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bstract

Sub-micro spinel LiNi0.5−xMn1.5+xO4 (x < 0.1) cathode materials powder was successfully synthesized by the ultrasonic-assisted co-precipitation
UACP) method. The structure and electrochemical performance of this as-prepared powder were characterized by powder XRD, SEM, XPS,
V and the galvanostatic charge–discharge test in detail. XRD shows that there is a small LiyNi1−yO impurity peak placed close to the (4 0 0)

ine of the spinel LiNi0.5−xMn1.5+xO4, and the powders are well crystallized. XPS exhibits that the Mn oxidation state is between +3 and +4, and
i oxidation state is +2 in LiNi0.5−xMn1.5+xO4. SEM shows that the prepared powders (UACP) have the uniform and narrow size distribution
hich is less than 200 nm. Galvanostatic charge–discharge test indicates that the initial discharge capacities for the LiNi0.5−xMn1.5+xO4 (UACP)

t C/3, 1C and 2C, are 130.2, 119.0 and 110.0 mAh g−1, respectively. After 100 cycles, their capacity retentions are 99.8%, 88.2%, and 73.5%,

espectively. LiNi0.5−xMn1.5+xO4 (UACP) at C/3 discharge rate exhibits superior capacity retention upon cycling, and it also shows well high current
ischarge performance. CV curve implies that LiNi0.5−xMn1.5+xO4 (x < 0.1) spinel synthesized by ultrasonic-assisted co-precipitation method has
oth reversibility and cycle capability because of the ultrasonic-catalysis.

2007 Elsevier B.V. All rights reserved.

harge

s
t
s
s
t
o
h
t
t
u
b
S

eywords: Lithium-ion battery; LiNi0.5−xMn1.5+xO4; Preparation; Charge–disc

. Introduction

Several research groups have reported that transition metal-
ubstituted spinel materials (LiMxMn2−xO4, M = Ni, Cr, Co, Fe,
u) are superior to LiMn2O4 due to the high-voltage plateaus
bove 4.5 V [1–5]. Among these materials, LiNi0.5−xMn1.5+xO4
x < 0.1) is the most promising and attractive one because of
ts acceptable stability, dominant potential plateau at around
.7 V, good cyclic property and relatively high capacity with
plateau at around 4.7 V [6,7]. A variety of methods had been
sed to prepare LiNi0.5−xMn1.5+xO4 yet, such as solid-state reac-
ion [6], sol–gel [8], emulsion drying [9], composite carbonate

rocess [10], molten salt [11], combustion and ultrasonic spray
yrolysis method [12]. However, some problems impede such
ethods mentioned above from practical application. Solid-
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tate method needs preheating, regrinding and extended high
emperature calcinations to form a highly ordered phase that
hows higher capacity. Although the other methods, such as
ol–gel, emulsion drying and molten salt, etc., can overcome
he disadvantages of solid-state method, they also have some
ther disadvantages, such as complicated synthetic routes and
igh synthetic cost, which is difficult for commercial applica-
ions. Therefore, it is very significant for a low-cost method
o synthesize the homogenous precursors and the final prod-
ct of LiNi0.5−xMn1.5+xO4 (x < 0.1). In addition, ultrasonic has
een applied to synthesize spinel lithium manganese oxide.
hen et al. [13] have reported that good stoichiometric control
f LiCrxMn2−xO4 spinel with uniform particle size distribu-
ion can be obtained by an ultrasonic bath; our groups [14]
lso have reported that spinel LiAl0.05Mn1.95O4 powder with

he uniform, nearly cubic structure and octahedral morphology
ith narrow size distribution can be obtained by ultrasonic-

ssisted sol–gel method. Hence, ultrasonic-assisted method is
n effective method to prepare cathode material for lithium-ion

mailto:tfyihit@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.02.003
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For example, Al doped Li–Mn–O spinel compounds with the
I(3 1 1)/I(4 0 0) ratios between 0.96 and 1.1 have shown better
electrochemical properties than those outside this region [17]. In
this study, the I(3 1 1)/I(4 0 0) ratio value of the samples is 0.98,
86 T.-F. Yi, X.-G. Hu / Journal of P

atteries with a simple process which has better structure and
lectrochemical performance. With this consideration, we intro-
uce a low-cost method, ultrasonic-assisted co-precipitation
ethod, to obtain sub-micro spinel LiNi0.5−xMn1.5+xO4 (x < 0.1)

athode materials with homogeneous particle size, and the
tructure, morphology and electrochemical properties of spinel
iNi0.5−xMn1.5+xO4 (x < 0.1) were studied through XRD, SEM,
PS, CV, and galvanostatic charge–discharge test, respectively.

