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Abstract The layered Li-rich Mn-based cathode materials
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 were prepared by using co-pre-
cipitation technique at different temperatures, and their crystal
microstructure and particle morphology were observed and
analyzed by XRD and SEM. The electrochemical properties
of these samples were investigated by using charge-discharge
tests, electrochemical impedance spectroscopy (EIS), and cy-
clic voltammetry (CV), respectively. The results indicated that
all samples are of high purity. When the precursors were co-
precipitated at 50 °C, their cathode materials have the most
uniform and full particles and exhibit the highest initial dis-
charge capacity (289.4 mAh/g at 0.1C), the best cycle stability
(capacity retention rate of 91.2 % after 100 cycles at 0.5C),
and the best rate performance. The EIS results show that the
lower charge transfer resistance of 50 °C sample is responsible
for its superior discharge capacity and rate performance.
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Introduction

To resolve the energy crisis and environment pollution prob-
lems caused by the combustion of fossil fuels, the utilization
of environment friendly and sustainable green energy sources
is a great challenge today. At present, the natural energy re-
sources such as solar energy or wind energy have been paid
more attentions, but the intermittence of natural energy re-
sources would make the output of power discontinuity [1].
In order to obtain the continuous output of electronic power,
the electronic power produced by natural energy resources
should be stored by using different batteries. Now, the battery
energy storage has become a main direction of preferred de-
velopment to integrate intermittent renewable energy into a
power grid [2]. In order to reduce the cost and the volume of
battery energy storage, it is imperative to develop the cathode
materials with high capacity and good cycle and rate perfor-
mance for lithium ion battery.

In comparison to the traditional cathode materials such as
LiCoO2, LiMnxNiyCo1 − x − yO2, and LiFePO4, Li-excess Mn-
based cathode materials xLi2MnO3·(1 − x)LiMO2(M = Co,
Mn, Ni, etc.) possess lower cost, higher capacities (about
250 mAh/g), and higher security and have been widely stud-
ied [3–6]. But Li-excessMn-based cathodematerials still have
several defects, such as high initial irreversible capacity loss
(about 80 mAh/g), low cyclic performance, and poor rate per-
formance, which limit their application in the field of lithium
ion battery. Currently, many methods have been used to pre-
pare Li-excess Mn-based cathode materials xLi2MnO3·
(1 − x)LiMO2(M = Co, Mn, Ni, etc.), such as the sol-gel
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method [7–9], the co-precipitation method [9–13], the solid
reaction method [14], and the combustion reaction method
[15, 16]. Among these synthesis methods, carbonate and hy-
droxide co-precipitation methods have been utilized to syn-
thesize the Li-excess Mn-based cathode materials due to the
simple preparation process [9, 13]. As is known, the particle
diameter of cathode materials synthesized with carbonate co-
precipitation method varied in the range of 2–6 μm [13, 17],
while that of cathode materials synthesized by hydroxide co-
precipitation method varied in the scope of 0.2–0.5 μm, which
could facilitate the diffusion of lithium ion and oxygen evolu-
tion during the activation of Li2MnO3 component and then
enhance the rate performance [9, 12]. Therefore, hydroxide
co-precipitation method is suitable to synthesize the hydrox-
ide precursors of transition metal (Mn, Ni, Co). During the co-
precipitation process of the hydroxide precursors, NH3·H2O
has been widely used as a chelating agent [12]. Actually, am-
monia is not a green chelating agent because of its pungent
and choking odor, toxicity, and corrosion, which are harmful
to the health of workers. To improve the operation environ-
ment of the workers, it is necessary to use an environmentally
friendly chelating agent during the co-precipitation process of
the hydroxide precursors. In Zhou’s group, C3H5NaO3 has
been used as an environmentally friendly chelating agent,
and the corresponding cathode materials demonstrated supe-
rior layer structure and capacity retention (higher than 96 %
after 100 cycles at 0.5C) [10, 18].

