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a  b  s  t  r  a  c  t

LiNi0.5Mn1.5O4 and  LiNi0.45M0.10Mn1.45O4 (M =  Fe, Co,  Cr)  powders  are  prepared  and  systematically  inves-
tigated  as  5 V  cathode  materials  for lithium-ion  batteries.  X-ray  diffraction,  Raman  spectroscopy  and
scanning  electron  microscopy  are  employed  to study  their structures.  The  electrochemical  cyclic  perfor-
mance  and  rate  capability  at room  temperature  and  55 ◦C are  characterized  and  compared.  The  results
indicate  that  the introductions  of  Fe,  Co or  Cr  ions  favor  the  crystal  structure  of  the  spinel  in  a  Fd3̄m
symmetry  compared  with  a symmetry  of  P4332  for the  un-doped  LiNi0.5Mn1.5O4. Excellent  cycle  life  is
eywords:
ithium ion batteries
pinel
rivalent transition metal doping
ithium nickel manganese oxide
hermopolymerization

measured  for  these  5 V  Co-  and  Fe-doped  electrodes.  When  cycled  at 1C  rate,  about  95.9%,  93.1%  and  81.7%
of their  initial  capacities  can  be retained  after  500  cycles  for  LiNi0.45Co0.10Mn1.45O4,  LiNi0.45Fe0.10Mn1.45O4

and  LiNi0.45Cr0.10Mn1.45O4, respectively.  Their  electrochemical  performances  at  55 ◦C are  also  much  better
than  the un-doped  sample.  Three  possible  capacity  fading  mechanisms  including  structural  transforma-
tion,  the  dissolution  of  the  spinel  into  the electrolyte,  and  the  oxidation  of  the  electrolyte  are  discussed.
The  decomposition  of  the electrolyte  is  regarded  as  the  most  important  mechanism.
. Introduction

LiNi0.5Mn1.5O4 has been extensively studied as a cathode mate-
ial for lithium ion batteries during the past decade [1–21]. In
ecent years it has attracted even more attentions because of its
igh operating potential (4.7 V vs. lithium) and three dimensional

ithium-ion diffusion paths in the spinel lattice. Lithium ion bat-
eries with LiNi0.5Mn1.5O4-based positive electrodes are expected
o provide high power/energy density for electric vehicles (EVs),
ybrid electric vehicles (HEVs) and large energy storage systems.
iNi0.5Mn1.5O4 has two different crystal structures of P4332 and
d3̄m, depending on the oxygen content in the lattice and/or the
egree of ordering of the Ni/Mn ions [5,6]. A high-temperature
>700 ◦C) synthesis usually leads to produce a LiNi0.5Mn1.5O4 pow-
er with the Fd3̄m structure. In this structure, Ni and Mn  ions
re randomly distributed in the 16d sites, while some of the oxy-
en is released out of its lattice structure and a small amount of
n4+ ions are reduced to Mn3+ to balance the charge. An anneal-

ng of the spinel powder at 700 ◦C in air can transform its crystal
tructure from Fd3̄m to P4332, in which the Ni and Mn  ions

ccupy orderly on the 4a and 12d sites, respectively. During the
harging/discharging processes, LiNi0.5Mn1.5O4 demonstrates two
lateaus at around 4.7 V, corresponding to the redox reactions of

∗ Corresponding author. Tel.: +86 551 3606971.
E-mail address: cchchen@ustc.edu.cn (C.H. Chen).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.12.037
© 2011 Elsevier B.V. All rights reserved.

Ni2+/Ni3+ and Ni3+/Ni4+ couples. Kim et al. [6] studied the phase
transition of LiNi0.5Mn1.5O4 during Li+ extraction by measuring
the ex situ XRD patterns. They have found that the LiNi0.5Mn1.5O4
with a space group of Fd3̄m undergoes a topotactic two-phase
transition during electrochemical cycling, while the LiNi0.5Mn1.5O4
with a space group of P4332 shows topotactic phase transitions
among three different cubic phases. Recently, Wang et al. [21]
studied the phase evolution during Li insertion/extraction pro-
cess using in situ XRD. They have observed three cubic phases for
the LiNi0.5Mn1.5O4 samples with either P4332 or Fd3̄m structure.
For the LiNi0.5Mn1.5O4 with a Fd3̄m structure, an additional 4.0 V
plateau may  be observed that is corresponding to the Mn3+/Mn4+

redox couple. According to Ariyoshi et al. [5],  the LiNi0.5Mn1.5O4
with the Fd3̄m structure exhibits better electrochemical perfor-
mances than that with the P4332 structure.

