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Enhanced electrochemical performance of Li-rich
low-Co Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08) as
cathode materials
Ting-Feng Yi*, Xiao Han, Shuang-Yuan Yang and Yan-Rong Zhu

ABSTRACT  Layered Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0 ≤ x ≤
0.08) cathode materials were successfully synthesized by a
sol-gel method. X-ray diffraction and the refinement data in-
dicate that all materials have typical α-NaFeO2 structure with
R-3m space group, and the a-axis has almost no change, but
there is a slight decrease in the c lattice parameter as well as
the cell volume. Scanning electron microscopy and high res-
olution transmission electron microscopy prove that all the
samples have uniform particle size of about 200–300 nm and
smooth surface. The energy-dispersive X-ray spectroscopy
mapping shows that aluminum has been homogeneously
doped in the Li1.2Mn0.56Ni0.16Co0.08O2 cathode material. The
cyclic voltammetry and electrochemical impedance spec-
troscopy reveal that appropriate Al-doping contributes to
the reversible lithium-ion insertion and extraction, and
then reduces the electrochemical polarization and charge
transfer resistance. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0.05)
shows the lowest charge transfer resistance and the highest
lithium-ion diffusion coefficient among all the samples. The
Li-rich electrodes with low-level Al doping shows a much
higher discharge capacity than the pristine one, especially the
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0.05) sample, which exhibits
greater rate capacity and better fast charge-discharge perfor-
mance than the other samples. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x = 0.05) also exhibits higher discharge capacity than the
pristine one at each cycle at 55°C. These results clearly indi-
cate that the high rate capacity together with a good high rate
cycling performance and high-temperature performance of
the low-Co Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) is a promis-
ing alternative to next-generation lithium-ion batteries.
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INTRODUCTION
Lithium-ion batteries (LIBs) have been considered as one

of the most promising energy storage devices due to their
high energy density, light weight and high operating volt-
age and long cycle life [1–4]. However, as a power source
for electric vehicles (EVs), hybrid electric vehicles (HEVs)
and plug-in hybrid electric vehicles (PHEVs), it is of great
essentiality to develop satisfactory cathode materials with
high energy density and cycling stability [5–7]. The energy
density of a cathode is closely related to the capacity and
operating voltage. Recently, Li-rich layered oxides with
a chemical formula of xLi2MnO3·(1−x)LiMO2 (M = Co,
Mn, Ni) have drawn much attention as attractive alter-
natives because they possess superior capacity over 250
mA h g−1 and higher power density compared with tradi-
tional cathode materials LiFePO4, LiMn2O4 and LiCoO2

[8,9]. Unfortunately, Li-rich materials still suffer from
low initial Coulombic efficiency, poor cycle performance
and low rate capability, which hinder the progress of their
popularization in practical application [10]. Recently,
many investigators have made great efforts including
surface modification [11,12], cation and anion doping
[13–16] or fabrication of nano-sized particles [17–19] to
improve the electrochemical performance of the layered
Li-rich cathode materials. As we know, the nanostructured
material often reduces the volumetric energy density of
the full batteries because of the large specific surface area.
Moreover, a uniform surface coating around the whole
active particles is also obviously difficult to achieve. Hence,
doping has been considered an effective way to improve
the electrochemical performance of electrode materials.
Many researchers have reported that electrochemical per-
formance of xLi2MnO3·(1−x)LiMO2 is closely related to
the x value. Finding a new and promising Li-rich cathode
material composition is a main research topic because
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of the overall effect on the electrochemical performance
of batteries [20–23]. Taking into account the cost, low
Co-based Li-rich material with high content of Mn should
be developed. However, the Co-free Li-rich material usu-
ally suffers from poorer rate capability [24] because the
presence of cobalt in materials can greatly enhance the
oxygen loss, reduce the replacement of lithium and nickel,
and effectively promote Li2MnO3 activation [25–27]. De-
veloping doped high-performance Li-rich material using
earth-abundant elements is more desirable and noble
metals (such as Ru, Ag, etc.)-free cathodes are some of
the most attractive choices used in commercial LIBs [28].
It is well known that Al is abundant and less expensive
than many other transition metals, so the Al doped Li-rich
material with the substitution of Co3+ by Al3+ is expected
to be a cathode material with lower cost than other high
Co-based Li-rich material. Meanwhile, the bond energy of
the Al–O (512 kJ mol−1) is much greater than that of Mn–O
(402 kJ mol−1), so it has a higher octahedral site preference
energies (OPE) which results in diminution of the bond
length [29] and thus benefits the structural stability. It
has been reported that the electrode material prepared by
sol-gel method has some common features: fine particle
size, narrow size distribution, and uniform composition,
which usually make high electrochemical performance
[30–32].