Moreover, to improve the electrochemical performance
of Li-excess Mn-based cathode materials, some modifica-
tion techniques such as doping [19–21] and surface com-
pounds coatings [22–28] have been proposed. In fact, the
coating effect and the electrochemical performances of
coated materials would be influenced by the morphology,

particle size, and electrochemical properties of pristine
materials, which were governed by synthetic conditions.
When Shi et al. [15] studied the influence of combustion
temperature on the electrochemical properties of
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials prepared
via combustion reaction, they found that the cathode ma-
terials synthesized at 800 °C had the biggest specific sur-
face area and showed the best rate performance
(165.0 mAh/g at current densities 2000 mA/g). Our group
has studied the influences of carbonate co-precipitation
t e m p e r a t u r e a n d s t i r r i n g t i m e o n
Li1.2[Mn0.52Ni0.2Co0.08]O2 materials [10] and indicated
that if the precursor was prepared at 60 °C/16 h, the cor-
responding Li1.2[Mn0.52Ni0.2Co0.08]O2 materials demon-
strated superior layer structure and low cation mixing de-
gree and delivered the best cycle and rate performance.

Fig. 1 Schematic diagram of
Li[Li0.2Mn0.54Ni0.13Co0.13]O2

synthesized by using the co-
precipitation method
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Fig. 2 XRD patterns of [Mn0.54Ni0.13Co0.13](OH)1.6 precursors prepared
at different co-precipitation temperatures
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But the synthesis conditions of hydroxide precursors for
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials are not
clear and remain to be discussed.

In here, the Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode mate-
rials were synthesized with co-precipitation method. NaOH
was precipitated, and C3H5NaO3 was selected as an ammo-
nia-free chelating agent. And then, the influence of co-precip-
itation temperatures on the microstructure and electrochemical
properties of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials
was investigated in detail to acquire the optimal co-precipita-
tion temperature.

Experimental details

Preparation of [Mn0.54Ni0.13Co0.13](OH)1.6 precursors
and Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials

The Li-rich layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2 powders
were synthesized using a co-precipitation method and a two-
step solid-state reaction process, which are described in Fig. 1.
At first, the stoichiometric amounts of NiSO4·7H2O, CoSO4·
6H2O, MnSO4·H2O, and C3H5NaO3 chelating agents were
dissolved in distilled water, and a mixed solution of 2 mol/L
was obtained. After that, the mixed solution and 4 mol/L
NaOH solution were simultaneously added dropwise into

the reaction caldron in nitrogen condition, respectively.
During the synthesis process, the stirring speed was kept at
800 r/min, the pH value was kept at 10.5, and the reaction
temperatures were remained at 40, 45, 50, and 55 °C, respec-
tively. After the reaction mixture solution was stirred contin-
uously for 12 h and kept statically for 12 h, the precipitation
products were obtained by filtering the reaction mixture solu-
tion and cleaned using deionized water to remove the ions of
SO4

2−; then, the products were moved into a vacuum chamber
to be dried at 100 °C. Soon afterward, the cathode mixture of
dried precursors and an excess 5 wt% amount of LiOH·H2O
powder was first precalcined at 500 °C for 5 h in air and then
calcined at 900 °C for 12 h in air. The prepared cathode oxides
were named as 40, 45, 50, and 55 °C samples.

Characterization of precursors and cathode materials

The structure of precursors and cathode materials was ana-
lyzed using a Rigaku Ultima IV-185X-ray diffractometer with
Cu Kα radiation at 40 kV and 40 mA. And the morphology
and the microstructure of precursors and cathode materials
were observed using scanning electron microscopy (FE-
SEM, JSM-7001F, JEOL). The chemical composition of the
cathode materials was measured by using a sequential induc-
tively coupled plasma atomic emission spectrometer (ICPS-
8100, made by Shimadzu) with high resolution and
sensitivity.

Electrochemical tests of cathode materials

The electrodes were prepared by a slurry coating method.
Firstly, the slurry consisting of 80 wt% samples, 10 wt% carbon
black, and 10 wt% polyvinylidene fluoride with certain organ-
ic solvent 1-methyl-2-pyrrolidone was coated onto Al foils.
Secondly, the Al foils were placed in a vacuum and heated
at 100 °C for 10 h. Finally, the dried Al foils coated with
cathode materials were punched into a circular piece with
the diameter of 12 mm. After the 2025-type coin cell which
consists of the cathode was used, metal lithium anode sepa-
rated by a porous polypropylene film (Celgard 2500) was
assembled in an argon-filled glove box. One-molar LiPF6 in
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Fig. 3 XRD patterns of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 synthesized at
different co-precipitation temperatures