. Experimental

.1. Materials preparation

LiNi0.5−xMn1.5+xO4 (x < 0.1) powders were synthesized
y reacting a stoichiometric mixture of LiNO3 (AR, 99%),
n(NO3)2 (AR, 50% solution), and Ni(NO3)2·6H2O(AR,

9%). The above chemicals were mixed at a predetermined
olar ratio of Li:Mn:Ni = 1:1.5:0.5, and then in distilled water.
he pH of the mixed solution was maintained 7.5 by adding
mmonium hydroxide solution. After shocked at 80 ◦C for 5 h
n a homemade mini ultrasonic claner (50 W, 28 kHz), the excess
ater was removed and the metal precipitate was formed. The
etal precipitate so formed was dried in vacuum drying oven for

2 h at 110 ◦C. Then the precursors were heat treated at 800 ◦C
or 24 h at ambient condition, and then air-cooled to the room
emperature, yielding dark powders.

.2. Materials characterization

Powder X-ray diffraction (XRD) was performed on Rigaku
/MAX-RC X-ray diffractometer with Cu K�1 (45 kV, 50 mA,

tep size = 0.02◦, 10◦ < 2θ < 80◦) monochromated radiation in
rder to identify the crystalline phase of the materials. The parti-
le morphologies of the samples were examined with a scanning
lectron microscope (SEM, Hitachi, S-570). X-ray photoelec-
ron spectroscopy (XPS) was performed on American PHI5700
SCA with a non-monochromatic Mg K� (1253.6 eV) light
ource to study the Mn and Ni oxidation states of materials. The
1s XPS at 284.62 eV was used as the calibration of the spectra.
yclic voltammetry (CV) was measured on an electrochemical
orkstation (CHI 630A) at a scan rate of 0.1 mV s−1 between
.5 and 5 V (versus Li/Li+). Charge–discharge performance of
he cell was characterized galvanostatically on BTS 5 V/5 mA
attery testing system (Shenzhen, China) at C/3 charge rate and
/3, 1C, and 2C discharge rates between 3.5 and 4.95 V (versus
i/Li+), respectively.

.3. Preparation of lithium-ion batteries

Slurry was formed by mixing the active material (85%),
cetylene black (10%) and binder (5 wt.% polyvinylidene fluo-
ide, PVDF, dissolved in N-methyl-2-pyrrolidone, NMP). The
ixed slurry was coated onto an aluminum current collector. The
lectrodes were dried under vacuum at 120 ◦C overnight and then
unched and weighed. The batteries were assembled in a glove
ox under a dry and high purity argon atmosphere (99.999%).
he complete coin cell comprises a cathode, a celgard 2300

F
o

Sources 167 (2007) 185–191

polypropylene) as the separator and lithium foil anode. One
olar of LiPF6 (battery grade) dissolved in a mixture of ethylene

arbonate (EC, battery grade) and dimethyl carbonate (DMC,
attery grade) (1:1 by volume) was used as the electrolyte.

. Results and discussion

.1. XRD analysis

The XRD patterns of the LiNi0.5−xMn1.5+xO4 (x < 0.1) sam-
les (UACP) are presented in Fig. 1.

The main peaks for these prepared materials are labeled with
k l indexes. All of the diffraction peaks are assigned to the

pinel compound LiNi0.5−xMn1.5+xO4 (x < 0.1), and the results
re in good accordance with the standard spectra (JCPDS, Card
o. 35-0782). It has been reported [7] that LiNi0.5Mn1.5O4

osses oxygen and disproportionates to a spinel and LiyNi1−yO
hen it is heated above 650 ◦C. So it is difficult to obtain stoi-

hiometric LiNi0.5Mn1.5O4 spinels. Small LiyNi1−yO impurity
eak placed close to the (4 0 0) line of the spinel denoted by aster-
sk is also observed in Fig. 1. The formation of the LiyNi1−yO
mpurity phase can be shown by the generalized reaction:

iMn1.5Ni0.5O4 → αLiyNi1−yO

+ βLiMn1.5+xNi0.5−xO4 + γO2

here α, β and γ define, respectively, the relative amounts of
he LiyNi1−yO, LiNi0.5−xMn1.5+xO4, and O2 phase.