In this work, aluminum substituted lowCo-based Li-rich
materials (Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08)) were
synthesized by a sol-gel method, and their electrochemical
performance was studied. The Al doping may further
lower the content of Co which is relatively expensive and
toxic. This will not only lower the production cost, but it
will also be more environmentally friendly.

EXPERIMENTAL

Material synthesis
The layered (Li1.2Mn0.56Ni0.16Co0.08–xAlxO2 (x=0, 0.01, 0.02,

0.05 and 0.08) materials were synthesized by a sol-gel
method, and the preparation process is given in Scheme 1.
Stoichiometric amounts of Co(CH3COO)2·4H2O (99.5%,
Aladdin Chemistry Co., Ltd.), Mn(CH3COO)2·4H2O
(99%, Aladdin Chemistry Co., Ltd.), Ni(CH3COO)2·4H2O
(99%, Aladdin Chemistry Co., Ltd.), Al(NO3)3·4H2O (99%,
Aladdin Chemistry Co., Ltd.), and an excess amount
LiCH3COO·H2O (5% in molar ratio, 99.5%, Aladdin
Chemistry Co., Ltd.) were dissolved in deionized water.
The appropriate sugar solution was added into the mixed
acetate solution with a vigorous stirring. The mixed solu-
tion was evaporated at 80°C for 8–12 h with continuous
stirring to remove excess water until a gel was obtained.
Then, the gel was dried in vacuum drying oven at 120°C
for 12 h, resulting in the formation of amorphous powders.
The resulting powder was at first calcined at 450°C for 4 h
and then calcined at 850°C for 8 h in air to obtain the final
product.

Battery preparation
A CR2025 coin-cell assembly was used for the electro-
chemical characterization. A slurry was formed by mixing
Li1.2Mn0.56Ni0.16Co0.08–xAlxO2 (0≤x≤0.08) powders (80%),
super P conductive carbon (10%), and the binder (10 wt.%
polyvinylidene fluoride, dissolved in N-methyl-2-pyrroli-
done). After being coated onto the Al foil, the film was
dried in a vacuum oven at 110°C for 12 h and then cut into
discs with a radius of 7 mm. The thickness of the prepared
electrode in this work is about 30 μm. The half-cells were
assembled with active material and a metallic Li anode
separated by porous polypropylene film (Celgard 2300)
filled with 1 mol L−1 LiPF6 in ethylene carbonate/dimethyl
carbonate (1:1 v/v) solution.

Material characterization and electrochemical
measurements
The crystal structure  of  all  powders was characterized by

Scheme 1    Schematic of the preparation process of Li1.2Mn0.56Ni0.16Co0.08O2 .
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X-ray powder diffraction (XRD) on a Rigaku instrument
with Cu Kα radiation. The particle morphology was
observed using a scanning electron microscope (SEM,
SU8000) and a high resolution transmission electron
microscope (HRTEM) (JEOL JEM-2010). The cyclic
voltammetry (CV) test was carried out on a CHI 1000C
electrochemical workstation with a voltage between 2.0
and 4.8 V at a scanning rate of 0.2 mV s−1. Electrochemical
impedance spectroscopy (EIS) tests were performed on a
Princeton P4000 electrochemical working station in the
frequency range of 100 kHz to 10 mHz. The galvano-
static charge-discharge tests were performed on LAND
CT2001A (Wuhan Jinnuo) between 2.0 and 4.8 V (vs.
Li+/Li) at different rates and temperatures.

