
ORIGINAL PAPER

Lithium-rich layered nickel–manganese oxides
as high-performance cathode materials: the effects of composition
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Abstract Lithium-rich layered nickel–manganese oxide
(LRL-NMO) as a cathode material for rechargeable lithium-
ion batteries was successfully prepared using an oxalic acid
co-precipitation method, with polyethylene glycol (PEG1000)
as an additive. The effects of the Ni/Mn ratio and of PEG on the
phase purity, morphology, and electrochemical performance of
LRL-NMO were investigated with X-ray diffraction, scanning
electron microscope, electrochemical impedance spectroscopy,
and charge/discharge testing. Li[Li0.167Ni0.25Mn0.580]O2 deliv-
ered the best electrochemical performance among the various
Li[Li1/3−2x /3NixMn2/3−x /3]O2 (0 < x < 0.5) materials.
Furthermore, the sample to which an appropriate amount of
PEG had been added showed much smaller and more uniform
particle size, higher discharge capacity and energy density, bet-
ter cycling stability, and lower resistance. Thematerial prepared
by adding 9 wt% PEG exhibited high discharge capacity and
stability; after 100 cycles at 2 C, it still delivered a discharge
capacity of 125.6 mAh g−1, which was 50% higher than that of
a sample prepared without PEG.
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Introduction

With the rapid development of electric vehicles, the demand for
high-energy, high-power lithium-ion batteries has become in-
creasingly urgent [1, 2]. The cathode material is one of the most
important components in a lithium-ion battery, playing a major
role in its performance, safety, and stability. Current cathode
materials are not satisfactory because they have relatively low
capacity and poor cycling stability [3]. Recently, layered lithi-
um nickel–manganese oxides, Li[Li1/3−2x/3NixMn2/3−x/3]O2

(0 < x < 0.5), have received increasing attention because their
theoretical discharge capacity is over 250 mAh g−1, making
them attractive alternative cathode materials for use in electric
vehicles [4–6]. A lot of research on Li[Li1/3−2x/3NixMn2/3−x/3]O2

materials with various ratios of Ni to Mn has been reported
recently, such as that of Cheng et al. [7] which reported the
synthesis of a layered Li1.2Mn0.6Ni0.2O2 cathode material
which exhibited a 250-mAh g−1 discharge capacity at the first
cycle and a good rate capability. Xiang et al. [6] prepared a
Li[Li0.131Ni0.304Mn0.565]O2 material through a co-precipitation
method. The material exhibited good stability during the cycles
with uniform particle size. Wang et al. [4] found that the mate-
rial Li1.13Ni0.3Mn0.57O2 had good electrochemical stability with
a reversible capacity of about 200 mAh g−1. Clearly, the ratio of
Ni to Mn, or the content of Ni, affected the properties of the
materials significantly; however, there is no systematic investi-
gation on this issue reported up to now. Thus, it is necessary to
further explore the effects of Ni contents on the structure and
electrochemical performance of Li[Li1/3−2x/3NixMn2/3−x/3]O2

cathode materials.
On the other hand, this material’s low coulombic efficiency in

the first cycle, poor rate performance, and low tap density have
limited its development. To overcome these problems, many re-
searchers have tried to improve its electrochemical performance
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by doping it with ions [8, 9], coating it with other materials [10],
or controlling its particle size [11]. Polymers (including PAA
[12], PVP [13], PPy [14], and PEG [15]) have also been added
during the preparation process to improve its structure and mor-
phology, with consequent improvements in performance.

Due to its aqueous solubility, dispersion, and level of vis-
cosity, polyethylene glycol (PEG) has been proven to be a
good additive for improving the electrochemical performance
of some cathode materials. Yang et al. [16] synthesized
LiFePO4 (or LFP) nanoparticles using a solvothermal method
in a water–PEGmixture; they found that adding PEG changed
the topography of LiFePO4 (reducing the particle size from
1 μm to 200 nm), and the capacity retention rate remained at
89 % after 1000 cycles at 20 C Lu et al. [17] prepared
LiNi2/3Mn1/3O2 as a cathode material using PEG400 as the
template. With the proper amount of PEG, the obtained sam-
ple showed improved cyclic performance and rate capability,
which was attributable to low Li/Ni cation disorder, good
crystallization, and uniform morphology—all due to the PEG.

