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Graphene-oxide-coated LiNi0.5Mn1.5O4 as high voltage
cathode for lithium ion batteries with high energy
density and long cycle life†

Xin Fang,a Mingyuan Ge,a Jiepeng Ronga and Chongwu Zhou*b

Lithium ion batteries are receiving enormous attention as power sources and energy storage devices in the

renewable energy field. With the ever increasing demand for higher energy and power density, high

voltage cathodes have emerged as an important option for new generation batteries. Here, we report

graphene-oxide-coated LiNi0.5Mn1.5O4 as a high voltage cathode and demonstrate that the batteries

showed superior cycling performance for up to 1000 cycles. Mildly oxidized graphene oxide coating was

found to improve the battery performance by enhancing the conductivity and protecting the cathode

surface from undesired reactions with the electrolyte. As a result, the graphene-oxide-coated high

voltage cathode LiNi0.5Mn1.5O4 showed 61% capacity retention after 1000 cycles in the cycling test,

which converts to only 0.039% capacity decay per cycle. At large current rates of 5 C, 7 C and 10 C, the

batteries were able to deliver 77%, 66% and 56% of the 1 C capacity, respectively (1 C ¼ 140 mA g�1).

In contrast, the LiNi0.5Mn1.5O4 cathode without graphene oxide coating showed 88.7% capacity

retention after only 100 cycles. The promising results demonstrated the potential of developing high

energy density batteries with the high voltage cathode LiNi0.5Mn1.5O4 and improving the battery

performance by surface modification with mildly oxidized graphene oxide.
Introduction

Since Sony rst commercialized lithium ion batteries in the
early 1990s, the market for lithium ion batteries has been
rapidly growing with the increasing demand for energy storage
systems. In spite of the great success of lithium ion battery
technology developed for portable electronic devices, higher
requirements are raised by electric vehicles (EVs), hybrid elec-
tric vehicles (HEVs), and plug-in hybrid electric vehicles
(PHEVs) in aspects of higher energy/power density, better rate
capability, longer cycle life, and lower cost.1–4 As the specic
energy density is calculated by

ÐQ
0 VðqÞdq=wt,5 increasing the

working voltage of lithium ion batteries has become one of the
most important strategies to enhance the energy density.

As the voltage of a lithium ion battery is mainly determined
by the cathode material, the research of cathode materials for
new lithium ion batteries has become extremely crucial and has
gained enormous attention. LiNi0.5Mn1.5O4 was studied when
people were developing the method of partially substituting Mn
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with other metal ions (Co3+, Ge4+, Zn2+, Ni2+, Mg2+, Cr3+ and
Cu2+) to suppress the Jahn–Teller distortion in spinel LiMn2O4

in the early 1990s.6–9 LiNi0.5Mn1.5O4 was rst reported as a 3 V
cathode material by Amine et al. in 1996,10 and the 4.7 V voltage
plateau was discovered by Dahn et al. in 1997.11 With a theo-
retical capacity of 146.7 mA h g�1 and a high working voltage of
4.7 V, LiNi0.5Mn1.5O4 has 20% and 30% higher energy density
than LiCoO2 and LiFePO4, respectively, thus becoming a
potential candidate to be used in EVs in the future.12–17

However, the conductivity of LiNi0.5Mn1.5O4 is relatively
low.18 In addition, it is difficult to maintain the electrochemical
stability of the carbonate-based liquid electrolyte at such a high
working voltage, and the interfacial side reaction between the
high-voltage charged LiNi0.5Mn1.5O4 and the liquid electrolyte
causes serious capacity fading during cycling.19,20 There is
usually a small amount of Mn3+ ions existing in the crystal, and
the Mn3+ ions are inclined to decompose into Mn2+ and Mn4+.
The Mn2+ ions are reported to have a tendency to dissolve into
the electrolyte and further deposit on the surface of the anode,
and the deposition subsequently increases the impedance of
the battery and causes capacity fading.21 A potential approach
to overcome this problem is to modify the surface of
LiNi0.5Mn1.5O4 with a thin layer of coating material, which is a
strategy that has been successfully used on a number of cathode
and anode materials.22–25 Previously, the effect of some coating
materials, such as Au,26 Ag,27 Bi2O3,28 BiOF,20 ZnO,19,29 ZrO2,30

