0.525Nb0.0504 and LiMI‘l1.425Nio_4Nbo_104 are 0.985, 0.976
and 0.996, respectively. The integrated intensity ratio of the (4 0 0)/
(311) for LiMny.425Nip 4Nbg 104 increases compared to LiMny 5Nig 504.
This suggests that nickel shows a propensity to occupy the 8a lithium
sites in LiMny425Nig4Nbg104 due to the NiO impurity. Hence, it is
important that a proper Nb doping level should be optimized to
achieve a good cell performance.

SEM images of as-prepared Nb-doped LiMn1 5Nig 504 samples are
shown in Fig. 4. All samples exhibit the highly crystalline particles
with a particle size in the range of 1—2 pm, and the Nb>* substitution
to some extent reduce the particle size of LiMn 5Nig504. The small
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Fig. 4. SEM micrographs of (a) LiMn1,5N104504, (b) LiMl’l1'425Ni0.525Nb0.0504 and (C) LiMD1'425Niol4Nbo'104.

particle size results in sufficient contact between active
materials and electrolyte and results in favorable diffusion and
transmission of Li" in the electrode.

Fig. 5 shows cyclic voltammograms of LiMnjsNigs504 and
LiMn1 425Nig 525Nbg,0504 electrodes at a scanning rate of 0.1 mV s7L
The redox peaks mainly located near 4.7 V are ascribed to the
two-step oxidation/reduction of Ni?*/Ni** [31] or Ni**/Ni** and
Ni3*/Ni** [32], and small redox peaks appear near 4.0 V can be
attributed to the redox reaction of Mn>*/Mn*' couples. The
much smaller difference in potential between the anodic and
cathodic peaks in LiMni425Nig525Nbg 0504 compared to that in
LiMn15Nig 504 suggests faster lithium insertion/extraction kinetics
in the former. This observation confirms that the Nb doping
enhances the reversibility of the LiMn 5Nig 504, indicating that Nb-
doped electrode has good reversibility and good rate capability.

To investigate the possible reason of improved cycling perfor-
mance of the Nb-doped LiMn15Nig 504, electrochemical impedance
spectroscopy (EIS) was measured before cycling in Fig. 6, and
a possible equivalent circuit was inserted in Fig. 6. In this equivalent
circuit, Rs represents the ohmic resistance; Rrand C¢(the first Q) are,
respectively, the resistance and capacitance of a solid electrolyte
interphase (SEI) film, and W is the Warburg impedance of solid-
phase diffusion. Rt and Cg represent the charge-transfer resis-
tance and double layer capacitance for lithium-ion intercalation,
respectively [33,34]. It can be seen from Fig. 6 that the Rs values of
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Fig. 5. Cyclic voltammograms of LiMn;sNigs04 and LiMnq425Nigs525Nbgos04 cells

between 3.3 and 5 V with a scanning rate 0.1 mV s~ .

different samples are almost constant, whereas R. values vary
greatly with different samples. The difference of Rs values between
two samples may be caused by the simulated errors. The R of the
LiMn15Nig504 sample is found to be much higher than that of the
LiMn1.425Nig 525Nbg,0504 sample due to the Nb doping, indicating
that the latter has a much better conductivity than the former. The
minimum R¢ value of LiMny425Nigs525Nbg 0504 means a lower
electrochemical polarization, and this can lead to higher rate
cycling performance.

The diffusion coefficient (Dy;) of lithium ion can be calculated
from the plots in the low-frequency region. The equation for the
calculation of Dy values by EIS can be expressed as [35,36]:

Zre = Ret +Rs + ow 03 (5)
RT)?
Dy = —RD° (6)
2(An2F2C]_ir7)

where the meanings of T is the absolute temperature, R the gas
constant, n the number of electrons per molecule during oxi-
dization, A the surface area, F the Faraday’s constant, (i the
concentration of lithium ion, w the angular frequency, and o is
the Warburg factor which has relationship with Zg. The Ze — w12
plots were presented in Fig. 7. A linear characteristic could be
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Fig. 6. Nyquist plots of LiMn,sNip504 and LiMny 425Nig 525Nbg 0504 electrodes. Inset is
the selected equivalent circuit.
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seen for both curves. According to Egs. (5) and (6), the lithium
diffusion coefficients of LiMn1.5N10,504 and LiMn1.425Ni0.525Nb0_0504
are calculated to be approximate 255 x 107 and
10.07 x 1071 cm? s~ respectively. It is clear that the diffusion
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coefficient of lithium ion is greatly increased due to the Nb doping.
This suggests that Nb-doping contributes to the enhancement of
ionic conductivity, and is favorable for migrating lithium ion and
maintaining stable crystal structure.