On the other hand, it is difficult to synthesize a pure stoichiomet-
ric LiNi0.5Mn1.5O4 because an impurity phase LiyNi1−yO tends to be
formed during the high temperature synthesis [22,23]. Besides, the
fast capacity fading of a LiNi0.5Mn1.5O4 electrode at elevated tem-
peratures is another disadvantage of this material for applications
[24,25].

To improve the electrochemical performance, various mod-
ification methods such as lattice doping and surface coating

[15,24,26–28] have been adopted. Partial substitutions of Mn and
(or) Ni in LiMn1.5Ni0.5O4 with other cations such as Al [29], Mg
[30,31], Ti [32], Cr [9,17,33], Fe [34], Co [35,36], Cu [37], Zn [38], and
Ru [16] have been investigated. It has been found that the cationic

dx.doi.org/10.1016/j.jpowsour.2011.12.037
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cchchen@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.12.037
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Fig. 1. X-ray diffraction patterns of (a) LiNi0.5Mn1.5O4; (b) LiNi0.45Fe0.10Mn1.45O4;
(c)  LiNi0.45Co0.10Mn1.45O4; (d) LiNi0.45Cr0.10Mn1.45O4. The LiNi0.5Mn1.5O4 is of P4332
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ubstitutions can eliminate the formation of the LiyNi1-yO impurity
hase and stabilize the spinel structure with a disordering of the
n4+ and Ni2+ ions in the 16d octahedral sites. Such a cationic dop-

ng also results in a smaller difference in lattice parameter among
he three cubic phases formed during the cycling process so that
he cycle life is prolonged.

Among the various cationic substitutions, Liu and co-worker
34] have investigated the substitution of Fe for Ni alone or both
or Ni and Mn.  They have found that LiMn1.5Ni0.42Fe0.08O4 exhibits

 capacity retention of 100% after 100 cycles and a remarkably high
apacity of 106 mAh  g−1 at 10C rate. Ito et al. [35] have synthesized
iNi0.5−xCo2xMn1.5−xO4 (0 ≤ 2x ≤ 0.2) by spray drying and found
hat the Co substitution for Ni and Mn  result in improved electro-
hemical performances at a high rate and at elevated temperatures.
iu et al. [17] have investigated the influence of Cr content on the
lectrochemical performance of LiNi0.5−xCr2xMn1.5−xO4 and opti-
ized the Cr concentration in the range 0.05 ≤ 2x ≤ 0.10. Although

ll the Fe-, Co- and Cr-doping can improve the performance of
he LiNi0.5Mn1.5O4, it is difficult to determine which is the most
ffective from these literatures because the synthesis methods and
est standards are different from group to group. In this study,
e have synthesized a series of trivalent transition-metal doped

iNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) powders by the same ther-
opolymerization method. Their electrochemical performances

re tested and compared to develop an in-depth understanding of
he impacts of the cationic doping with trivalent transition metals.

. Experimental

The LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)
owders were synthesized by a thermopolymerization method
10]. Stoichiometric amounts of lithium nitrate (LiNO3, 5% excess),
erric nitrate (Fe(NO3)3·9H2O), cobalt nitrate (Co(NO3)2·6H2O),
hromium nitrate (Cr(NO3)3·9H2O), nickel nitrate (Ni(NO3)2·6H2O)
nd manganese acetate (Mn(CH3COO)2·4H2O) were dissolved in
eionized water to obtain a 0.2 M solution. Then acrylic acid (AA)
as added to form an AA–H2O (1:2, v/v) solution. The solution was

ept in an oven at 150 ◦C for 10 h to proceed thermopolymerization
eactions. The intermediate gel-like products were first calcined at
00 ◦C for 10 h, and then cooled down to room temperature. After
eing grinded, the obtained powders were sintered at 900 ◦C for
5 h and subsequently annealed at 700 ◦C for 48 h. All the heat
reatment processes were carried out in air atmosphere.