ZrP2O7,30 AlF3,31 conductive carbon,18 and polyimide,32 has been
J. Mater. Chem. A, 2013, 1, 4083–4088 | 4083
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studied and showed improvement in the performance of
LiNi0.5Mn1.5O4 to a certain degree. However, no long cycling
result was reported, which makes it difficult to judge the effect
of coating in the long run. Among the coating materials
mentioned above, most of the metal oxide and metal uoride
coatings only worked as a protection shell, but could not
enhance the electron conductivity of LiNi0.5Mn1.5O4. It was
found that Bi2O3 was converted to Bi metal during cycling,
which can help with fast electron transfer, but the cycling
stability was not sufficiently good due to the microstructural
changes of Bi2O3 during the charge–discharge process.28 Other
groups reported the direct coating of metals, such as Au and Ag;
however, the improvement of Ag coating was limited,27 and Au
even made the battery performance worse than before.26

Conductive carbon coating can be a good choice, since it can
work as a protection layer and also enhance the electron
conductivity of LiNi0.5Mn1.5O4. Although this strategy is effec-
tive on many other materials, it is difficult for LiNi0.5Mn1.5O4

since a reduction atmosphere is needed for a carbon source to
carbonize at high temperature, while LiNi0.5Mn1.5O4 needs an
oxygen atmosphere to avoid too many oxygen vacancies in the
crystal. In the report on conductive carbon coating of
LiNi0.5Mn1.5O4,18 only a slow charge rate was shown and the
coulomb efficiency was low. In this regard, it is important to
nd an alternative coating material that can act as a protection
layer and at the same time enhance the conductivity.

Recently, graphene and graphene oxide have been reported
to improve cycling stability and rate performance in lithium ion
batteries and lithium sulfur batteries.33–41 Graphene and gra-
phene oxide were reported to be a stable wrapping layer during
the charge–discharge process. The conductivity and interaction
with the active materials can be tuned via controlling the degree
of oxidation of graphene. However, to the best of our knowl-
edge, the effect of graphene oxide on the performance of
LiNi0.5Mn1.5O4 has not been reported, in spite of the impor-
tance of LiNi0.5Mn1.5O4 as a representative high voltage cathode
material. In this paper, we explored the potential of usingmildly
oxidized graphene oxide as a coating layer for the
LiNi0.5Mn1.5O4 cathode and got very promising results. The
batteries showed only 0.039% capacity decay per cycle for up to
1000 cycles. At high charge–discharge rates of 5 C, 7 C and 10 C
(1 C ¼ 140 mA g�1), 77%, 66% and 56% of the 1 C capacity can
be retained, respectively. The results indicate that graphene-
oxide-coated LiNi0.5Mn1.5O4 showed excellent cycling stability
and rate capability as a high voltage cathode material and thus
has great potential for high energy density and long life lithium
ion batteries.
Experimental
Materials synthesis

To produce LiNi0.5Mn1.5O4, nickel acetate (Ni(Ac)2$4H2O) and
manganese acetate (Mn(Ac)2$4H2O) were mixed at a molar ratio
of Ni : Mn ¼ 1 : 3 and milled in a mortar. The mixture was then
heated to 500 �C at a heating rate of 3 �C min�1 and calcined at
500 �C for 5 hours. Aer cooling down naturally, lithium acetate
(LiAc$2H2O) was added to the mixture at a molar ratio of
4084 | J. Mater. Chem. A, 2013, 1, 4083–4088
Li : Ni : Mn¼ 2.1 : 1 : 3 (5% excess Li source was added in order
to make up for the volatilization of Li during calcination), and
the mixture was heated to 500 �C for 5 hours once more. Then
the mixture was milled and sintered at 900 �C for 10 hours
followed by annealing at 700 �C for 10 hours.

