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can afford a high energy density of 658 W h kg−1, which 
is higher than the traditional LiCoO2 (620 W h kg−1) and 
LiFePO4 (591 W h kg−1) cathode materials [3]. However, 
some drawbacks such as the fast capacity fading at high 
voltage [4] and the appearance of rock-salt phase at high 
temperature [5] limit the commercialization of LNMO.

It has been widely acknowledged that the electrochem-
ical property of electrode materials is strongly related to 
the particle size, crystallinity and morphology [6]. To im-
prove the performance, a wide variety of nanostructured 
electrodes, such as nanorods [7], porous structures [8], 
hollow microcubes and microspheres [9], and core-shell 
microspheres [10], have been designed and utilized in 
LIBs. Among these nanostructures, the porous and hol-
low structures can increase the contact area between the 
electrode and electrolyte, which is beneficial to reduce the 
transport path of lithium ions. Zhu et al. [11] reported the 
synthesis of LNMO   microspheres with larger pores, which 
exhibited excellent performance. Luo et al. [12] synthesized 
  LNMO hollow microspheres with excellent cycling stabil-
ity and rate capability, which was attributed to the short 
electronic/ionic diffusion distance and accommodated vol-
ume change derived from the hollow structure. Li et al. [13] 
designed uniform LiNi1/3Mn1/3Co1/3O2 hollow microspheres 
with improved performance by using porous Mn1.5Co1.5O4 
microspheres as the template. All these literatures demon-
strate that the rational structural design can significantly 
improve the electrochemical performance.

The cycling performance and high-rate capability are 
highly dependent on the conductivity of electrode mate-
rials [14]. Surface modification has been proved to be an 
efficient strategy to enhance electronic conductivity [15]. 
Among all modifying   materials, carbon nanotube (CNT) 
is an ideal high electronic conducting material. It can ef-
ficiently improve the sluggish electron transportation and 

ABSTACT  Lithium nickel manganese oxide spinel (LiNi0.5- 

Mn1.5O4, LNMO) has attracted much attention as the cathode 
material for rechargeable lithium-ion batteries due to its high 
energy density and low cost. However, the short cycle life and 
poor high-rate capability hinder its commercialization. In 
this study, we synthesized hollow spherical LNMO built from 
polyhedral particles. The LNMO hollow structure guarantees 
sufficient contact with electrolyte and rapid diffusion of lithi-
um ions. To enhance the conductivity, we use carbon nanotubes 
(CNTs) to modify the surface of the cathode. After CNT mod-
ification, the LNMO hollow structure manifests outstanding 
cycling stability and high-rate capability. It delivers a discharge 
capacity of 127 mA h g−1 at 5 C, maintaining 104 mA h g−1 after 
500 cycles. Even at a high rate of 20 C, a capacity of 121 mA h g−1 
can be obtained. The excellent electrochemical performance is 
ascribed to the unique structure and the enhanced conductivity 
through CNT modification. It is demonstrated that the CNT-
modified hollow spherical LNMO is a promising cathode for 
lithium ion batteries.

Keywords: lithium nickel manganese oxide spinel, hollow 
sphere, carbon nanotube modification, high-rate performance, 
lithium-ion batteries