The powders obtained after the high temperature sintering and
00 ◦C annealing were analyzed by X-ray diffraction (XRD) using a
iffractometer (Philips X’pert Pro Super, Cu K� radiation) at room
emperature. The XRD patterns were recorded in the 2� range from
0◦ to 80◦, with step 0.05◦ and speed 2◦ min−1. The Raman spec-
ra of the LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)
amples were also collected with a Confocal Laser Micro Raman
pectrometer (LABRAM-HR, Jobin Yvon) using an excitation light
f 514.5 nm from Ar ion laser (the excitation power is less than
.0 mW).  To have more reliable data, each Raman spectrum was the
verage of 3 scans collected at a spectral resolution of 2.0 cm−1. The
article size and morphology were also observed under a scanning
lectron microscope (JSM-6390LA, JEOL).

To prepare the electrode laminates, the spinel active materi-
ls, acetylene black and poly(vinylidene fluoride) (PVDF) (80:10:10,
/w/w) were mixed into slurries in N-methyl-2-pyrrolidone in

n agate mortar. They were then cast on aluminum foils with a
octor blade and dried at 70 ◦C for 10 h to obtain several elec-

rode laminates. Discs (� = 14 mm)  of the laminates were punched,
ried at 70 ◦C for 2 h in a vacuum oven and then were trans-
erred into an argon-filled glove box (MBraun Labmaster 130). A
ypical electrode mass was  4.5–5.5 mg.  Afterwards, CR2032 type
structure while the doped samples are of Fd3m structure. A weak peak attributed
to  rock salt impurity (NiO or LiyNi1−yO) is observed in the magnified patterns of
LiNi0.5Mn1.5O4 and LiNi0.45Cr0.10Mn1.45O4.

coin-cells with Li as the counter electrode were assembled in
the glove box with the electrolyte of 1 M LiPF6 solution in ethy-
lene carbonate (EC)–dimethyl carbonate (DMC) (1:1, w/w, Zhuhai
Smoothway Electronics Materials Co., Ltd.).

The cyclic voltammograms (CV) of the batteries were measured
on a CHI 604A electrochemical workstation from 3.5 to 5.1 V at
a scan rate of 0.1 mV  s−1. The batteries were also galvanostati-
cally cycled on a multi-channel battery cycler (Neware BTS2300,
Shenzhen) in the voltage window from 3.5 to 5.0 V. The room tem-
perature is controlled at 25 ◦C (±3 ◦C) by an air-conditioner. The
high temperature performances of the cells were tested by laying
them in an oven at 55 ◦C (±1 ◦C).

The possible dissolution of the transition-metal ions into the
electrolyte was tested by soaking the electrodes in 2.0 ml  elec-
trolyte and storing them in a 55 ◦C oven for a week. Then, the
concentrations of the transition-metal ions in the electrolyte were
measured using an inductively coupled plasma atomic emission
spectrometer (ICP) (Optima 7300 DV, Perkin-Elmer Co., USA).

3. Results and discussion

3.1. Crystal structures and particle morphology of the
LiNi0.5Mn1.5O4 and the LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)
powders

Fig. 1 presents the X-ray diffraction patterns of the synthesized
powders. The LiNi0.5Mn1.5O4 powder has been indexed by the
cubic P4332 symmetry due to the appearances of the weak peaks
located at 2� = 15.3◦, 39.7◦, 45.7◦, and 57.5◦, while these peaks
are absent from the pattern of Fd3̄m structure. However, the Fe-,
Co- and Cr-doped samples are indexed by Fd3̄m space group. In
addition, the inset figures in Fig. 1 show the magnified patterns
between 40◦ and 44.25◦. A weak peak attributed to the impurity
NiO or LiyNi1−yO is observed in the patterns of LiNi0.5Mn1.5O4
and LiNi0.45Cr0.10Mn1.45O4, but absent in the other two patterns.
This implies that the doping of Fe and Co may  effectively suppress

the formation of impurities. Considering that the additional XRD
peaks for space group P4332 are too weak, Raman spectroscopy is
adopted to distinguish the P4332 from the Fd3̄m space group. As is
shown in Fig. 2, the Raman spectrum of the undoped LiNi0.5Mn1.5O4
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Fig. 2. Raman spectra for (a) LiNi Mn O ; (b) LiNi Fe Mn O ; (c)
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iNi0.45Co0.10Mn1.45O4; (d) LiNi0.45Cr0.10Mn1.45O4. The spectra of the doped spinels
Fd3̄m)  are different from that of the pristine LiNi0.5Mn1.5O4 (P4332).