RESULTS AND DISCUSSION
Fig. 1 shows the XRD patterns of the synthesized
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08) powders. The
sharp and well-defined peaks indicate that all materials
have pure layer structure, which can be indexed to the
hexagonal α-NaFeO2 structure with R-3m space group.
Al2O3 impurity peaks are not observed in all samples, indi-
cating that Al doping does not change the crystal structure
of Li-rich material. The high-purity characteristics of the
as-prepared samples can also be confirmed by the XRD
Rietveld refinement results as displayed in Fig. 2. Several
extra small peaks between 20° and 25° are also observed,
which originate from the superlattice ordering of Li and
Mn in the transition metal (TM) layers, and these results
prove the existence of Li2MnO3(C2/m) [33]. It has been
reported that the integral intensity ratio between (003) and
(104) peaks can reflect cation mixing [34]. When the ratio
of I(003)/I(104) is less than 1.2, there is an undesirable level of
cation  mixing  [35].  The  values   of I(003)/I(104)   are  0.795,

Figure 1   XRD patterns of Li1.2Mn0.56Ni0.16Co0.08–xAlxO2 (0≤x≤0.08).

0.901, 0.955, 1.239 and 1.813, respectively. Obviously, the
cation mixing of the Li-rich material decreases because of
Al doping. The refinement data indicate that the a-axis has
almost no change, but there is a slight decrease in the c lat-
tice parameter as well as the cell volume. This is attributed
to the smaller ionic radius of Al3+ (0.0535 nm) compared
with the ionic radius of Co3+ (0.061 nm) [36].

Figs 3a–e show the scanning electron microscopy (SEM)
images of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08) pow-
ders. It can be found that the morphologies of all samples
are similar, and all samples show uniform particle distri-
bution. The size of all materials is about 200–300 nm, and
the Al doping does not affect the morphology of Li-rich
material. These results indicate sufficient contact between
the active materials and the electrolyte which is favorable
for lithium ions transfer coefficient in the cathode. The
detailed microstructure of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05) is shown in the TEM images in Figs 3f–h. It can
be found that the size of a Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05) material is about 200 nm, and a lattice fringe of
approximately 0.466 nm can be observed, which corre-
sponds to the (003) and/or (001) interlayer spacing for
rhombohedral LiMO2 (M = transition metals) and/or
monoclinic Li2MnO3 respectively [37,38], in good agree-
ment with the XRD result shown in Fig. 1. The HRTEM
image of Fig. 3g also shows the lattice-fringes of 0.241
nm corresponding to the inter-plane distances (−131) of
the monoclinic structure component Li2MnO3 [39] or
the (101) plane of the hexagonal layered structure [5].
In addition, to prove the homogeneous Al doping in the
Li-rich materials, energy dispersive X-ray spectroscopy
(EDS) mapping of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05)
material is shown in Fig. 4. The presence of manganese,
nickel, cobalt, aluminum and oxygen can be found. It can
be seen that not only transition metal elements including
manganese, nickel and cobalt are homogeneously dis-
tributed on the surface of the particle but also aluminum
atoms are uniformly distributed in the Al-doped Li-rich
material. It is therefore reasonable to infer that aluminum
has been doped in the Li1.2Mn0.56Ni0.16Co0.08O2 cathode
material successfully and homogeneously.

Fig. 5 displays the CV and EIS tests of all cathode ma-
terials. The CV curves of the first three cycles are shown
in Figs 5a–e. The initial anodic peaks of all the cathodes
around 3.7–4.4 V are due to the oxidation process of Ni2+

andCo3+ ions to higher oxidation states. The second anodic
peaks located in the potential range between 4.5 and 4.8 V
are normally associated with the irreversible loss of oxygen
from  Li2MnO3-type   component   which   disappears   in
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Figure 2   XRD refinement profiles of Li1.2Mn0.56Ni0.16Co0.08–xAlxO2 (a) x=0, (b) x=0.01, (c) x=0.02, (d) x=0.05, (e) x=0.08 and (f) refinement model.