INTRODUCTION
Lithium-ion batteries (LIBs) have been rapidly developed 
for the application in hybrid electric vehicles (HEVs)   and 
electric vehicles (EVs) due to their high energy density 
and durable cyclability. The current commercialized oliv-
ine LiFePO4 and layered LiCoO2 are limited by their low 
energy density. One of the available strategies to increase 
the energy density is pursuing the high-voltage cathode. 
  The high-voltage spinel   LiNi0.5Mn1.5O4 (LNMO) has been 
extensively investigated because of its high energy density 
[   1]. The high working plateau (4.75 V vs. Li+/Li) is the most 
distinct advantage of LNMO [2]. Combining with the theo-
retical specific capacity (147 mA h g−1), the LNMO cathode 
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thus reduce the polarization of the electrodes. Ban et al. 
[16] synthesized 5 wt.% CNT-modified LiNi0.4Mn0.4Co0.2O2, 
which demonstrated excellent high-rate capability due to 
the fast diffusion of ions and electrons during cycling. Wu 
et al. [17] developed a fully active and depolarized com-
posite cathode material based on LiNi0.5Mn0.3Co0.2O2 par-
ticles embedded in interwoven three-dimensional (3D) 
CNT network, which served as the superhighway for the 
electron and Li ion migration. Thang et al. [18] success-
fully functionalized CNTs by a mixture of H2SO4/HNO3, 
and the CNTs were used as conducting addition to prepare        
LiMn2O4/CNT and LNMO/CNT. The nanocomposites 
cathodes displayed good capability when the content of 
CNT was 10%. Herein, CNTs are chosen as the surface 
modifying material to improve the performance of the 
as-prepared LNMO.

In this study, we synthesized pristine LNMO by a facile 
hydrothermal method followed by high temperature calci-
nation. The hollow spherical structure can be obtained via 
controlling the calcination temperature. After CNT modi-
fication, the LNMO is surrounded by 3D continuous CNT 
network (denoted as   LNMO-850/CNT). Structural char-
acterization and electrochemical performance measure-
ments were carried out to investigate the influence of CNT 
modification on the structure and properties of LNMO. 
The results illustrate that LNMO-850/CNT manifests high 
cycling stability (capacity retention of 82% after 500 cycles 
at 5 C) and excellent high-rate capability (121 mA h g−1 at 
20 C). 

EXPERIMENTAL

Synthesis
The pristine LNMO material was synthesized via a simple 
  hydrothermal method followed by annealing. The stoichio-
metric amount of MnSO4·H2O (4.5 mmol) and NiSO4·6H2O 
(1.5 mmol) were dissolved 20 mL   distilled water and 10 mL 
ethanol to form solution A. 30 mmol NH4HCO3 was dis-
solved in 20 mL distilled water to form solution B. Then, 
solution A and solution B was added simultaneously into 
10 mL distilled water. After stirring at room temperature 
for 1 h, the mixture was transferred into a 100 mL Tef-
lon-lined autoclave (200°C for 32 h). The precipitates were 
washed six times with deionized water and dried in a vac-
uum oven at 80°C for 12 h to get the laurel-green powder 
(carbonate precursor). 

Afterwards, the carbonate precursor was presintered 
at 500°C for 5 h to obtain the corresponding oxides. Li-
OH·H2O (with 5% Li excess) and oxides were dispersed 
in 30 mL ethanol. After stirring for 5 h, the mixture was 

dried at 85°C. The obtained powders were sintered at 
800, 850, and 900°C for 16 h in air to obtain the LNMO 
samples, which were labeled as LNMO-800, LNMO-850, 
and LNMO-900, respectively. For the preparation of CNT 
modified sample, LNMO-850 was mixed with 5 wt.% of 
CNT in ethanol. After an ultrasonic treatment for 2 h, the 
mixture was dried at 85 °C under continuous stirring to get 
the final product (designated as LNMO-850/CNT).  

Characterizations
The thermogravimetric (TG) analysis and differential 
scanning calorimetry (DSC) measurements were carried 
out on a simultaneous thermal analyzer (STA 449 F3, 
NETZSCH) in air between 25 and 800oC at the heating 
rate of 10°C min−1. The crystal structures of the samples 
were studied by X-ray powder diffraction (XRD, Bruker D8 
Advance) with non-monochromated Cu Kα X-ray source. 
Fourier transform infrared spectroscopy (FT-IR) measure-
ments were performed on a Nicolet 6700 spectrometer in 
transmission mode with a spectral resolution of 4 cm−1. 
The morphologies and element mappings of the samples 
were characterized by field emission scanning electron mi-
croscopy (FESEM, JEOL JSM-7100F, 10kV) and high-res-
olution transmission electron microscopy (HRTEM, JEOL 
JEM-2100F, 200kV). 