s different from those of the doped samples LiNi0.45M0.10Mn1.45O4
M = Fe, Co, Cr). According to Oh et al. [29] and Julien and co-
orker [39], the strong band around 635 cm−1 is assigned to the

ymmetric Mn–O stretching mode of MnO6 octahedra (A1g). Both
eaks around 402 and 491 cm−1 are associated with the Ni2+–O
tretching mode in the structure. And the peak near 580–606 cm−1

s considered as T2g
(3) of the spinel compound. In addition, the

eak splitting between the bands at 606 and 589 cm−1 is clearly
bserved for LiNi0.5Mn1.5O4, while only a broad hump is observed
or the doped samples. Also, the bands around 400, 239, 218

−1
nd 160 cm are much stronger for the LiNi0.5Mn1.5O4 than
or the doped samples. Note that the splitting of T2g

(3) band is
ften considered as the obvious evidence of the ordered structure
P4332) of the spinel. Meanwhile, the strong bands around 400,

Fig. 3. SEM images of (a) LiNi0.5Mn1.5O4; (b) LiNi0.45Fe0.10Mn1.45
Sources 205 (2012) 385– 393 387

239, 218 and 161 cm−1 are also the features of P4332 structure.
Therefore, it can be concluded that the introductions of Fe, Co or
Cr ions favor the formation of Fd3̄m structure.

Fig. 3 shows the scanning electron microscopy (SEM) images
of the LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)
powders. It can be found that the particle morphologies of these
spinel powders are almost the same. The particles exhibit clean and
smooth surface facets, which suggest that the samples are all well
crystallized. The average particle size of these powders is around
2.0 �m.

3.2. Cyclic behaviors of the LiNi0.5Mn1.5O4 and the
LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) at room temperature

Fig. 4 shows the cyclic voltammograms of the cells with the
LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) spinels
as the working electrodes. It can be observed in Fig. 4a that the
LiNi0.5Mn1.5O4 shows only a strong peak at 4.84 V and 4.60 V, cor-
responding to the oxidation and reduction reactions of Ni2+/Ni4+.
However, in the case of the doped samples in Fig. 4b–d, the strong
peak splits into two  peaks, locating at 4.75 V/4.82 V in the oxi-
dation process and 4.68 V/4.60 V in the reduction process. This is
because the voltage difference between Ni2+/Ni3+ and Ni3+/Ni4+

redox couples in Fd3̄m spinel is greater than that in P4332 spinel. For
LiNi0.45Fe0.10Mn1.45O4 (Fig. 4b) and LiNi0.45Cr0.10Mn1.45O4 (Fig. 4d),
there is an additional high-voltage redox peak at around 4.9 V,
which should be attributed to the Fe3+/Fe4+ and Cr3+/Cr4+ redox
reactions, respectively. Similar results have been reported by
Ohzuku et al. [1] and Sigala et al. [40]. Moreover, because the peak
at 4.0 V is due to the Mn3+/Mn4+ redox reaction, the amounts of

Mn in the spinels can be roughly estimated by comparing the
integrated area of the peak around 4.0 V with the area of the peaks
around 4.8 V. The calculated amount of Mn3+ is 0.034 in a unit for-
mula LiNi0.5Mn1.5O4. As a contrast, the amounts of Mn3+ are as

O4; (c) LiNi0.45Co0.10Mn1.45O4; (d) LiNi0.45Cr0.10Mn1.45O4.
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Fig. 4. Cyclic voltammograms of (a) LiNi0.5Mn1.5O4; (b) LiNi0.45

igh as 0.096, 0.092 and 0.072 in Fe-, Co- and Cr-doped spinels,
espectively.

The cycling stabilities of the samples at room temperature are
ested by galvanostatically charging/discharging the cells under a
urrent density of 140 mA  g−1 (0.45 mA  cm−2 or 1C rate) for 500
ycles. As shown in Fig. 5, the undoped LiNi0.5Mn1.5O4 delivers
n initial discharge capacity of about 133 mAh  g−1 and a capac-
ty of 63 mAh  g−1 at the 500th cycle, with the capacity retention
f 47% after 500 cycles. On the other hand, although the doped

amples LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) have similar theoret-
cal capacity compared with LiNi0.5Mn1.5O4, they deliver different
eversible capacities as the substituent M is either electrochemi-
ally active or inert in the measured voltage window (3.5–5.0 V).

ig. 5. Cyclic performance of (a) LiNi0.5Mn1.5O4; (b) LiNi0.45Fe0.10Mn1.45O4; (c)
iNi0.45Co0.10Mn1.45O4 and (d) LiNi0.45Cr0.10Mn1.45O4 at room temperature. The
ycling tests were carried out under the current density of 140 mA g−1 (0.45 mA cm−2

r 1C rate).
Mn1.45O4; (c) LiNi0.45Co0.10Mn1.45O4; (d) LiNi0.45Cr0.10Mn1.45O4.