Anyway, the integration of the XRD pattern shows that the
ontent of LiyNi1−yO is ca. 1% of the total spinel phase from
he diffractograms according to the peak area comparison, and
hus its effect in the electrochemical curves can be neglected
15]. All fundamental peaks are sharp, which indicates that the
repared powders are well crystallized. The intensity ratio of
he two peaks, I(3 1 1)/I(4 0 0), is closely related to the electro-
hemical properties of spinel lithium manganese oxide [16,17].
ig. 1. X-ray powder diffraction patterns obtained from the prepared samples
f LiNi0.5−xMn1.5+xO4.
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Fig. 2. XPS spectra of (a) Mn 2p and (b) Ni 2p fo

hich is comparable with that of Al doped Li–Mn–O spinel com-
ounds. Furthermore, the oxides LiyNi1−yO (0 < y ≤ 0.3) have
ittle activities as cathode materials for lithium-ion batteries [18].
herefore, it is reasonable that the LiNi0.5−xMn1.5+xO4 mate-

ial is expected to show better electrochemical performance.
or the LiNi0.5−xMn1.5+xO4 spinel, the lattice constant calcu-

ated through the least square program method using the internal
i reference is 8.1682 Å. The increase in amount of Mn4+–O
ond which is shorter than that of Mn3+–O bond, leads to the
hrinkage of the spinel framework, resulting in smaller lattice
onstants than that of LiMn2O4. The volume change during
he cycling process may be suppressed by this way. The afore-

entioned features of Li–Mn–Ni–O spinel are very desirable
or being employed as the electrode material to improve the
lectrochemical properties for lithium rechargeable batteries.

.2. XPS analysis

The Mn 2p and Ni 2p XPS spectra of LiNi0.5−xMn1.5+xO4

pinel are given in Fig. 2, and the XPS spectra for the spinel
iNi0.5−xMn1.5+xO4 are plotted in Fig. 3. The BE (binding
nergy) values are accurate within ±0.1 eV. The spectra of the
n 2p can be deconvoluted into two peaks, the dominant one

Fig. 3. XPS spectra for the spinel LiNi0.5−xMn1.5+xO4.
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prepared samples of LiNi0.5−xMn1.5+xO4 spinel.

ith a BE of 642.9 eV (corresponds to Mn4+) and the other with
41.9 eV (corresponds to Mn3+). These values may be compared
ith 641.7 eV for Mn3+ in LiMn2O4 [19] and 641.8 eV for Mn3+

n Mn2O3 [20]. Our value for Mn4+ is close to the reported value
f 642.7 eV for LiMn2O4 [19] and 642.6 and 642.5 eV for MnO2
20–22]. However, the value for Mn4+ is lower than the reported
alue of 643.2 eV for LiCo0.15Mn0.85O2 [23]. This indicates the
n oxidation state in LiNi0.5−xMn1.5+xO4 is between +3 and

4, and the relative amounts of Mn3+ and Mn4+ estimated from
he area under the peaks are 10% and 90% (0.15 Mn3+ and
.35 Mn4+), respectively. Therefore, the Jahn–Teller distortion
s restrained which is ascribed to the low Mn3+/Mn4+ ratio. The
eak at 49.8 eV in the above compound can be assigned to Mn
p [24]. The Ni 2p spectra for the spinel materials are shown in
ig. 2(b). Ni 2p3/2 has an only one BE at 855.0 eV which can be
scribed to Ni2+ ions at octahedral sites in the spinel structure.
his value is consistent with those reported for LiNi0.5Mn1.5O4

855.1 eV) [25] and other Ni and Mn spinels (e.g., 855.2 eV for
iMn2O4) [26]. The result reveals that the Ni oxidation state

n LiyNi1−yO and LiNi0.5−xMn1.5+xO4 is +2. The Li 1s spec-
ra for the spinel materials which shows peak at 53.8 eV are
nclear in Fig. 3, indicating that the Li 1s spectra are covered
y Mn 3p and Ni 3p due to the small X-ray scattering factor of
ithium. The value is comparable to those for Li in LiMn2O4
about 55 eV) [21] and in LiNiO2 (53.7 eV) [27]. The peaks at
30.6 eV noted, for the spinel LiNi0.5−xMn1.5+xO4 is in agree-
ent with the BE value of 529–530 eV for O 1s in LiMn2O4

nd LiNiO2 [21,27]. The origin of peaks at 530.6 eV observed
t higher binding energies can be ascribed to either OH− groups,
2−, or the multiplicity of physisorbed and chemisorbed water
n and into the surface.