Inspired by these previous efforts, we used PEG as an ad-
ditive in the preparation of lithium-rich layered nickel–man-
ganese oxide (LRL-NMO) and found that PEG significantly
enhanced the material’s electrochemical performance. The
particle size became smaller and the particle size distribution
more uniform, the discharge capacity was much better, and the
discharge voltage platform was more stable.

Experimental

Materials synthesis

All of the materials were synthesized by a co-precipitation meth-
od. The typical procedureswere as follows. First, a certain amount
of PEG was dissolved in deionized water, then 4.3076 g manga-
nese acetate tetrahydrate (Mn(CH3COO)2⋅4H2O, 99.0%,Kermel)
and 1.9045 g nickel acetate tetrahydrate (Ni(CH3COO)2⋅4H2O,
98.0 %, Kermel) were added to the PEG solution. An oxalate
co-precipitate of Mn and Ni was obtained by the dropwise addi-
tion of 4.0809 g oxalic acid dihydrate (C2H2O4⋅2H2O, 99.5 %,
Enox), followed by aging, washing, and filtering, then drying
overnight. The precipitate was then calcined at 550 °C for 5 h to
obtain a binary oxide. Finally, the binary oxide was mixed with
1.4668 g lithium carbonate (Li2CO3, 97.0 %, Kermel) and then
ball-milled for 2 h, followed by calcining at 900 °C in air for 15 h
to obtain about 2.5 g Li[Li0.167Ni0.25Mn0.580]O2 [18].

For comparison, we prepared samples using the same pro-
cedures, but without PEG.

Material characterization

The crystal structure of the materials was characterized on a TD-
3500 powder diffractometer (Tongda, China) operated at 40 kV

and 30mA using CuKα as the radiation source. The particle size
and morphology of the samples were examined using a Nova
NanoSEM 430 scanning electronic microscope (SEM, Philips,
theNetherlands). Thermogravimetric analysis was performed on
a Q600 SDT thermal analyzer (TA Inc., USA) in the range of
30–900 °C at a heating rate of 10 K min−1 in air.

Electrochemical testing

Charge and discharge performance measurements were carried
out with CR-2016 test cells using a lithium metal plate as the
anode, Celgard 2400 single polypropylene as the separator, and
1 M lithium hexafluorophosphate (LiPF6) solution (EC/DMC =
1:1 in solvent) as the electrolyte. The cathode was prepared by
mixing the cathode material with acetylene black and
polyvinylidene fluoride using a weight ratio of 85:5:10 in N-
methyl pyrrolidinone; this mixture was then cast on aluminum
foil using the doctor blade technique and dried under vacuum at
80 °C overnight. Then, the electrodes with a diameter of 16 mm
(or geometrical area of 2.0 cm−2) were obtained by cutting the
material-coated foil with a mold; the loading of the cathode ma-
terial on the electrode was obtained by weighing the electrode
with balance. The charge and discharge measurements were per-
formed galvanostatically on a Neware Battery Testing System
(Shenzhen, China) at the desired current density, between 2 and
4.8 V (vs. Li+/Li) and at room temperature. Electrochemical
impedance spectroscopy (EIS) measurements were performed
using an IM6e electrochemical workstation (Zahner, Germany).
The amplitude of the AC signal was 10 mV over a frequency
range of 0.01-105Hz. The lithium metal anode served as both
counter and reference electrodes during the EIS measurements.