Table 2 Chemical
composition of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 synthesized

at different co-precipitation temperatures
Mn
(wt%)

Ni
(wt%)

Co
(wt%)

Theoretical
value

34.79 8.95 8.98

40 °C 33.4 9.1 8.6

45 °C 35 9.4 9.1

50 °C 35.4 9.6 9.0

55 °C 35.5 9.4 9.1

Tab l e 1 I ( 0 0 3 ) / I ( 0 0 4 ) r a t i o a nd l a t t i c e pa r ame t e r o f
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 synthesized at different co-precipitation
temperatures

Samples (°C) a (Å) c (Å) c/a I(003)/I(104)

40 2.8507 14.2230 4.989 1.26

45 2.8515 14.2244 4.988 1.37

50 2.8502 14.2069 4.985 1.24

55 2.8504 14.2271 4.991 1.53
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1:1 EC/DMC was used as the electrolyte. The galvanostatic
charge-discharge tests were performed using the previously
mentioned cells on a LAND battery testing system (Wuhan,
China). The cells were firstly cycled at a rate of 0.1C
(1C = 250 mA/g) for four times with the voltage range from
2.0 to 4.8 V to activate the Li2MnO3 phase [29]. After that, the
cells were tested at different current densities between 2.0 and
4.6 V. The cyclic voltammetry (CV) of the cells was tested at
the voltage range of 2.0–4.8 V and the scan rate of 0.1 mV/s,
and the electrochemical impedance spectroscopy (EIS) was
measured with a frequency from 0.01 to 100 kHz. Both of the

two previously mentioned tests were conducted on an electro-
chemical workstation (CHI660D).

Results and discussion

Microstructure of [Mn0.54Ni0.13Co0.13](OH)1.6 precursors
and Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials

Figure 2 shows theXRDpatterns of [Mn0.54Ni0.13Co0.13](OH)1.6
precursors prepared at different co-precipitation temperatures
(40, 45, 50, 55 °C). It is obvious that all samples show high
diffraction peak intensity and integrity peak shape. Meanwhile,
themain diffraction peaks of [Mn0.54Ni0.13Co0.13](OH)1.6 precur-
sor become sharp with the increment of temperature. This means
that the crystal growth and crystallinity become obvious when
the co-precipitation temperature increases. In addition, when the
co-precipitation temperature is beyond 40 °C, the oxidation peak

Fig. 4 SEM images of the
Li[Li0.2Mn0.54Ni0.13Co0.13]O2

synthesized at the co-precipitation
temperatures of 40 °C (a), 45 °C
(b), 50 °C (c), and 55 °C (d)
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Fig. 5 Initial charge-discharge curves of Li[Li0.2Mn0.54Ni0.13Co0.13]O2

cathode materials in the voltage range of 2.0–4.8 Vat 0.1C rate

Table 3 Initial cycle capacity of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode
materials in the voltage range of 2.0–4.8 V

Samples
(°C)

Charge
capacity
(mAh g−1)

Discharge
capacity
(mAh g−1)

Irreversible
capacity loss
(mAh g−1)

Coulombic
efficiency
(%)

40 353.2 252.3 100.9 71.4

45 341.4 270.8 70.6 79.3

50 355.2 289.4 65.8 81.5

55 352.3 274.4 77.9 77.9
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of Mn at 19.2° appears and increases gradually. This indicates
that Mn(OH)x is easily oxidized to MnOOH at high temperature
[30].

The XRD patterns of Li[Li0.2Mn0.54Ni0.13Co0.13]O2

cathode materials are shown in Fig. 3. No impurity phase
is observed in here; this means that all the samples are of
high purity [7]. The weak super-lattice peaks located at
20°–25° are an index to the LiMn6 cation arrangement
that occurs in the metal layers of Li2MnO3 domain, which
corresponds to the monoclinic unit cell C2/m [31, 32].
The other diffraction peaks of all four samples could be
recognized as hexagonal α-NaFeO2 structure with space
group R-3m. Furthermore, the diffraction peaks (006)/
(012) and (018)/(110) are separate obviously; this indi-
cates all materials with the well-ordered layered structure
[9, 33]. Table 1 shows the lattice parameters and values of
I(003)/I(104) for the four samples. As is known, the values
of c/a and I(003)/I(104) indicate the stability of layered
structure and degree of cation mixing, respectively [34,
35]. As seen in Table 1, the values of c/a ratios and
I(003)/I(104) ratios are higher than 4.9 and 1.2, respectively.
This points out that all materials exhibit good crystallinity
and well-ordered layered structure. The chemical compo-
sitions of all samples are listed in Table 2. It is clear that
the chemical compositions of all samples are approxi-
mately equal to their theoretical value.