According to Ohzuku et al. [1] and Kawai et al. [41,42], the redox
potential of Co3+/Co4+ reaction in LiCoxMn2−xO4 is around 5.1 V
(vs. Li+/Li). Thus, the Co3+ in the Co-doped sample is electro-
chemically inactive in the voltage range from 3.5 to 5.0 V. The
LiNi0.45Co0.10Mn1.45O4 electrode in this study delivers an initial
capacity of about 130 mAh  g−1, which is slightly lower than that
of LiNi0.5Mn1.5O4. However, for the LiNi0.45Fe0.10Mn1.45O4 and
LiNi0.45Cr0.10Mn1.45O4 with the contributions of Fe3+/Fe4+ and
Cr3+/Cr4+ reactions at the voltage > 4.9 V, they deliver initial capac-
ities of 135 mAh  g−1 and 140 mAh  g−1, respectively, which are
higher than the pristine LiNi0.5Mn1.5O4. Moreover, the cycling sta-
bility of the LiNi0.5Mn1.5O4 is significantly improved by the Fe-, Co-
and Cr-doping. The capacity retention increases to 81.7% after 500
cycles for the LiNi0.45Cr0.10Mn1.45O4 electrode. Very remarkably,
the LiNi0.45Fe0.10Mn1.45O4 and the LiNi0.45Co0.10Mn1.45O4 have
even superior cycling performance, retaining 93.1% and 95.9% of
their initial capacities, respectively, after 500 cycles.

To have an exhaustive understanding on the changes dur-
ing the prolonged cycling process, the voltage profiles of the
LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) spinels
at the 1st, 100th, 300th, and 500th cycles are presented in Fig. 6.
The charge/discharge profiles are significantly different for the
pristine LiNi0.5Mn1.5O4 and the doped samples. The LiNi0.5Mn1.5O4
exhibits a charge/discharge plateau with an average potential of
4.70 V, corresponding to the redox reaction of Ni2+/Ni4+in the P4332
structure (Fig. 6a). However, two  plateaus at 4.76 V and 4.65 V
are clearly observed for the doped spinel samples (Fig. 6b–d).
The two  flat plateaus are corresponding to the two-phase co-
existences of (LiNi0.45M0.10Mn1.45O4 + Li0.45Ni0.45M0.10Mn1.45O4)
and (Li0.45Ni0.45M0.10Mn1.45O4 + Li0.10Ni0.45M0.10Mn1.45O4),

respectively. Therefore, during the charge/discharge processes,
totally three spinel phases appear, i.e. LiNi0.45M0.10Mn1.45O4,
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from a rapid capacity fading from 132.4 mAh  g to 100.6 mAh  g ,
or with only 76.0% retention, after 200 cycles. On the contrary,
ig. 6. Voltage profiles of (a) LiNi0.5Mn1.5O4; (b) LiNi0.45Fe0.10Mn1.45O4; (c) LiNi0.45C
oom  temperature. The pristine LiNi0.5Mn1.5O4 and the LiNi0.45Cr0.10Mn1.45O4 electr

i0.45Ni0.45M0.10Mn1.45O4 and Li0.10Ni0.45M0.10Mn1.45O4. This is
onsistent with the in situ analysis results by Wang et al. [21].

With increasing the cycle number, the pristine LiNi0.5Mn1.5O4
Fig. 6a) and LiNi0.45Cr0.10Mn1.45O4 (Fig. 6d) suffer from sig-
ificant polarization increase and severe capacity fading. The

ncreased polarization may  be caused by the possible electrolyte
ecomposition at high potentials. The decomposition products
an coat on the surface of the electrodes and hinder the lithium
ransport, lead to increased polarization. As a contrast, the polar-

zation is substantially suppressed in the Fe- and Co-doped
amples, because excellent stability is achieved in the cells of
iNi0.45M0.10Mn1.45O4/Li (M = Fe, Co) during the prolonged cycling.

ig. 7. Cyclic performance of (1) LiNi0.5Mn1.5O4; (2) LiNi0.45Fe0.10Mn1.45O4; (3)
iNi0.45Co0.10Mn1.45O4 and (4) LiNi0.45Cr0.10Mn1.45O4 at 55 ◦C. The cycling tests were
arried out under the current density of 140 mA  g−1 (0.45 mA cm−2 or 1C rate).
n1.45O4 and (d) LiNi0.45Cr0.10Mn1.45O4 at the 1st, 100th, 300th, and 500th cycles at
uffer from significant increase in the polarization and severe capacity fading.