Results and discussion

Optimal metal ratio

Li[Li1/3−2x/3NixMn2/3−x/3]O2 (0 < x < 0.5) are generally recog-
nized to be Bcomposite^ layered materials of Li2MnO3 and
LiNi0.5Mn0.5O2. Because the Mn4+ in Li2MnO3 is further ox-
idized only with difficulty, Li2MnO3 generally exhibits poor
electrochemical performance. However, it can display perfect
electrochemical performance after being combined with an
appropriate amount of LiNi0.5Mn0.5O2. Indeed, the ratio of
Li2MnO3 to LiNi0.5Mn0.5O2, or the ratio of Mn to Ni, plays
an important role in the material’s electrochemical perfor-
mance. To optimize the composition, we prepared a series of
samples with various ratios of Mn to Ni, as well as various
corresponding ratios of Li to Mn: Li[Li0.263Ni0.10Mn0.633]O2,
Li[Li0.233Ni0.15Mn0.617]O2, Li[Li0.200Ni0.20Mn0.600]O2,
Li[Li0.167Ni0.25Mn0.580]O2, Li[Li0.133Ni0.30Mn0.567]O2,
Li[Li0.110Ni0.35Mn0.550]O2, Li[Li0.106Ni0.40Mn0.533]O2, and
Li[Li0.103Ni0.45Mn0.516]O2.
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The X-ray diffraction (XRD) patterns of the samples are
shown in Fig. 1a. All of the samples can be assigned a
NaFeO2 layer structure with space group R-3m, apart from
some small peaks found in a 2θ range of 20–25° that be-
long to space group C2/m. These small peaks are relevant
to the LiMn6 cation ordering that occurs in the transition
metal layers of Li2MnO3. With an increase in the amount of
Ni, those small peaks gradually disappear; in other words,
the samples with Ni content above 0.35 completely belong
to space group R-3m [19]. The sharp splits in (018)/(110)
signify a layered structure and good structural compatibil-
ity between Li2MnO3 and LiNi0.5Mn0.5O2 [20]. However,
Fig. 1b shows that the splits in (018)/(110) became increas-
ingly flatter as the amount of Ni rose. The characteristics of
the layered structure became less obvious, although this
was perhaps simply because the Li2MnO3 was formed in
the LiNi0.5Mn0.5O2 layer.

To facilitate further understanding of the compound’s struc-
ture, we list the ratios of I(003)/I(104) in Table 1. Ni2+ may
have traveled from the transition metal layer to the lithium
layer, thereby hindering the path of Li+ diffusion [17]. Higher
ratios of I(003)/I(104), especially above 1.2, have been said to
lead to better cationic order. Table 1 shows that all of the ratios

were above 1.2, indicating that the samples had a structure that
was beneficial for Li+ diffusion.

Figure 2 shows the discharge curves of Li[Li1/3−2x/3NixMn2/
3−x/3]O2 (0 < x < 0.5) samples in the voltage range of 2.0–4.8 V
at 0.1 C. Their discharge capacities were respectively
125.8, 151.9, 230.7, 243.4, 221.5, 209.5, 213.7, and
204.7 mAh g−1 as the amount of Ni increased. Although
Li[Li0.103Ni0.45Mn0.516]O2 had the highest discharge flat volt-
age, Li[Li0.167Ni0.25Mn0.580]O2 showed the highest discharge
capacity and a higher discharge flat voltage. In addition, mate-
rials with lower Ni content have more commercial value be-
cause Ni is environmentally toxic.

In summary, Li[Li0.167Ni0.25Mn0.580]O2 had a higher dis-
charge capacity, a more stable discharge voltage platform, and
lower Ni content among the Li[Li1/3−2x/3NixMn2/3−x/3]O2

(0 < x < 0.5) materials examined, so we selected it to explore
the effect of PEG on the electrochemical performance of Li-
rich layered lithium nickel–manganese oxides.

The effect of PEG

Figure 3 shows the analysis curves (thermogravimetric/differ-
ential thermal analysis, TG/DTA) of PEG1000 at a heating
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Fig. 1 a XRD patterns of the Li[Li1/3−2x/3NixMn2/3−x/3]O2 (0 < x < 0.5) samples. b An enlargement of (a) in the 60–70° region. c XRD patterns of bare
Li[Li0.167Ni0.25Mn0.580]O2 and 9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2
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rate of 10 K min−1. Since PEG1000 was selected as the dis-
persant, we investigated its thermal behavior using a TGA
analyzer. There was an obvious continuous weight loss below
410 °C in the TG curve (reaching approximately 100 %) due
to the evaporation of absorbed water and the decomposition of
PEG. An endothermic peak appeared at 400 °C—the temper-
ature at which maximum weight loss occurred. Considering
the thermal behavior of nickel–manganese oxalate previously
reported [21], we set the pre-sintering and post-sintering tem-
peratures at 550 and 900 °C, respectively.

Figure 4a shows the discharge capacity of the samples with
different amounts of PEG at various rates between 2 and 4.8 V.
The electrochemical performance significantly improved
when the PEG content was 9 wt%, but dropped when the
PEG content was lower (3 and 6 wt%) or higher (12 wt%).
This may have been because a certain amount of PEG induced
viscosity, caused special intermolecular forces, and restricted
the growth of Ni/Mn oxalate particles. However, an inappro-
priate amount of PEG might have led to uncontrollable parti-
cle growth, resulting in further agglomeration.