subsequent cycles [40]. Based on the first three cycles of
CV curves, a stable current can be reached at the second
cycle, as the curves of the 2nd and the 3rd cycle overlapped
well, indicating that all samples may have high cycling sta-
bility at low charge-discharge rate. The voltage difference
(Δφp) between the anodic peak and cathodic peak can re-

flect the electrochemical reversibility. As shown in Table
S1, Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.02 and 0.05) for the
first cycle exhibits the smallest Δφp value among the five
samples. It is reasonable to infer that appropriate Al-dop-
ing contributes to the reversible lithium-ion insertion and
extraction,  and then  reduces  the electrochemical polariz-
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Figure 3   SEM images of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (a) x=0, (b)
x=0.01, (c) x=0.02, (d) x=0.05, (e) x=0.08; and TEM images of
Li1.17Mn0.56Ni0.16Co0.03Al0.05O2(f, g, h).

ation and improves the reversibility of the cathode. This
result confirms the favorable rate performance and cycling
stability of the Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.02 and
0.05) samples. To further illuminate the effect of Al doping
on the kinetics of Li1.2Mn0.56Ni0.16Co0.08O2 material, EIS for
all half cells before cycling were measured at VOC (open
circuit voltage), and the corresponding Nyquist plots are
given in Fig. 5f. The equivalent circuit used to fit the EIS
is given in Fig. S1, and the fitting results are listed in Table
S2. The intermediate-frequency semicircle always corre-
sponds to the charge transfer resistance (Rct), which reflects
the electrochemical reaction activity at the interface and
electron/ion conductivity. The low-frequency inclined line
is attributed to Warburg impedance (W),  which  is  related

Figure 4   EDS mapping images of Li2Mn0.56Ni0.16Co0.03Al0.05O2. (a) SEM
image, (b) Mn element, (c) Ni element, (d) Co element (e) Al element and
(f) O element.

to the diffusion process of the lithium ions in the solid
phase of electrode [41,42]. Obviously, Li1.2Mn0.56Ni0.16-
Co0.08−xAlxO2 (0.01≤x≤0.05) electrodes exhibit lower charge
transfer resistance than the pristine Li1.2Mn0.56Ni0.16Co0.08O2

electrode, indicating that the appropriate Al dop-
ing can decrease the charge transfer resistance of the
Li1.2Mn0.56Ni0.16Co0.08O2, which is favorable to the fast
transport of lithium ions. It is therefore reasonable to
infer that the small charge transfer resistance corresponds
to the small electrochemical polarization, thus leading
to excellent cycling performance. An interesting thing is
that Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) shows the lowest
charge transfer resistance, suggesting that it may have
the highest electrochemical activity and kinetic behavior
among all samples during cycling. This also matches the
results of the cyclic performance shown in Figs 6c and d.
However, a dramatic increase of charge transfer resistance
is noted for Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.08) com-
pared to the other Li-rich materials. Hence, the doping
contents of Al need to be optimized. The lithium-ion dif-
fusion coefficient (DLi) can be calculated from the plots in
the low-frequency region,  which  represents  the diffusion
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Figure 5   CV curves of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (a) x=0, (b) x=0.01, (c) x=0.02, (d) x=0.05, (e) x=0.08; (f) Nyquist plots and (g) graph of Zre plotted
against ω−1/2 at low-frequency region for Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (i) x=0, (ii) x=0.01, (iii) x=0.02, (iv) x=0.05, (v) x=0.08.

ability of lithium-ion in the bulk of electrode material. The
diffusion coefficient values by EIS can be calculated accord-
ing to equation [43,44]:

Z R R ,re ct s

1
2= + + (1)

D R T
A n F C2

,Li

2 2

2 4 4
Li
2 2

= (2)

whereA is the surface area of the electrode,T is the absolute
temperature, R is the gas constant, F the Faraday constant,
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Figure 6    (a) Initial charge/discharge profiles of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 at rate of 0.2 C, (b) the second charge-discharge curves of
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 at 0.2 C, (c) rate capacity of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 at different current densities between 0.2 and 1 C and (d) cycling
performance of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 at 2 C for 100 cycles (i) x= 0, (ii) x= 0.01, (iii) x= 0.02, (iv) x= 0.05, (v) x= 0.08.