3.3. Cyclic behaviors of the LiNi0.5Mn1.5O4 and the
LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) at 55 ◦C

LiNi0.5Mn1.5O4 spinel may  experience severe capacity loss when
cycling at an elevated temperature (50–60 ◦C) [24,25]. Here, the
results of 55 ◦C-cycling at 1C rate on these samples are shown in
Fig. 7. It can be seen that the pristine LiNi0.5Mn1.5O4 indeed suffers

−1 −1
the LiNi0.45Fe0.10Mn1.45O4 and LiNi0.45Co0.10Mn1.45O4 electrodes
display a greatly improved cyclic performance with a capacity of

Fig. 8. X-ray diffraction patterns of the electrodes of (a2) LiNi0.5Mn1.5O4; (b2)
LiNi0.45Fe0.10Mn1.45O4; (c2) LiNi0.45Co0.10Mn1.45O4; (d2) LiNi0.45Cr0.10Mn1.45O4 after
200  cycles at 55 ◦C. The patterns of the fresh electrodes (a1, b1, c1, d1) are also
presented for comparison.
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ig. 9. SEM images of the electrodes before and after 200 cycles at 55 ◦C: LiNi
iNi0.45Cr0.10Mn1.45O4 (d1, d2). No obvious changes in the morphology are observed

27.3 and 123.4 mAh  g−1 (94.9% and 94.3% of their initial capacity),

espectively, after 200 cycles. The LiNi0.45Cr0.10Mn1.45O4 maintains
3.6% of its initial capacity after 200 cycles at 55 ◦C, which is infe-
ior compared with the Fe- and Co-doped samples, but superior to
he pristine LiNi0.5Mn1.5O4.
.5O4 (a1, a2), LiNi0.45Fe0.10Mn1.45O4 (b1, b2), LiNi0.45Co0.10Mn1.45O4 (c1, c2) and
e and after electrochemical cycling.

3.4. Capacity fading mechanisms of the LiNi0.5Mn1.5O4 and the

LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)

Generally, the key factors that cause the capacity fading of
LiNi0.5Mn1.5O4-based cathodes are: (i) structural transformation
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uring cycling, (ii) the dissolution of the spinel into the electrolyte,
nd (iii) the oxidation of the electrolyte during charging. To observe
ny structural changes during the cycling, the cells were disas-
embled after 200 cycles at 55 ◦C and the positive electrodes were
nalyzed by XRD and SEM. The fresh electrodes (a1, b1, c1 and
1) were also examined to be compared with their corresponding
ycled electrodes (a2, b2, c2 and d2). As is shown in their XRD pat-
erns (Fig. 8), all the samples present well-defined cubic spinels
atterns without any obvious changes compared with the fresh
lectrodes. The strong peak at 44.6◦ is due to Al current collector.
he morphology of the LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4
M = Fe, Co, Cr) electrodes before and after 200 cycles at 55 ◦C is
hown in Fig. 9. The surface facet morphologies are maintained for
ll the samples. These results suggest that no obvious structural
ransformation takes place during the electrochemical cycling so it
hould not be the main cause of capacity fading.

To investigate the possible dissolution of the spinel into the elec-
rolyte, the positive electrodes before cycling were soaked in 2.0 ml
lectrolyte in sealed vials and then placed in a 55 ◦C oven for a week.
hen the contents of Mn,  Fe, Co and Cr in the electrolyte solution
ere measured by means of ICP analysis. The results are listed in

able 1. It seems that the contents of Mn  dissolved in the solu-
ion have a corresponding relationship with the amounts of Mn3+