The discharge curves of PEG-Li[Li0.167Ni0.25Mn0.580]O2

samples at 2 C are shown in Fig. 4b. The discharge capacities
decreased drastically when the amount of PEG was 3, 6, or

12 wt%. Although the discharge capacity increased only a
little with 9 wt% PEG, the discharge voltage was about
0.5 V higher than that of the material without PEG; hence,
the energy density improved significantly after the addition of
9 wt% PEG.

We examined the cycling performance of bare
L i [L i 0 . 1 6 7N i 0 . 2 5Mn 0 . 5 8 0 ]O 2 and 9 w t% PEG-
Li[Li0 .167Ni0 .25Mn0.580]O2 at discharge rates of
0.5–2 C (Fig. 5a, b). Li[Li0 .167Ni0.25Mn0.580]O2

showed excellent performance at both 0.5 and 1 C, with
a capacity retention of almost 100 %. But when the
discharge rate was raised to 2 C, the discharge capacity
dropped to 81.69 mAh g−1 at the 100th cycle, and the
capacity retention was only 57.76 %. At a high discharge
rate, Li+ would have moved quickly, so the material’s
structure would have been easily distorted. Hence,
having a more stable structure was the key to improving
the cycling performance at a high discharge rate. After
9 wt% PEG was added, not only did the capacity at a
low discharge rate remain almost the same, but the
cycling performance at a high discharge rate (2 C) was
also somewhat improved. At 2 C, the discharge capacity
of the material with 9 wt% PEG was 120 mAh g−1 at the
80th cycle and gradually stabilized by the last 20 cycles.
Although the discharge capacity still faded around
30 mAh g−1, the cycling performance was somewhat
improved by the addition of PEG.

To clarify the influence of 9 wt% PEG on the electro
chemical performance of Li[Li0.167Ni0.25Mn0.580]O2 at the
high discharge rate of 2 C, we present in Fig. 5c, d the 10th,
20th, 40th, 60th, 80th, and 100th discharge curves of
Li[Li0.167Ni0.25Mn0.580]O2 before and after the addition of
9 wt% PEG. The discharge capacities at different cycles are
shown in Table 2. Figure 5c shows that the discharge capacity
and midpoint potential both faded quickly after the 20th cycle.
Notably, the midpoint potential of the discharge profile at the

Table 1 Intensity (in arbitrary unit) of (003) and (104) with various
metal ratios

Sample I(003) I(104) I(003)/I(104)

Li[Li0.263Ni0.10Mn0.633]O2 2396 1446 1.657

Li[Li0.233Ni0.15Mn0.617]O2 2302 1188 1.938

Li[Li0.200Ni0.20Mn0.600]O2 2435 1489 1.635

Li[Li0.167Ni0.25Mn0.580]O2 2166 1362 1.591

Li[Li0.133Ni0.30Mn0.567]O2 2043 1401 1.458

Li[Li0.110Ni0.35Mn0.550]O2 2307 1413 1.632

Li[Li0.106Ni0.40Mn0.533]O2 2305 1440 1.601

Li[Li0.103Ni0.45Mn0.516]O2 1888 1345 1.403
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100th cycle was only about 2.6 V. However, after the addition
of 9 wt% PEG, the discharge curves remained almost the same
up to the 40th cycle. The discharge capacity dropped to
120 mAh g−1 at the 80th cycle, but later, the discharge capac-
ity and midpoint potential both gradually stabilized.

In summary, adding 9 wt% PEG had a positive effect on the
electrochemical performance of Li[Li0.167Ni0.25Mn0.580]O2.
This material had better cycling stability, higher discharge ca-
pacity, and greater energy density. To determine what contrib-
uted to this material’s excellent electrochemical performance,

we examined the effect of PEG on the phase purity, morphol-
ogy, and impedance of Li[Li0.167Ni0.25Mn0.580]O2 using XRD,
SEM, and EIS.