n is the number of electrons per molecule during oxidation,
CLi is the concentration of lithium ion, σ is the Warburg
factor, which can be gained from the slope of Zre vs. ω−0.5 as
given in Fig. 5g, and the calculated diffusion coefficients
of all samples are given in Table S2. As previously reported
[45,46], the diffusion overpotential is dominant when the
battery discharges at high current density. Hence, the
lithium-ion diffusion ability is the control step at high
charge-discharge current density. It is obviously seen
that Al-doping improves the diffusion coefficient of the
Li-rich material, implying significantly enhanced diffusion
dynamics. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) has the
highest diffusion coefficient, suggesting that it may have
the highest cycling stability among all samples cycling at
high current density. However, a dramatic decrease of dif-
fusion coefficient is noted for Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.08) compared to the other Li-rich materials. It is
postulated that high content (x=0.08) Al doping can block
the lithium ion migration in the bulk phase of Li-rich
material, and then the electronic and ionic conduction of
the particles become limited.

The first and second galvanostatic charge-discharge pro-
files of all Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08) samples
at 0.2 C (1 C = 200 mA g−1) rate between 2.0 and 4.8 V
are presented in Figs 6a and b. A typical platform feature
of layered Li-rich materials can be seen in all the charge
curves. The first sloping stage below 4.4 V corresponds to
the lithium extraction from layered LiMO2 (M = Co, Mn,
Ni) component of Li1.2Mn0.56Ni0.16Co0.08O2 accompanied
by the oxidation of Co3+ to Co4+ and Ni2+ to Ni4+. The
voltage plateau above 4.4 V is attributed to Li2MnO3 acti-
vation based on lithium deintercalation and concomitant
oxygen evolution resulting in irreversible capacity loss
and low Coulombic efficiencies. In the following cycles,
the Coulombic efficiencies for all samples increase due
to the activation process. The initial discharge capaci-
ties of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0, 0.01, 0.02, 0.05
and 0.08) are 164.4, 188.3, 232.7, 225.4 and 161.7 mA h
g−1, respectively. Obviously, the Li-rich electrodes with
low-level doping show a much higher initial discharge
capacity than the pristine one. The differential capacity
curves corresponding to the 1st and 2nd cycle are given in
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Figs S2 and S3, and the voltage differences between anodic
and cathodic peaks can represent the differences between
charge and discharge plateau. It can be found that a small
amount of Al doping can decrease the voltage differences,
and then reduce the polarization of Li1.2Mn0.56Ni0.16Co0.08O2

electrode during cycling.
Fig. 6c shows the rate capabilities of Li1.2Mn0.56Ni0.16-

Co0.08−xAlxO2 (0≤x≤0.08) samples between 0.2 and 1 C at
room temperature, and the charge and discharge rates
are the same. The results indicate that the Li-rich elec-
trodes with low-level Al doping show a much higher
discharge capacity than the pristine one, especially the
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) sample, which ex-
hibits greater capacity than the other samples with charge
and discharge C-rate increasing. Moreover, the ca-
pacity retention rate of the Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05) is near 100% of initial value when the cur-
rent was restored to 0.2 C. This result means that
the Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) sample can
endure great changes in current density and still
retain a high cycling stability. This indicates that
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) has a strong struc-
tural stability and excellent restorability. From the above
results it can be concluded that Al doping can enhance
the rate-capacity and cyclic reversibility of low-Co Li-rich
material. In addition, the doped Al content has a strong
impact on the rate capability of Li1.2Mn0.56Ni0.16Co0.08O2.
The rate capacity of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.08)
is lower than that of the pristine one. Hence, a proper
doping content of Al must be optimized to attain the best
cell performance. Fast charge-discharge performance is
one of the most important electrochemical properties of
high-power lithium-ion batteries [47]. Fig. 6d shows the
fast charge-discharge performance of all samples for 100
cycles at 2 C charge-discharge rate between 2.0 and 4.8
V at room temperature. The initial discharge capacities
of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x =0, 0.01, 0.02, 0.05 and
0.08) electrodes at 2 C are 87.5, 119.4, 117.9, 123.2 and
96.4 mA h g−1, respectively. After 100 cycles, the discharge
capacities are 68.9, 86.9, 106.9, 122.4 and 76 mA h g−1,
respectively. After 100 cycles, the corresponding capacity
retention ratios are 78.7%, 72.7%, 90.6%, 99.3% and 78.8%,
respectively. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) shows
the highest rate capacity and excellent cycling stability
cycled at high charge-discharge rate, but the pristine one
exhibits poor rate-capability. It has been reported that the
lithium ion insertion/extraction kinetics corresponding
to the lithium-ion diffusion in the bulk of the material
affect the rate capability [48]. As mentioned above, the