.3. SEM analysis

Typical SEM photographs of LiNi0.5−xMn1.5+xO4 (x < 0.1)
repared by different methods are shown in Fig. 4.
However, there is greater extent of agglomeration of par-
icles in the LiNi0.5−xMn1.5+xO4 samples synthesized by
o-precipitation method, and the LiNi0.5−xMn1.5+xO4 samples
btained from co-precipitation method have bigger particle size
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ig. 4. Typical scanning electron micrographs (SEM) of LiNi0.5−xMn1.5+xO4 (x <
o-precipitation method.

about 500 nm) than that of LiNi0.5−xMn1.5+xO4 samples (about
00 nm) obtained from UACP method. The results indicate that
he ultrasonic process can make the solid powders dispersed

ore uniformly in the liquid substances and to some extent
ffectively restrain the agglomeration of solid powders. The
esults indicate that the ultrasonic-assisted co-precipitation is a
seful method for the synthesis of homogenous precursors, nar-
ow and uniform particle size distributions in the final products.
he aforementioned features of LiNi0.5−xMn1.5+xO4 cathode
aterials (UACP) are very desirable for being employed as the

lectrode material to improve the electrochemical properties of
ithium rechargeable batteries.

.4. Electrochemical performance

The initial charge–discharge curves in a potential range from
.5 to 4.95 V of LiNi0.5−xMn1.5+xO4 (x < 0.1) (UACP) are shown
n Fig. 5. The upper limit was set at 4.95 V to avoid increasing
he charge capacity by effect of side reactions such as the release
f oxygen from the spinel lattice above 5.0 V [28].
All curves were obtained at C/3 charge rate, and the discharge
urves were obtained at C/3, 1C, and 2C rates, respectively.
ll discharge and charge curves have two potential plateaus at
.0 and 4.7 V. With increasing the discharge rate, the discharge

ig. 5. Voltage (V)-specific capacity (mAh g−1) profiles obtained from
iNi0.5−xMn1.5+xO4 (x < 0.1) during charge–discharge step in the 3.5–4.95 V

egion in the first cycle.
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cathode material prepared by (a) co-precipitation method; (b) ultrasonic-assisted

apacity descend quickly, and the discharge potential and dis-
harge plateaus also change a lot, which the 4.7 V discharge
oltage plateaus decrease and 4 V plateaus nearly disappears.
he amount of Ni deficiency can be presumably estimated from

he length of 4.1 V plateau (C/3 discharge rate). We estimate
hat a Ni concentration of 0.5−x is about 0.45 in this sample.
harge–discharge reactions into/from spinel LiNi0.5Mn1.5O4
roceeds reversibly according to the following equation:

i[Ni1/2Mn3/2]O4
Charge
�

Discharge
Li1−x[Ni1/2Mn3/2]O4 + xLi + xe

So far, it has been proposed that a substitution of Mn ions in
iMn2O4 originates a 5 V potential plateau and a kind of substi-

ution ion influences on 5 V behavior of LiNixMn2−xO4 cathode
aterials. Several researchers have claimed that an energy level

f d-electron in Ni ion is responsible for 5 V discharge potential
7,29]. One of explanations for 5 V potential may be suggested
s follows. Fig. 6 shows a proposed diagram of electronic levels
n the system of Mn3+ and Ni2+ ions. In terms of the proposed
iagram of electronic structure in LiNixMn2−xO4 during the
harging process, electrons are taken from the manganese eg
evel, and, after being used up, are taken from the eg level of
ickel. A binding energy of electron in eg level of Mn and Ni
ons are estimated to be 1.5–1.6 eV and 2.1 eV, respectively, with
espect to that in t2g level of Mn3+ ion [29]. This is accompanied
y a step lowering of the Fermi level by the 0.5–0.6 eV, reflected
s the 0.5–0.6 V jump in the Li/LiNixMn2−xO4 cathode poten-

ial. This leads to a higher discharge and charge potential. From
nergy levels of d-orbital in Mn and Ni ions, it can be expected
hat 4 V potential plateau corresponds to the redox couple of

n3+/Mn4+ and 5 V potential ones are due to two redox cou-

ig. 6. Diagram of electronic levels for nickel-doped manganese spinel from
ef. [4].
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ig. 7. Capacity vs. cycle number for LiNi0.5−xMn1.5+xO4 (x < 0.1) synthesize
ifferent discharge rates between 3.5 and 4.95 V.

les of Ni2+/Ni3+ and Ni3+/Ni4+. The discharge curve at 5 V
nvolved two plateaus. The lower potential plateau is assigned
o the Ni2+/Ni3+ redox couple and the higher one is contributed
y the Ni3+/Ni4+ redox.