Figure 4 shows the SEM images of all samples. It is obvi-
ous that all samples are composed of primary particles and
secondary particles, and the size of these spherical particles
varies in the scope of 100–400 nm. As seen in Fig. 4, the
particle size of materials is seriously affected by the co-pre-
cipitation temperature. When the co-precipitation temperature
is 40 °C, a large number of tiny particles are observed due to
the energy shortage. As the co-precipitation temperature rises,
the crystallization performance ofmaterials becomes well, and
the particles become even (as shown in Fig. 4b). However, as
seen in the local magnification of Fig. 4c, the particles of

50 °C sample are more full. With further increasing the tem-
perature to 55 °C, some of the particles are agglomerated
together, which results from the abnormal growth of grain.

Electrochemical properties of Li[Li0.2Mn0.54Ni0.13Co0.13]
O2 cathode materials

Figure 5 shows the initial charge-discharge curves of the four
materials at 0.1C rate between 2.0 and 4.8 V. As seen in Fig. 5,
the shapes of charge-discharge curves for all samples are ap-
proximately same, but the 50 °C sample shows the highest
initial discharge capacity. It is obvious that the charge curves
are divided into two processes. The first process at the voltage
region from 3.8 to 4.5 Vascribes to the oxidation of Ni2+/Ni4+

and Co3+/Co4+. In this process, Li ions are extracted from
LiMO2 (M = Ni, Co, Mn) [36, 37]. But, in the second process,
a longer voltage plateau is formed, which closely relates to the
activation of the layered Li2MnO3-like region, and could be
found in the initial cycle [38, 39]. This is the reason why these
materials can receive a high discharge capacity in the later
cycle processes. Table 3 shows the initial charge-discharge
capacity, irreversible capacity loss, and Coulombic efficiency
of cathode materials prepared at different co-precipitation
temperatures. As seen in Table 3, when the co-precipitation
temperature rises, the initial Coulombic efficiency first in-
creases to the maximum value of 81.5 % at 50 °C and then
reduces to 77.9 %. Actually, when the co-precipitation tem-
perature rises, the crystallization performance becomes well,
and then, the aggregation of particles occurs, which would
increase the Li+ diffusion distance [40] and affect the initial
Coulombic efficiency.

F i gu r e 6 a s hows t h e cy c l e p e r f o rmanc e o f
Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials at the current
density of 125 mAh/g. It is obvious that all materials deliver
good cycle performance. The 1st/100th discharge capacities of
the four samples are 167.9/142.8, 204.0/176.6, 214.4/195.6,
and 204.0/176.6, respectively, and their capacity retention
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Fig. 6 Cycling performance (a) and discharge capacity decay rate (b) of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials in the voltage range of 2.0–
4.6 Vat 0.5C rate
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rates are 85.1, 86.6, 91.2, and 88.9 %. As seen in Fig. 6a, the
cycle-capacity curves are fitted using cubic polynomial with
the mean square residuals of 0.97, 0.47, 0.60, and 0.12, re-
spectively, and the fitting functions between the discharge
capacity (C) and the cycle number (n) are expressed as
follows:

C nð Þ ¼ −7:621� 10−5n3 þ 1:051� 10−2n2−0:514n

þ 167:594 for 40oC sampleð Þ ð1Þ
C nð Þ ¼ −5:563� 10−5n3 þ 0:824� 10−2n2−0:556n

þ 204:087 for 45oC sampleð Þ ð2Þ

C nð Þ ¼ −1:973� 10−5n3 þ 0:185� 10−2n2−0:173n

þ 216:791 for 50oC sampleð Þ ð3Þ
C nð Þ ¼ −6:125� 10−5n3 þ 1:285� 10−2n2−0:894n

þ 190:427 for 55oC sampleð Þ ð4Þ

Based on the previously mentioned equations (1–4), the
decay rate of discharge capacity with cycle number is repre-
sented as |dC(n)/dn|. Figure 6b shows the calculation results of
|dC(n)/dn|. There was a parabolic relationship between the
decay rate and the cycle number. It is clear that the discharge
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Fig. 7 Charge-discharge profiles and the discharger mid-point potential profiles of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials during different
cycles at 0.5C rate
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capacity for all samples decreases in circulation process, but
the discharge capacity decay rate of the 50 °C sample shows
the minimum change rate. This indicates that the 50 °C sample
shows the best cycle performance and stability. As is known,
the LiF is produced by the erosion reaction between hydrogen
fluoride (HF) and cathode materials, where HF is generated by
the reaction between H2O and the LiPF6 in electrolyte during
the charge-discharge processes. The formation of LiF can hin-
der the diffusion of lithium ions [30]. Among these cathode
materials, the 50 °C sample can resist the erosion of HF more
effectively and exhibits the best cycle performance.

Figure 7a–d shows that the charge voltage increases to
a high plateau, while the discharge voltage drops to a

low plateau when the cycle number increases for all
samples; this indicates the enlargement of polarization
phenomenon. In addition, discharge midpoint voltage is
an important parameter to evaluate the performance of
excess Mn-based cathode materials, which reduces with
an increase in cycling times and can significantly de-
crease the power output and restrict its wide application
[41]. Figure 7e shows the reducing of discharge mid-
point voltage for the four materials with the increment
of cycle number. Actually, during the activation process
of Li2MnO3 and charge/discharge circulation, the vast
irreversible appearance of Li2O will damage the surface
structure of the electrode [42]; furthermore, the layered
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structure is transformed to spinel component and be-
comes an unexpected layered spinel intergrowth struc-
ture [6, 23]; these structure variations would cause the
discharge midpoint voltage decreasing. As seen in Fig.
7e, the 55 °C sample shows the highest initial discharge
midpoint voltage, due to less activation of Li2MnO3

component and thus less discharge capacity delivered
below 3.5 V [43]. In order to know their declining
slopes more clearly, the data in Fig. 7e can be fitted
by linear function, and the corresponding fitting func-
tions between the discharge midpoint voltage (V) and
the cycle number (n) are shown as follows:

V nð Þ ¼ −0:21� 10−2nþ 3:56 for 40oC sampleð Þ ð5Þ
V nð Þ ¼ −0:27� 10−2nþ 3:52 for 45oC sampleð Þ ð6Þ
V nð Þ ¼ −0:17� 10−2nþ 3:50 for 50oC sampleð Þ ð7Þ
V nð Þ ¼ −0:30� 10−2nþ 3:63 for 55oC sampleð Þ ð8Þ

According to the previously mentioned equations (5–8), the
intrinsic discharge midpoint voltage and the declining slope of
the 50 °C sample are lowest among the four samples. This indi-
cates that the 50 °C sample shows the best structural stability.

To activate the Li2MnO3 phase, the cells were firstly cycled
at the current density of 25 mAh/g for four times with the
voltage range of 2.0–4.8 V, and then, the rate capabilities of
all samples were tested at discharge rates of 0.1C, 0.2C, 0.5C,
1.0C, 2.0C, and 5.0C between 2.0 and 4.6 V, respectively. The
test results are shown in Fig. 8. It is distinct that the discharge
capacity of the sample reduces when the current density in-
creases from 0.1C to 5.0C. As seen in Fig. 8b, it is obvious
that the average rate capacity of the samples decreases mark-
edly with an increase in the current density. When the current
density is below 2C, the declining slope of the rate capacity
with current density is high, which leads to the rapid decrease
of the rate capacity, while that becomes mild at the current
density beyond 2C. Furthermore, as the co-precipitation tem-
perature increases, the rate capacity of samples first increases
the maximum value at 50 °C and then reduces. This indicates
that the 50 °C sample delivers highest discharge capacity and
shows the best rate performance.