Graphene oxide was prepared using the modied Hummers
method42 and the details can be found in the literature.43 The
solid content in the graphene oxide solution was 1 mg ml�1.
Then, the as-synthesized LiNi0.5Mn1.5O4 powder was mixed with
graphene oxide/ethanol solution at room temperature with
moderate stirring. The weight ratio of graphene oxide and the
as-synthesized LiNi0.5Mn1.5O4 was 1 : 20. The mixture was
subsequently annealed at 90 �C overnight to get rid of the
residual solvent that may exist between the surface of
LiNi0.5Mn1.5O4 and the graphene oxide wrapping layer to
enhance the surface interaction.
Electrochemical measurements

CR2032 coin cells were assembled with Li metal as counter
electrodes. The weight ratio in the cathode is active materi-
al : poly(vinylidene uoride) : carbon black ¼ 8 : 1 : 1. The
loading of the cathode active material was kept between 2 and
3mg cm�2 for all batteries tested in this paper. A 1M solution of
LiPF6 in ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1 : 1, w/w) was used as electrolyte. The batteries were cycled in
the voltage range of 3.5–5 V. Cyclic voltammetry (CV) curves
were tested at a scan rate of 0.05 mV s�1. Electrochemical
impedance spectra (EIS) were collected with an AC voltage of
5 mV amplitude in the frequency range of 100 kHz to 10 mHz.
Results and discussion

LiNi0.5Mn1.5O4 can be prepared via a variety of methods,
including solid state reaction,38,44 co-precipitation,45 molten salt
method,46 radiated polymer gel method,47 thermal polymeriza-
tion,48 sol–gel method,49 and spray pyrolysis.50 Among these
methods, solid state reaction and co-precipitation are most
compatible with large scale synthesis which is essential for
industrial applications. Compared to co-precipitation, solid
state reaction does not involve waste water, so it is more envi-
ronmentally friendly. In this work, we used a modied solid
state reaction method38 to synthesize LiNi0.5Mn1.5O4 with
potential to be adopted by industry. Fig. 1 shows the X-ray
diffraction (XRD) pattern of the as-synthesized LiNi0.5Mn1.5O4.
The pattern corresponds to the cubic structure of spinel
LiNi0.5Mn1.5O4, which is in agreement with the literature.51

According to a previous study,52 LiNi0.5Mn1.5O4 has two space
groups: Fd�3m and P4332. In the Fd�3m space group, Mn3+ exists
due to O vacancies in the crystal, while in the P4332 space group,
all Mn ions are Mn4+. Even though LiNi0.5Mn1.5O4 was
commonly used in the literature16 and also in this paper, the
actual formula of LiNi0.5Mn1.5O4 with the Fd�3m space group
should be LiNi0.5Mn1.5O4�d. In our study, the product obtained
was Fd�3m spinel, which can be seen from the charge–discharge
curves with the presence of a small Mn3+ plateau. Although
the disordered Fd�3m spinel was reported to give better
This journal is ª The Royal Society of Chemistry 2013



Fig. 1 X-ray diffraction pattern of as-synthesized LiNi0.5Mn1.5O4.

Fig. 3 EDX elemental mapping of graphene-oxide-coated LiNi0.5Mn1.5O4. The
upper left image shows the mapping area under SEM.
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performance,13,52 it encounters the problem of Mn3+ ion
distortion and dissolution, which may get reduced and deposit
on the surface of the anode. This will subsequently lead to
increased impedance and capacity fading.

To modify the surface of LiNi0.5Mn1.5O4 and protect it from
undesired reactions, we coated the as-prepared LiNi0.5Mn1.5O4

with mildly oxidized graphene oxide. Fig. 2 shows the scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) images of the as-synthesized LiNi0.5Mn1.5O4 (Fig. 2a,
c and e) and graphene-oxide-coated LiNi0.5Mn1.5O4 (Fig. 2b, d
and f). Fig. 2a and b correspond to the pristine and graphene-
oxide-coated LiNi0.5Mn1.5O4, respectively. The size of the
LiNi0.5Mn1.5O4 particles is mostly around 500 nm. While the
TEM image of pristine LiNi0.5Mn1.5O4 (Fig. 2c) shows a very
Fig. 2 (a) SEM image of as-synthesized LiNi0.5Mn1.5O4. (b) SEM image of gra-
phene-oxide-coated LiNi0.5Mn1.5O4. (c) TEM image showing the surface of as-
synthesized LiNi0.5Mn1.5O4. (d) TEM image of graphene-oxide-coated
LiNi0.5Mn1.5O4. (e) HRTEM image of as-synthesized LiNi0.5Mn1.5O4 showing the
fine lattice. (f) HRTEM image of graphene-oxide-coated LiNi0.5Mn1.5O4 showing
the LiNi0.5Mn1.5O4 lattice together with the layered stacking of graphene oxide
on the surface.