In order to study the influence of doping Ni2+ ions and synthe-
is method on the cycleability of spinel LiNixMn2−xO4 (x < 0.1),
he result of the cycle profiles of Ni-doped spinel is illustrated
n Fig. 7. Table 1 summarizes the cycling performance of the
repared powders discharged at different current densities from
ig. 7. Compared with the LiNixMn2−xO4 synthesized by co-
recipitation method, the Ni-doped spinel obtained from the
imple UACP method has a larger initial discharge capacity and
uch higher capacity retention rate at different discharge rates

fter 100 cycles as shown in Table 1, which is due to be related
ith its better crystallinity and regular morphology, also this

omment is well consistent with the SEM results mentioned
bove. LiNixMn2−xO4 (UACP) at C/3 discharge rate exhibits
uperior capacity retention upon cycling, and it also shows well
igh current discharge performance. Combining this with the
lectrochemical behavior, it can be concluded that the struc-
ure of LiNixMn2−xO4 synthesized by the UACP method is
ery stable for lithium ions insertion and extraction. These may
e explained by the facts that: (1) sub-micro LiNixMn2−xO4
UACP) can provide better lithium ion diffusion pathways, that

acilitate Li+ intercalation kinetics, and in turn enhance cycle sta-
ility with less structural distortions at the surface; (2) smaller
articles can provide more interfacial area for contact within

o
b
e

able 1
ycle performance datum of the prepared powders at different discharge rates for the

amples Discharge
rate

Initial disc
capacity (

iNi0.5−xMn1.5+xO4 (UACP)
C/3 130.2
1C 119.0
2C 110.0

iNi0.5−xMn1.5+xO4 (co-precipitation)
C/3 128.0
1C 114.3
2C 101.8

a The capacity retention ratio is according to the equation: (C100/C1) × 100%, wher
apacity.
(a) co-precipitation method; (b) ultrasonic-assisted co-precipitation method at

he liquid electrolyte and hence can increase the opportunity for
ithium ions to intercalate back into the host structure [30,31];
3) the relatively porous powder morphology (see Fig. 4(b))
ould help to release the stresses generated by the repetitive
i+ intercalation. Therefore, we believe that ultrasonic-catalysis

s an important factor to achieve higher capacity with good
ycleability. The excellent recharge ability for the sub-micro
pinels results from a homogeneous insertion/extraction reaction
roceeding over the entire intercalation region. Moreover, an
nteresting thing is that the discharge capacity increases slightly
n the initial stage and the electrode reaches a largest discharge
apacity at C/3 discharge rate after several cycles as shown
n Fig. 7(a) and (b), probably because the LiNi0.5−xMn1.5+xO4
lectrode is not thoroughly wetted by the electrolyte. Once the
ntercalation and deintercalation process start, the volume of the
lectrode begins to expand and shrink, enabling the electrolyte
o wet the LiNi0.5−xMn1.5+xO4 powders more thoroughly.

The cyclic voltammogram properties of LiNi0.5−xMn1.5+xO4
x < 0.1) spinel (UACP) at 1st, 15th and 30th cycles were tested.
yclic voltammograms (sweep rate: 0.1 mV s−1) in the potential

egion of 3.5–5.0 V are presented in Fig. 8.
The peaks in the CV curve from LiNi0.5−xMn1.5+xO4 cor-

espond to the oxidation of Mn3+, Ni2+, and Ni3+. However,
he two cathodic peaks are overlapped to a broad peak because

f very narrow potential gap between peaks and look like one
road peak [32]. The discharge capacity in each cycle can be
stimated from the area of the reduction peaks. In the 15th and

1st cycle and the 100th cycle

harge
mAh g−1)

Discharge capacity after
100 cycles (mAh g−1)

Capacity retention
ratio (%)a

129.9 99.8
105.0 88.2

80.8 73.5

116.1 90.7
91.9 80.4
68.2 67.0

e C100 is the discharge capacity after 100 cycles and C1 is the initial discharge
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ig. 8. Cyclic voltammograms of LiNi0.5−xMn1.5+xO4 (x < 0.1) (UACP) cell at
st, 15th and 30th cycles between 3.5 and 5 V with a scanning rate 0.1 mV s−1.