n the spinels (as specified in Fig. 4). When more Mn3+ ions exist
n the spinel, more soluble Mn2+ ions can be produced by the dis-
roportionation reaction 2Mn3+ → Mn2+ + Mn4+. On the other hand,
he dissolution of the doping elements (Fe, Co and Cr) is so little
<2.0 �g ml−1) that it should not be the main reason for the capac-
ty fading. Otherwise, the LiNi0.5Mn1.5O4 would have showed the
est cycling stability, because the cation dissolution for this sample

s the lowest (Table 1).
The last suspect is the oxidation of the electrolyte. The photos

f the electrodes after 200 cycles at 55 ◦C confirm this specula-
ion. As is shown in Fig. 10,  some gray deposits are found on
he surfaces of the Li electrodes for both the LiNi0.5Mn1.5O4/Li
nd LiNi0.45Fe0.10Mn1.45O4/Li cells. After the cell disassembly, the
ositive electrode laminate and the separator membrane were
ound to be nearly dry in the LiNi0.5Mn1.5O4/Li cell while they
ere still moist in the LiNi0.45Fe0.10Mn1.45O4/Li cell. This means

hat the oxidation of the electrolyte in the LiNi0.5Mn1.5O4/Li cell
s more severe than that in the LiNi0.45Fe0.10Mn1.45O4/Li cell. As
lso shown in Fig. 6, the pristine LiNi0.5Mn1.5O4 electrode and the
iNi0.45Cr0.10Mn1.45O4 electrode suffer from severe polarization so
hat more electrolyte may  be oxidized due to the higher voltages
n the charging process.

.5. Rate performances of the LiNi0.5Mn1.5O4 and the
iNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)

To compare the rate capabilities of the LiNi0.5Mn1.5O4 and the
iNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) spinels, all of the cells were
alvanostatically charged at room temperature under a current
ensity of 70 mA  g−1 (0.5C rate) and discharged under different

urrent densities from 70 mA  g−1 (0.5C rate) to 1400 mA  g−1 (10C
ate) and then back to 70 mA  g−1. Fig. 11 shows the voltage profiles
f the LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr)
lectrodes at different C rates. The pristine LiNi0.5Mn1.5O4 shows a

able 1
CP results of the dissolution of transition metal ions in the electrolyte solution.

Samples Mn (�g ml−1) Fe (�

LiNi0.5Mn1.5O4 9.40 – 

LiNi0.45Fe0.10Mn1.45O4 15.04 1.8
LiNi0.45Co0.10Mn1.45O4 14.16 – 

LiNi0.45Cr0.10Mn1.45O4 12.24 – 
Fig. 10. Photos of the Li and positive electrodes of (a) LiNi0.5Mn1.5O4/Li and (b)
LiNi0.45Fe0.10Mn1.45O4/Li batteries after 200 cycles at 55 ◦C.

capacity loss from 133 mAh  g−1 at 0.2C to 45 mAh  g−1 at 10C, with
the average discharge voltage decreasing from 4.69 V to 3.67 V
(Fig. 11a). As a contrast, all of the doped samples show significantly
improved rate performances. The LiNi0.45Fe0.10Mn1.45O4 and
LiNi0.45Cr0.10Mn1.45O4 can deliver remarkably high capacity of
121 mAh  g−1 and 130 mAh  g−1, respectively, at 10C rate, which
are 90% and 92% of their capacities at 0.2C rate. Their average
discharge voltage at 10C is still kept at about 4.3 V (Fig. 11b
and d). The LiNi0.45Co0.10Mn1.45O4 electrode performs even bet-
ter, because a discharge capacity of 124 mAh  g−1 (97.6% of its
capacity at 0.2C) is maintained at 10C rate, with a high average
discharge voltage of 4.50 V (Fig. 11c). The discharge capacity
values at various C-rates are plotted in Fig. 12a. Clearly, the
rate capability increases in the order of LiNi0.5Mn1.5O4 < LiNi0.45
Fe0.10Mn1.45O4 ≈ LiNi0.45Cr0.10Mn1.45O4 < LiNi0.45Co0.10Mn1.45O4.
Moreover, the results of capacity and discharge voltage can be
presented in the form of energy density contributed from the
positive electrodes (i.e. only the mass of the positive electrode
materials being counted) (Fig. 12b). The results show the same
trend with Fig. 12a, indicating that the trivalent transition-metal

doping is an effective method to improve the rate performance of
LiNi0.5Mn1.5O4.