This journal is ª The Royal Society of Chemistry 2013
clean surface, in comparison, it is evident in Fig. 2d that gra-
phene oxide has been coated onto the outer surface of
LiNi0.5Mn1.5O4, with a thickness of about 5 nm. High resolution
TEM (HRTEM) images (Fig. 2e and f) show the ne structure of
LiNi0.5Mn1.5O4 and the graphene oxide layer. In Fig. 2f, the
layered stacking of graphene oxide can be clearly seen together
with the LiNi0.5Mn1.5O4 lattice, and there is no gap between
graphene oxide and the LiNi0.5Mn1.5O4 particle, indicating tight
adhesion between graphene oxide and the LiNi0.5Mn1.5O4

surface. Fig. 3 shows the energy dispersive X-ray spectroscopy
(EDX) mapping of graphene-oxide-coated LiNi0.5Mn1.5O4 under
SEM (the SEM image on the top le side shows the mapping
area). It is obvious that the mapping of element C, which is from
graphene oxide, has the same distribution as elements Ni, Mn
and O. This indicates that our graphene oxide is uniformly
coated onto LiNi0.5Mn1.5O4 particles.

To evaluate the electrochemical performance of graphene-
oxide-coated LiNi0.5Mn1.5O4, CR2032 coin cells were assembled
with Li metal as counter electrodes. As a comparison, pristine
LiNi0.5Mn1.5O4 was also tested in the same condition. The
results are shown in Fig. 4. The charge–discharge curves in
Fig. 4a show the high working voltage feature of LiNi0.5Mn1.5O4.
Compared to other traditional cathode materials, such as
LiCoO2 (3.9 V), LiMn2O4 (4.1 V), and LiFePO4 (3.5 V), a high
working voltage of 4.7 V means that higher energy density can
be achieved when LiNi0.5Mn1.5O4 is used as a cathode for
lithium ion batteries. By comparing the charge–discharge
curves of pristine and graphene-oxide-coated LiNi0.5Mn1.5O4, it
is obvious that aer graphene oxide coating, the voltage
difference between charge and discharge plateaus gets smaller.
This indicates that graphene oxide coating can help to reduce
the polarization and inner resistance of the batteries. There is a
small voltage plateau around 4.1 V, which can be attributed to
the redox couple of Mn3+/Mn4+. The small plateau here conrms
our analysis that the Ni and Mn ions should be disorderly
distributed in the crystal structure, and the LiNi0.5Mn1.5O4

particles we produced should possess the Fd�3m space group.
Cyclic voltammetry (CV) curves of graphene-oxide-coated

LiNi0.5Mn1.5O4 shown in Fig. 4b are in good agreement with our
charge–discharge curves. The main peaks are in the high
voltage range, while the small peaks at 4–4.1 V correspond to the
existence of Mn3+. The integrated area of the 4 V peaks is much
J. Mater. Chem. A, 2013, 1, 4083–4088 | 4085



Fig. 4 (a) Charge–discharge curves of pristine LiNi0.5Mn1.5O4 (denoted by
LNMO) and graphene-oxide-coated LiNi0.5Mn1.5O4 (denoted by LNMO + GO) at a
current of C/5. (b) CV curves of graphene-oxide-coated LiNi0.5Mn1.5O4 at a scan
rate of 0.05 mV s�1. (c) Comparison of cyclability of pristine LiNi0.5Mn1.5O4 and
graphene-oxide-coated LiNi0.5Mn1.5O4 at C/2. (d) Discharge capacity of gra-
phene-oxide-coated LiNi0.5Mn1.5O4 and pristine LiNi0.5Mn1.5O4 at different
current rates; the charge current was kept at C/2. (e) The long cycling result of
graphene-oxide-coated LiNi0.5Mn1.5O4 at C/2.
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smaller than that of the 4.7 V peaks, meaning that the main
contribution of the total capacity and the total energy is from
the Ni2+/Ni4+ redox couple. There is no other peak in Fig. 4b,
indicating that graphene oxide does not lead to extra redox
reactions in the testing voltage range, and thus should remain
stable and does not contribute to the capacity.