lithium-ion diffusion ability is the control step at high
charge-discharge current density, and the charge-dis-
charge current density significantly affects the discharge
capacity. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) has the
highest lithium diffusion coefficient among all samples.
The pristine one shows lower lithium diffusion coeffi-
cient and higher charge transfer resistance than Al doped
one. It is therefore reasonable to infer that the increased
lithium-ion mobility and reduced charge transfer resis-
tance due to the Al doping improve the rate capability
when charge-discharged at high current rates. Hence,
it can be concluded that the improved rate capabilities,
cycle stability, and fast charge-discharge performance of
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) can be ascribed to
the improvement of lithium ion diffusion and the decrease
of charge transfer resistance and electrode polarization.

The traditional LiPF6-based electrolyte often suffers
from oxidative decomposition at elevated temperature,
and then leads to the formation of unstable solid elec-
trolyte interface (SEI) film on the electrode surface [49,50].
Furthermore, it is easy to make thermal decomposition
of LiPF6 salt at elevated temperature, and then react with
trace amounts of H2O accompanied by HF formation. The
generating HF can result in dissolution of transition metal
ions (Mn2+, Ni2+) [51]. The undesirable reactions signif-
icantly scarify cycling stability of the battery, especially
at elevated temperature. In order to evaluate the electro-
chemical performance at elevated-temperature, the cycling
performance was carried out at 55°C as given in Fig. 7a.
The charge and discharge rate are 0.2 and 1 C, respec-
tively. An obvious capacity difference can be noted for the
two materials upon cycling. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05) exhibits higher discharge capacity than the pris-
tine one at each cycle. However, the increasing temperature
from room temperature to 55°C severely affects the cy-
clability, and the stability is decreased with temperature.
The improved electrochemical property at elevated tem-
perature can be understood by comparing its electrode
kinetics with that at elevated-temperature. The EIS for
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0 and 0.05) half cells after
cycling at 55°C were measured at fully discharged state
(about 2.0 V), and the corresponding Nyquist plots are
given in Fig. 7b. The equivalent circuit used to fit the EIS
is given in Fig. S4, and the Rf represents the resistance of a
solid electrolyte interface (SEI) film [13]. The fitted charge
transfer resistances of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0
and 0.05) are 1616 and 769.2 Ω, respectively. Compared
with Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0 and 0.05) before cy-
cling at room temperature,  the charge  transfer resistances
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Figure 7    (a) Cycling performance of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0, 0.05) at 2 C discharge rate at 55°C (charge rate is 0.2 C); (b) Nyquist plots of
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0, 0.05) cycled at 2 C rate after cycles at 55°C.