0th cycle, the area is almost equal to that in the first cycle,
ndicating that the discharge capacity does not fade, which is in
greement with the result obtained from the charge and discharge
est in Fig. 7(b) (C/3 discharge rate). CV curve implies that
i-doped spinel synthesized by UACP method enhances both

eversibility and cycle capability. Consequently, it is inferred
hat the LiNi0.5−xMn1.5+xO4 electrode synthesized by UACP

ethod has high cycle performance because of the mechanism
f ultrasonic-catalysis.

.5. Mechanism of ultrasonic-catalysis

The mechanism of ultrasonic-catalysis is not related with the
irect interaction between sound waves and molecules, but the
iquid vacuum process. When air bubbles collapse, the local
emperature will be above 5000 K and the local pressure will be
p to 5 × 107 Pa. Meanwhile, the change rate of temperature is
bout 109 K s−1 and there are intense bow wave and 400 km h−1

urrent, which offers a very special physical condition [33]. The
elvin formula is as follows:

n
pr

p0
= 2σM

rρRT
, ln

xr

x0
= 2σM

rρRT

here p0 is the saturated vapor pressure of planar liquid level;
r the saturated vapor pressure of curly liquid level; σ the sur-
ace tension of liquid; ρ the density of liquid; M the mole mass
f liquid; r the radius of curvature of liquid; xr and x0 are the
issolvability of smaller crystalline grain and general crystalline
rain, respectively.

According to the Kelvin formula, the dissolvability and satu-
ated vapor pressure of small particles are very bigger than those
f big particles. Consequently, under normal condition, the sed-
ment of big particles is easy to form, and the small particles
re difficult to form because of the big degree of supersatura-
ion of the solution. However, the condition of high temperature
nd pressure formed by ultrasonic-catalysis can provide enough

nergy to form the sediment of small particles, and improve the
ormation rate of the sediments, which can also lead to the for-
ation of the small particles. The condition of high temperature

ormed by ultrasonic-catalysis greatly reduces the specific sur-
Sources 167 (2007) 185–191

ace free energy of the small particles, and restrains the growth
f the crystal nucleus, so the intense bow wave formed by
ltrasonic-catalysis makes the sediments exist as the small par-
icles. The precursors of small particles reduce the activation
nergy formed LiNi0.5−xMn1.5+xO4 spinel during the calcina-
ions, which increases reaction rate. Therefore, ultrasonic wave
reating can significantly increase physicochemical properties,
nd this comment is well consistent with the experimental results
entioned above in this paper.

. Conclusions

A good quality LiNi0.5−xMn1.5+xO4 (x < 0.1) cathode
aterial was successfully synthesized by ultrasonic-assisted co-

recipitation method. The I(3 1 1)/I(4 0 0) ratio, as well as the
attice parameter and the smaller size of the materials (UACP)
re expected to show better electrochemical performance. Mn
xidation state in LiNi0.5−xMn1.5+xO4 (x < 0.1) is between +3
nd +4, and Ni oxidation state of LiNi0.5−xMn1.5+xO4 (x < 0.1)
s close to +2. LiNi0.5−xMn1.5+xO4 (x < 0.1) obtained by UACP
ethod has an octahedral morphology with well ordered direc-

ion, and consists of smaller particles, which is less than
00 nm. Compared with the LiNixMn2−xO4 synthesized by co-
recipitation method, the Ni-doped spinel obtained from the
imple UACP method has a larger initial discharge capacity
nd much higher capacity retention rate at different discharge
ates after 100 cycles. LiNi0.5−xMn1.5+xO4 (x < 0.1) obtained by
ACP method at C/3 discharge rate exhibits superior capac-

ty retention upon cycling, and it also shows well high current
ischarge performance. Ni-doped spinel synthesized by UACP
ethod enhances both reversibility and cycle capability. The

ltrasonic-assisted co-precipitation method is a better alterna-
ive than the traditional preparation method for synthesizing
ithium-ion battery cathode materials.
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