To understand the effect of co-precipitation temperature on
the electrochemical properties of the four samples, the elec-
trochemical impedance spectra (EIS) were measured after
charging to 4.5 V in 5th and 20th cycles at the current density
of 50mAh/g and are shown in Fig. 9. It is clear that each curve
contains a small semicircle, a large semicircle, and a quasi-

Table 4 Component parameters
in equivalent circuit for
Li[Li0.2Mn0.54Ni0.13Co0.13]O2

cathode materials at 4.5 V after
different cycles

Samples 40 °C 45 °C 50 °C 55 °C

Cycle number 5th 20th 5th 20th 5th 20th 5th 20th

Rs (Ω) 8.1 6.3 9.3 5.3 8.3 16.2 12.8 9.1

Rsf (Ω) 17.5 20.1 16.1 10.1 11.7 13.7 17.8 14.8

nsf 8.5E−1 7.0E−1 8.7E−1 8.9E−1 6.5E−1 8.8E−1 8.6E−1 7.4E−1
Ysf (Ω

−1 snsf) 8.3E−6 3.8E−5 7.0E−6 5.5E−6 6.0E−5 7.1E−6 8.1E−6 7.4E−6
Rct (Ω) 252.7 315.4 209.9 263.3 171.0 193.0 249.8 310.3

nct 8.2E−1 7.0E−1 8.3E−1 8.8E−1 7.3E−1 7.8E−1 8.2E−1 8.5E−1
Yct (Ω

−1 snct) 3.9E−3 5.8E−3 3.6E−3 2.9E−3 6.4E−3 4.3E−3 3.5E−3 3.2E−3
Yw (Ω−1 s0.5) 3.1E−2 3.8E−2 3.5E−2 2.7E−2 3.3E−2 3.8E−2 3.4E−2 3.3E−2
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Fig. 10 Impedance of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 cathode materials at a frequency of 0.1∼0.0005 Hz in different cycles
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straight slope. All EIS curves are fitted using the equivalent
circuit shown in Fig. 9c. In this equivalent circuit, CPEsf and
CPEdl are the constant phase angle elements, while the
Warburg impedance (ZW) is a special constant phase angle
element with the phase angle of 45°. They depict the nonideal
capacitance of the surface, the nonideal capacitance of the
double layer, and the impedance of Li+ diffusion in the bulk
material, respectively. Rs, Rsf, and Rct are the ohmic resistance
elements and represent the resistance between the working
electrode and the reference electrode, the resistance of Li+

diffusion in the surface layer (solid electrolyte interphase
(SEI) layer), and the charge transfer resistance, respectively.
The identification results of Rsf and Rct for all samples are
tabulated in Table 4. It is clear that the values of Rsf for the
four materials are less than 21 Ω and the values of |△Rsf|
between 5th and 20th for all samples are less than 7 Ω, which
indicate that the SEI layers of the four samples are thin and
stable [7]. Moreover, both Rct and △Rct between the 5th and
20th cycles of the 50 °C sample are minimal, showing that the
Li-ion diffusion rate at electrode/electrolyte interface for this
sample is the fastest. Therefore, the 50 °C sample has the best
cycle performance due to the lowest △Rct [8], which is
conformed to the results in Fig. 6. Based on the equivalent
circuit, the impedance of the battery could be expressed as
follows:

���Z
��� ¼ Rs þ Rsfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ωnsfY sfRsfð Þ2
q þ Rctffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ωnctY ctRctð Þ2
q

þ ω
1
2

Yw
; ð9Þ

where n and Y are two parameters of constant phase angle
element (CPE), Yw is the parameter of Warburg imped-
ance (ZW), and ω is equal to 2πf (f means frequency). In
order to understand the impedance characteristics of the
battery, the impedances (|Z|) of the four samples at differ-
ent cycles are calculated at the frequency range of
0.1~0.0005 Hz and illustrated in Fig. 10. It is clear that
the impedance increases gradually when the frequency
decreases. Moreover, the impedance first decreases to
the minimum value at 50 °C and then increases when
the co-precipitation temperature increases. As seen in
Fig. 11, the actual charge/discharge voltage range is, in
fact, the interval of open-circuit voltage. In here, |ZL| and
|ZH| represent the impedances at the minimum/maximum
terminal voltage, respectively. When the current density
or the impedance increases, the actual charge/discharge
range of cell becomes narrow, which causes the decrease
of discharge capacity [44]. As seen in Figs. 8 and 10, it is
clear that the 50 °C sample delivers the highest discharge
capacity and the best rate performance.