evidently increased after cycling at elevated temperature.
However, Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0.05) electrode
exhibits a lower charge transfer resistance than that of the
pristine one. This reveals that Al doping improves the elec-
tronic conductivity of the electrode in the local environ-
ment, and increases the electrochemical activity, resulting
in a relatively higher electrochemical performance at ele-
vated temperature. On the basis of the SEI film model prin-
ciple, the relation between Rf and the thickness of SEI film
(l) is as follows [52]:

l
R S

,f= (3)

where ρ and S is the SEI film conductivity and the sur-
face area of the electrode, respectively. The fitted Rf

values of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0 and 0.05)
are 2186 and 791.2 Ω, respectively. The surface area
of the electrode may not change significantly during
the cycling. Hence, it can be found that the film thick-
ness of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0.05) is lower
than the pristine one, indicating that Al doping con-
tributes to the lithium ion diffusion. These features
indicate that the low charge transfer resistance and thin
SEI film improve lithium-ion diffusion in electrode and
surface films, and then improve the discharge capac-
ity of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0.05) at elevated
temperatures. The results clearly demonstrate that the
outstanding cycling stability, good rate capability, excel-
lent fast charge-discharge performance and high capacity
at elevated temperature of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05) cathode material make it a promising alternative
for next generation of high-power lithium-ion batteries.

CONCLUSION
A practical strategy was successfully developed to improve
the cycling stability, rate capacity, fast charge-discharge
performance and high-temperature property of low-Co
Li1.2Mn0.56Ni0.16Co0.08O2 cathode material by Al doping.
All samples have uniform particle size of about 200–300
nm and smooth surface, and Al has been doped in the
Li1.2Mn0.56Ni0.16Co0.08O2 cathode material successfully and
homogeneously. The suitable amount Al doping has a
favorable effect on the electrochemical performance. Al
doping contributes to the reversible lithium-ion insertion
and extraction, and then reduces the electrochemical
polarization and charge transfer resistance. The initial
discharge capacities of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x =
0, 0.01, 0.02, 0.05 and 0.08) electrodes at 2 C charge-dis-
charge rate are 87.5, 119.4, 117.9, 123.2 and 96.4 mA h
g−1, respectively. After 100 cycles, the discharge capacities
are 68.9, 86.9, 106.9, 122.4 and 76 mA h g−1, respectively.
After 100 cycles, the corresponding capacity retention
ratios are 78.7%, 72.7%, 90.6%, 99.3% and 78.8%, respec-
tively. Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) also exhibits
high discharge capacity than the pristine one at each
cycle at 55°C. The improved electrode performance of
Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x = 0.05) is clearly related to
the improved reversibility of lithium-ion insertion and
extraction, enhanced lithium-ion diffusion coefficient,
decreased charge transfer resistance, and reduced electro-
chemical polarization. Therefore, outstanding cycling sta-
bility, good rate capability, excellent fast charge-discharge
performance and high capacity at elevated temperature
of Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05) cathode material
make it a competitive candidate for next generation of
high-power lithium-ion batteries.
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提高富锂低钴的Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08)正极材料的电化学性能
伊廷锋*, 韩啸, 杨双瑗, 朱彦荣

摘要   本文采用溶胶凝胶法成功合成了层状Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (0≤x≤0.08)正极材料. XRD及其精细结果表明,所有的材料均具有
典型的α-NaFeO2结构,属于R-3m空间群. Al掺杂后的材料晶胞参数a值几乎不变,但是c值和晶胞体积略微减小. SEM和HRTEM证明了所有
样品均具有200–300 nm的均一粒径和光滑的表面. EDS谱图说明Al已经成功地进入了Li1.2Mn0.56Ni0.16Co0.08O2正极材料的晶格. CV和EIS说
明适量的Al掺杂有利于锂离子的可逆脱嵌, 减小了材料的电化学极化和电荷转移电阻. 在所有样品中, Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05)
展示了最小的电荷转移电阻和最高的锂离子扩散系数. 电化学性能测试表明, 少量Al掺杂的富锂电极具有比纯样更高的放电容量, 特
别是Li1.2Mn0.56Ni0.16Co0.08−xAlxO2 (x=0.05)样品具有比其他样品更高的倍率容量和更好的快速充放电性能. 55°C时, Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05)展示了比纯样更高的放电容量. 高的倍率容量、好的高倍率循环稳定性以及优秀的高温性能使得低钴Li1.2Mn0.56Ni0.16Co0.08−xAlxO2

(x=0.05)材料成为下一代锂离子电池颇具前景的选择.
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