The initial discharge and consecutive charge profiles at 0.1 C
charge rates and 1 C discharge rates for the sample LiMn15Nig 504,
LiMn]_425Nio'525Nb0'0504 and LiMH1'425Ni0_4Nb0.104 are given in
Fig. 8. Their initial discharge capacities are 114.9, 116.7 and
109.4 mAh g, respectively. All discharge and charge curves exhibit
two potential plateaus at 4.0 and 4.7 V, revealing that the doping
cannot change the basic spinel structure. In addition, Nb-doped
LiMn5Nig 504 materials have a higher discharge plateau at about
4.7 V than that of pure LiNip5Mnq504, indicating that Nb-doped
LiMn5Nig 504 materials have a higher power density than that of
pure LiMny5Nip504. Fig. 8b—d also gives the cycling performance
profiles of the substituted and unsubstituted LiMnj5Nigs504
samples at various high C rates. The cell was charged using
a current density of 0.1 C rate before each discharge test. All sam-
ples exhibit similar initial discharge capacities at various high C
rates, but the Nb-doped LiMn1 5Nig 504 samples display remarkable
cyclability without much fade at various high C rates compared to
the drastic fade seen with the LiMnj5Nig504 sample. These may be
explained by the facts that: (1) smaller particles (see Fig. 4) can
provide more interfacial area for contact within the liquid elec-
trolyte and, hence, can increase the opportunity for lithium ions
to intercalate back the host structure [37]; (2) Nb-doping decreases
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Fig. 8. (a) Initial charge—discharge curves (0.1 C charge rate and 1 C discharge rate) and cycling performance at (b) 1 C discharge rate, (c) 3 C discharge rate, and (d) 5 C discharge

rate of LiNigsMn; 504 with and without Nb doping.
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the charge-transfer resistance, and then increase the electronic
conductivity (see Fig. 6); (3) the migration ability of lithium ion and
reversibility (see Fig. 5)are greatly improved due to the Nb doping,
and then the kinetics of Li* intercalation/de-intercalation and
electron transfer are enhanced.

High voltage, portability, safety and excellent cyclability
contribute to the commercial success of lithium-ion batteries [38]. As
we know, the fast charge—discharge is very important during the
practical commercial application. To provide more information
about the electrochemical performances of the Nb-doped LiMnq 5.
Nig 504, the cycling performance and the coulomb efficiency of
LiMn1 425Nig 525Nbg 9504 charge—discharged at 1 Crate in the voltage
range of 3.3—4.95 V is given in Fig. 9. An interesting thing is that the
discharge capacity increases slightly in the initial stage and the
electrode reaches a largest discharge capacity after several cycles as
shown in Fig. 9. The reason may be that the LiMn1 425Nig 525Nbg 0504
electrode is not thoroughly wetted by the electrolyte due to the fast
charge—discharge. As shown in Fig. 9, after 100 cycles, the discharge
capacity of the LiMnj425Nig 525Nbg 0504 still remains near 100% of
original values, indicating a high utility of electric capability. This
efficiency is defined as the discharge capacity divided by the charge
capacity in one charge/discharge cycle. It is interesting that the
coulombic efficiencies of LiMnj425Nig525Nbg o504 in the first
charge—discharge cycle is about 89%, indicating that a small fraction
of lithium ions is incapable of intercalating back into the host
structure due to electrolyte decomposition at high voltage. However,
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Fig. 9. (a) Capacity vs. cycle number and (b) coulombic efficiency of LiMnjzs.
Nig 525Nbg 0504 charge—discharged 1 C rate between 3.3 and 4.95 V.

after about two cycles, the coulomb efficiencies are increased to
nearly a constant value (more than 96%). The improved cycling
efficiency may be attributed to the formation of protective layer on
the electrode surface after the first charge—discharge process. The
mean coulombic efficiency of LiMny 425Nig.525Nbg.0504 (about 96%)
charge—discharged at 1 C is higher that that of LiMn 4Crg>Nig 404
electrode (about 94%) charge—discharged at 0.15 C reported by our
previous work [39]. This result implies that Nb substitution is
beneficial to the reversible intercalation and deintercalation of Li*.
The LiMnq425Nigs525Nbgg504 is characterized by an excellent
rechargeability in terms of capacity retention, whereas it is well
known that LiMnq 5Nig 504 batteries are normally primary or can be
cycled only a limited number of times. LiMn1.425Nig 525Nbg 0504 can
be environmentally friendly, reliable, safe, and low-cost power
sources applied in occasions in which both high energy and power
densities are necessary.

4. Conclusions

Nb-doped LiMnisNip504 positive-electrode materials were
prepared by a solid-state synthetic method, and the structure and
electrochemical performance were studied by TG—DTA, XRD, SEM,
CV, EIS and galvanostatic charge—discharge test. The result shows
that Nb doping achieves some encouraging results. Both crystal
domain size and electronic conductivity are influenced by this kind of
doping. This high voltage LiMn1.425Nip 525Nbg 0504 material presents
good capacity retention of 110.5 mAh g~ at 1 Cand 102.7 mAh g~ ! at
5 C discharge rate (0.1 C charge rates). Nb-doped LiMnj5Nig504
samples display remarkable cyclability without much fade at various
high Crates compared to the drastic fade seen with the LiMn1 5Nig 504
sample. Nb-doped LiMnj5Nip504 exhibits a good Li-ion diffusion
coefficient at room temperature and good stability upon cycling even
at 1 C charge—discharge rate. The discharge capacity of the
LiMny 425Nig 525Nbg 0504 still remains near 100% of original values
even after 100 cycles. Our obtained results demonstrate that a small
amount of Nb substitution in LiMn;5Nig504 can improve the rate
cycling performance of this positive-electrode material, making it
more attractive for future practical application.
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