The improvement in the rate performance should be
related to the conductivity increase caused by the trivalent

g ml−1) Co (�g ml−1) Cr (�g ml−1)

– –
2 – –

0.35
1.20
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Fig. 11. Voltage profiles of (a) LiNi0.5Mn1.5O4; (b) LiNi0.45Fe0.10Mn1.45O4; (c) LiNi0.45Co0.10M
cells  were charged under a current density of 70 mA g−1 (0.5C rate) and discharged under

Fig. 12. (a) Discharge capacity values and (b) energy density values of the pristine
LiNi0.5Mn1.5O4 and LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) spinels at various C rates
from 0.5C to 10C. The doped spinels exhibit significantly improved rate performance
compared with the undoped LiNi0.5Mn1.5O4.
n1.45O4 and (d) LiNi0.45Cr0.10Mn1.45O4 at different C rates at room temperature. The
 different current densities from 70 mA g−1 (0.5C rate) to 1400 mA g−1 (10C rate).

transition-metal doping. To prove this speculation, the DC resis-
tances of the batteries were measured during the 4th discharge
process, by employing a current interruption for 1.0 min  after every
discharge step for 5.0 min. The values of the calculated resistance
of the batteries vs. the depth of discharge (DOD) are given in Fig. 13.
The “W”-shape curves are observed, indicating the conversions
of Ni4+ → Ni3+ and Ni3+ → Ni2+ of the spinels during the discharge
process. This phenomenon is consistent with our previous report
[10]. Obviously, all of the trivalent transition-metal doped spinels
demonstrate lower resistances than the pristine LiNi0.5Mn1.5O4.
The great difference of the DC resistance must be originated from
the difference in their structures. Kunduraci et al. [43] have found

that the P4332 phase of LiNi0.5Mn1.5O4 presents a lower electronic
conductivity, with a value of 10−7 S cm−1 at room temperature,
compared with 10−5 S cm−1 for the Fd3̄m phase. In Fig. 13,  the

Fig. 13. DC resistances as a function of DOD for the LiNi0.5Mn1.5O4 and
LiNi0.45M0.10Mn1.45O4 (M = Fe, Co, Cr) spinels. The much higher DC resistance of
LiNi0.5Mn1.5O4 is due to its P4332 structure and it is the cause of poor rate per-
formance.
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C resistance decreases in the order of LiNi0.5Mn1.5O4 > LiNi0.45
e0.10Mn1.45O4 ≈ LiNi0.45Cr0.10Mn1.45O4 > LiNi0.45Co0.10Mn1.45O4,
hich is exactly the reverse order of their rate capability (Fig. 12).

. Conclusions

The LiNi0.5Mn1.5O4 and the LiNi0.45M0.10Mn1.45O4 (M = Fe, Co,
r) spinel powders have been synthesized by a thermopolymeriza-
ion method. The introductions of these trivalent transition-metal
lements in the lattice favor the change of the space group of
iNi0.5Mn1.5O4 from ordered P4332 to disordered Fd3̄m.  The Fe- and
r-doping can increase the specific capacity of the LiNi0.5Mn1.5O4
hile the Co-doping causes slight reduction in the initial capac-

ty. All of the trivalent transition-metal dopings can significantly
mprove the cycling stability of the LiNi0.5Mn1.5O4 electrode. At
oom temperature, the 1C-capacity retentions after 500 cycles
ncrease from 47% for the undoped sample to 93.1%, 95.9% and
1.7% for the Fe-, Co- and Cr-doped samples, respectively. At
5 ◦C, the capacity retentions after 200 cycles increase from 76.0%
or the undoped sample to 94.9%, 94.3% and 83.6% for the Fe-

 Co- and Cr-doped samples, respectively. Moreover, the rate
apability of the LiNi0.5Mn1.5O4 is also greatly improved by the
rivalent transition-metal doping. When discharged at 10C rate,
he LiNi0.45Fe0.10Mn1.45O4 and the LiNi0.45Cr0.10Mn1.45O4 maintain
ver 90% of their capacity at 0.2C rate. The LiNi0.45Co0.10Mn1.45O4
erforms even better because a discharge capacity of 124 mAh  g−1

capacity retention of 97.6%) is maintained at 10C rate with a high
verage discharge voltage of 4.50 V. The oxidation of the electrolyte
olution may  be the main cause of the capacity fading at elevated
emperatures. The DC resistance tests confirm that the trivalent
ransition-metal doping can increase the electronic conductivity,
eading to an improvement in the rate capability.
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