Fig. 4c shows the cycling performance of the pristine
LiNi0.5Mn1.5O4 (denoted by LNMO) and graphene-oxide-coated
LiNi0.5Mn1.5O4 (denoted by LNMO + GO) in comparison (the
specic capacity of graphene-oxide-coated LiNi0.5Mn1.5O4 was
calculated using the total weight of graphene oxide and
LiNi0.5Mn1.5O4). It is observed that the coated LiNi0.5Mn1.5O4

showed a more stable cycling performance than the uncoated
LiNi0.5Mn1.5O4 as a cathode in lithium ion batteries. The results
from current rate capability tests are shown in Fig. 4d. When
discharged at large current densities of 5 C, 7 C, and 10 C, the
graphene-oxide-coated LiNi0.5Mn1.5O4 can still deliver 77%,
66%, and 56% of the 1 C capacity, respectively. At each stage of
the current rate test, the batteries showed excellent stability and
no obvious degradation. When the current density went back to
C/2, the capacity recovered to the original value, indicating that
large current density and rapid lithiation/delithiation did not
lead to any permanent damage to the crystal structure. In
comparison, once the batteries were tested under large
current densities, especially 10 C, it is evident that pristine
LiNi0.5Mn1.5O4 cannot get fully lithiated/delithiated due to large
inner resistance, so the capacity decreased immediately. In
addition, the capacity could not recover when the current density
went back. This supports our analysis that graphene oxide can
improve the conductivity and reduce the inner resistance of the
cathode material. The long cycling result of graphene-oxide-
4086 | J. Mater. Chem. A, 2013, 1, 4083–4088
coated LiNi0.5Mn1.5O4 is shown in Fig. 4e. Aer cycling at C/2
(1 C ¼ 140 mA g�1) for 1000 cycles, the capacity retention of the
graphene-oxide-coated LiNi0.5Mn1.5O4 is 61%, meaning only
0.039% capacity decay per cycle. We attribute this improvement
to the increased conductivity and the protection effect from
mildly oxidized graphene oxide on the surface. The remarkable
cycling and current rate performance from the graphene-oxide-
coated LiNi0.5Mn1.5O4 cathode indicates its potential for appli-
cation in next-generation lithium ion batteries with high energy
density, long cycle life, and good rate capability.

The performance of our graphene oxide coating compares
favorably with other coatings reported in the literature. As
mentioned before, metal oxide and metal uoride coatings,
such as Al2O3 and AlF3, can only work as a protection layer, but
cannot enhance the conductivity. On the other hand, Ag coating
only led to limited improvement, while Au coating even made
the battery performance worse than before. Although carbon
coating showed the most promising result, only 92% capacity
retention was achieved even with the best coating ratio. In
contrast, we have achieved a long cycle life of 1000 cycles with
our graphene-oxide-coated LiNi0.5Mn1.5O4. In addition, the rst
100 cycles showed over 96% capacity retention.

The promising performance caused by graphene oxide
coating can be ascribed to three reasons. First of all, graphene
oxide coating enhanced the conductivity of LiNi0.5Mn1.5O4.
With continuous graphene oxide coating, the LiNi0.5Mn1.5O4

particles were interconnected with each other, and hence the
conductivity was enhanced and the inner resistance was
reduced. The modied Hummers method we used yielded
mildly oxidized graphene oxide. It was reported to be low-defect
graphene oxide,43 which was important for conductivity. In
addition, the existence of oxygenated groups rendered the
mildly oxidized graphene oxide highly miscible with
LiNi0.5Mn1.5O4 particles when mixed in ethanol, and this way,
the interaction of the graphene oxide and LiNi0.5Mn1.5O4