As seen in Fig. 12, the good linear relationships between Z’
andω−1/2 at the low frequency region are obtained as follows:

Z 0 ¼ 151:59þ 62:93ω−1=2 for 40oC sampleð Þ ð10Þ
Z 0 ¼ 269:19þ 28:13ω−1=2 for 45oC sampleð Þ ð11Þ
Z 0 ¼ 197:74þ 22:65ω−1=2 for 50oC sampleð Þ ð12Þ
Z 0 ¼ 286:30þ 32:81ω−1=2 for 55oC sampleð Þ ð13Þ

Fig. 11 Schematic diagram of actual voltage range during charge/
discharge processes
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As is known, the Warburg factor (σ) is the slope of
the linear fitting equations between Z’ and ω−1/2. It is
clear that the values of σ for the four samples are
62.93, 28.13, 22.65, and 32.81, respectively. According
to [45], the Li+ diffusion coefficient can be calculated
as follows:

DLi ¼ 1=2 RTð Þ= SF2Cσ
� �� �2 ð14Þ

Here, S is the interface area of the cathode/electrolyte
(4.524 cm2), T is the absolute temperature (298 K), R is the
gas constant, F is the Faraday constant, and C is the molar
concentration of lithium ion [46]. Therefore, DLi is calculated
to be 1.57 × 10−15, 7.74 × 10−15, 1.21 × 10−14, and
5.76 × 10−15 cm2 s−1, respectively. From what we have calcu-
lated previously, one can draw a conclusion that the 50 °C
sample shows the highest Li-ion diffusion coefficient, which
would contribute to improving the capability of cathode
materials.

CV has been performed to investigate the redox po-
tential of the transition metal ions in the course of cir-
culation. The three CV curves of the 50 °C sample in
the voltage range of 2.0 to 4.8 V with a scanning rate
of 0.1 mV/s are shown in Fig. 13. As is known, the
oxidation and reduction peaks in the curves correspond
to the phase transitions of the cathode materials that
occur upon the processes of lithium-ion insertion and
extraction. As shown in Fig. 13, the potentials of the
redox peaks in the first cycle are quite different toward
the remaining two cycles. There are two main oxidation
peaks located at about 4.0 and 4.6 V in the CV curves
during the initial cycle. The peak at approximately
4.0 V is related to the Ni oxidation from Ni2+ to Ni4+

and the Co oxidation from Co3+ to Co4+. The anodic
peak at about 4.6 V is associated with the irreversible
electrochemical activation of the Li2MnO3; in this reac-
tion, Li2O is striped from Li2MnO3 along with the for-
mation of electrochemically active MnO2 compound
[47]. In the following discharge process, a cathodic
peak observed at nearly 3.7 V is ascribed to the reduc-
tion reaction of Ni4+ to Ni2+ and Co4+ to Co3+, and the
other weak reduction peak at about 3.3 V is assigned to
the reaction of Mn4+ to Mn3+, which means that the Mn
ions in the cathode materials are electrochemically inac-
tive. The CV curves of the second cycle and the third
cycle have approximately the same profile. As seen in
Fig. 13, the anodic peaks at 4.0 V for the second and
third curves shift slightly to the lower-voltage region
and the peak at about 4.6 V in the first cycle disap-
pears. In addition, the cathodic peaks at approximately
3.3 V for the second and third cycles become more and
more obvious. This suggests that the structure of the
materials has changed [7].

Conclusions

The influence of co-precipitation temperature on the micro-
structure and electrochemical properties of Li-excess Mn-
based cathode materials Li[Li0.2Mn0.54Ni0.13Co0.13]O2 has
been investigated. The results show that all samples demon-
strate hexagonal α-NaFeO2 structure, but the material pre-
pared at 50 °C co-precipitation delivers the most uniform
and full particles. Among the four samples, the 50 °C sample
shows the highest initial discharge capacity (289.4 mAh/g)
and the highest initial Coulombic efficiency (81.5 %). After
100 cycles at 0.5C, the capacity of the 50 °C sample still
remains 195.6 mAh/g with the best retention rate (91.2 %).
Furthermore, the 50 °C sample delivers the highest discharge
capacity and possesses the best rate performance.
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