The XRD patterns of bare Li[Li0.167Ni0.25Mn0.580]O2 and
9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2 are shown in Fig. 1c.
The splits in (018)/(110) sharpened and the XRD patterns in the
20–25° 2θ range became flatter after 9 wt% PEG was added.
We suggest that 9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2 had a
better NaFeO2 layer structure, which was beneficial for Li+

diffusion.
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Figure 6a presents the Nyquist plots and equivalent
circuits for bare Li[Li0.167Ni0.25Mn0.580]O2 and 9 wt%
PEG-Li[Li0.167Ni0.25Mn0.580]O2 after 100 cycles at 2 C
to study the electrode/electrolyte interfacial properties.
Both Nyquist plots show one semicircle in the high-
frequency region, which is related to the charge transfer
process (Rct), and a slope in the low-frequency region,
which is attributable to a semi-infinite Warburg diffusion
process in the electrode bulk. Rs represents the internal
resistivity of the battery, which corresponds to the x
value of the first point of the Nyquist plots [4]. The
transfer resistance (Rct) of Li[Li0.167Ni0.25Mn0.580]O2

was 424.7 Ω after 100 cycles at 2 C, then dropped to
181.8 Ω with 9 wt% PEG. This indicates the fast inter-
facial kinetics of 9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2

arising from the structural change that occurred after the
addition of PEG.

F i gu r e 7a, b p r e s e n t s t h e mo r p h o l o g y o f
Li[Li0.167Ni0.25Mn0.580]O2 particles with and without
9 wt% PEG. Li[Li0.167Ni0.25Mn0.580]O2 shows a

Table 2 Discharge capacity at different cycles of bare Li[Li0.167Ni0.25Mn0.580]O2 and 9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2 at 2 C

Sample Discharge capacity at different cycles

10th 20th 40th 60th 80th 100th

Li[Li0.167Ni0.25Mn0.580]O2 152.3 153.5 145.4 124.1 109.8 81.7

9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2 159.6 156.8 159.9 146.4 120.4 126.8
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Fig. 6 EIS results of bare Li[Li0.167Ni0.25Mn0.580]O2 and 9 wt% PEG-
Li[Li0.167Ni0.25Mn0.580]O2 after 100 cycles at 2 C

Fig. 7 a SEM image of bare
Li[Li0.167Ni0.25Mn0.580]O2. b
SEM image of 9 wt% PEG-
Li[Li0.167Ni0.25Mn0.580]O2. c
Schematic illustration of the
formation of PEG-Li[Li1/3−2x/
3NixMn2/3−x/3]O2 (0 < x < 0.5)
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range of particle sizes (Fig. 7a), including more large
particles than 9 wt% PEG-Li[Li0.167Ni0.25Mn0.580]O2.
Hence, this PEG-assisted co-precipitation synthesis
method resulted in more uniform particle size and re-
duced the degree of agglomeration.

Mechanism for the positive effect of PEG

Based on the above TG/DTA results, the weight loss below
410 °C was about 100 % and the post-sintering temperature
was set at 550 °C. Thus, we suggest that PEG plays a role in
the formation of Mn(Ni)C2O4, but not in the final procedure.
The schematic illustration of the formation of PEG-Li[Li1/3−2x/
3NixMn2/3−x/3]O2 (0 < x < 0.5) is shown in Fig. 7c. PEG is a
good dispersant; nickel and manganese ions disperse uniform-
ly in PEG and results in a uniform nickel–manganese oxalate
precipitate, and the final material has a better NaFeO2 layer
structure, which is beneficial for Li+ diffusion. In addition,
PEG has high viscosity, which can restrict the growth rate of
particles. This synthesis method therefore can yield lithium-
rich oxides with a small, uniform particle size, not only short-
ening the path of Li+ insertion/desertion but also reducing the
transfer resistance within a battery.

Conclusions

In this work, we studied the effect of the Ni/Mn ratio on the
electrochemical performance of Li-rich layered lithium nickel–
manganese oxides. Among the Li[Li1/3−2x/3NixMn2/3−x/3]O2

(0 < x < 0.5) materials, Li[Li0.167Ni0.25Mn0.580]O2 delivered
the highest discharge capacity, had a more stable discharge
voltage platform, and had a lower Ni content. We then explored
the effect of PEG on the electrochemical performance of
Li[Li0.167Ni0.25Mn0.580]O2, finding that 9 wt% PEG was the
most effective. We also have explained the mechanism of
PEG’s positive effect.
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