particles was enhanced and the wrapping was more effective.
Second, Mn3+ dissolution was suppressed due to graphene
oxide coating. It was reported in the literature that Mn3+ ions
had a tendency to undergo a disproportionation reaction and
dissolve into the electrolyte.53–56 This dissolution can cause
destruction of the cathode crystal and thus affect the stability of
the batteries. With the protection from graphene oxide coating,
the dissolution of Mn3+ ions was suppressed and in this way the
cycling stability was improved. Third, graphene oxide coating
helped to reduce side reactions between Ni4+ ions and the
electrolyte. Ni4+ ions, formed at the charged state of the
cathode, were reported to be active towards the electrolyte and
even raised safety concerns.57 In addition, Ni ions were also
found to dissolve into the electrolyte and further deposit onto
the surface of the anode.21,45 Since neither Mn nor Ni had good
Li ion conductivity, the deposited layer increased the imped-
ance of the batteries and caused capacity fading problem. It was
also reported that the thickness of the products of undesired
reactions, such as LixPFyOz and ROCO2M (M ¼ metal) species,
increased with cycling and also caused capacity fading.58 Hence,
a protective surface layer like graphene oxide would be highly
desired to improve the performance.
This journal is ª The Royal Society of Chemistry 2013



Fig. 5 AC impedance test results of (a) pristine LiNi0.5Mn1.5O4 (denoted by
LNMO) at the 5th cycle, (b) graphene-oxide-coated LiNi0.5Mn1.5O4 (denoted by
LNMO + GO) at the 5th cycle, (c) graphene-oxide-coated LiNi0.5Mn1.5O4 at the 50

th

cycle and (d) graphene-oxide-coated LiNi0.5Mn1.5O4 at the 60th cycle.

Paper Journal of Materials Chemistry A
To conrm our analysis, electrochemical impedance spectra
(EIS) were collected with an AC voltage of 5 mV amplitude in the
frequency range of 100 kHz to 10 mHz. Fig. 5a and b show the
AC impedance test results for pristine LiNi0.5Mn1.5O4 and gra-
phene-oxide-coated LiNi0.5Mn1.5O4 at the 5

th cycle, respectively.
It can be clearly seen that the impedance of graphene-oxide-
coated LiNi0.5Mn1.5O4 is much smaller than that of the
uncoated sample. This result supports our analysis that gra-
phene oxide can help to reduce the impedance and thus
improve the battery performance. We also further investigated
the impedance of the graphene-oxide-coated LiNi0.5Mn1.5O4

aer the long cycling test and the results are shown in Fig. 5c
and d. Aer 50 and 60 cycles, no obvious increase in battery
impedance was observed. Even aer long cycling, the imped-
ance of graphene-oxide-coated LiNi0.5Mn1.5O4 was still smaller
than that of pristine LiNi0.5Mn1.5O4, thus demonstrating the
advantage of graphene oxide coating in improving the battery
performance.
Conclusions

We successfully synthesized the high voltage cathode
LiNi0.5Mn1.5O4 via a highly scalable method of solid state
reaction, and further modied the surface of LiNi0.5Mn1.5O4 by
graphene oxide coating. The high working voltage of 4.7 V gives
the lithium ion batteries 20% and 30% higher energy density
compared to batteries using traditional LiCoO2 and LiFePO4,
respectively. The continuous graphene oxide coating provided
better protection against interfacial side reactions between
LiNi0.5Mn1.5O4 surface and the electrolyte than previously
reported discontinuous metal oxide coating. As a result, the
graphene-oxide-coated LiNi0.5Mn1.5O4 showed remarkable
performance as a cathode for high energy and long life lithium
ion batteries. For up to 1000 cycles, the batteries showed only
0.039% capacity decay per cycle. When discharged at large
current rates of 5 C, 7 C, and 10 C, the batteries can still deliver
77%, 66%, and 56% of the 1 C capacity. The AC impedance test
conrmed our analysis that graphene oxide coating helped to
This journal is ª The Royal Society of Chemistry 2013
reduce the impedance of the battery and hence improved the
battery performance. The graphene oxide coating reported in
this work demonstrated a new method for enhancing the high
voltage cathode performance and showed promising results for
developing high energy density lithium ion batteries to be used
for portable electronics, HEVs, PHEVs, and EVs in the future.
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