Electrochemical measurements 
Electrochemical charge/discharge tests were performed 
by using CR2025-type coin cells with lithium metal as the 
anode. To prepare the working electrodes, active materials 
(70 wt.%) were mixed with Super P (20 wt.%), and poly-
vinylidene fluoride (PVDF, 10 wt.%) in N-methyl pyrroli-
done (NMP) to obtain the slurry. After coating the slurry 
onto aluminum foil, the cathode was dried at 80oC over-
night. The mass of each electrode is calculated within the 
range of 1.9–2.6 mg cm−2, eliminating the mass loading of 
aluminum foil. With 1 mol L−1 LiPF6 dissolved in ethylene 
carbonate (EC) and dimethyl carbonate (DMC) (1:1 by 
volume) as the electrolyte and Celgard 2400 membrane as 
the separator, the coin cell was assembled in an argon-filled 
glove box, in which O2 and H2O content were below 0.1 
ppm. The capacity is calculated based on the total mass of 
the sample/composite.

The galvanostatic charge/discharge tests were performed 
between 3.0 and 4.9 V (vs. Li/Li+) at different current den-
sities on a LAND CT2001A battery testing system. Cyclic 
voltammetry (CV) curves were measured in the voltage 
range from 3.5 to 4.9 V on an electrochemical workstation 
(CHI 760D) at the scan rate of 0.1 mV s−1. Electrochemi-
cal impedance spectroscopy (EIS) was carried out in a fre-
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quency range from 100 kHz to 0.01 Hz at 10 mV on an 
electrochemical workstation (Auto lab). 

RESULTS AND DISCUSSION
TG-DSC was employed to investigate the effects of calci-
nation temperature on the precursor obtained through 
hydrothermal method. Fig. S1 shows the TG-DSC curves 
heating from 25 to 800°C in air. The TG curve indicates 
that there is an evident weight loss (19.3 wt.%) between 
151 and 253°C due to the evaporation of surface-absorbed 
water. Another obvious weight loss ( 34.71 wt.%) observed 
from 253 to 332°C can be attributed to the decomposition 
of the carbonate, which is supported by exothermic peak 
around 305  °C from DSC curve [19,20]. The weight lose 
above 350  °C is negligible, indicating that the oxides have 
been obtained. Via the analysis of the TG-DSC results, the 
presintering temperature is chosen at 500°C, which not 
only assures the complete decomposition of the precursor, 
but also affords the excellent crystallinity of the oxides.

Fig. 1a displays the XRD patterns of the pristine LNMO-
850 and LNMO-850/CNT, while the XRD patterns of 
LNMO-800 and LNMO-900 are shown in Fig. S2. It can 
be seen that all diffraction peaks are well in agreement 
with spinel LNMO (JCPDS No.80-2162) with Fd3–m space 
group, in which the transition metal ions disorderly dis-
tribute at octahedral (16d) sites [21]. No impurities can 
be found in the patterns, suggesting the high purity of the 
samples.

FT-IR has been demonstrated to be an effective meth-
od to survey the degree of Mn and Ni cations disordering 
in LNMO [22,23]. The spectrum of the disordered phase 
(Fd3–m) is composed of several broad and undiscernable 
bands at   428, 465, 555 cm−1 [24], while the ordered phase 
(P4332) has eight obvious bands because of the decreased 

space symmetry. In the ordered phase, the intensity of 
peaks at 428, 465, 555 cm−1 would increase distinctly [25]. 
The FT-IR spectra of LNMO sintered at different tempera-
tures are shown in Fig. 1b. There are obvious peaks at 621 
and 582 cm−1, which are attributed to the vibrations of the 
  Mn‒O and Ni‒O bands, respectively. The unconspicuous 
peaks at 428, 465, 555 cm−1 indicate that the disordered 
Fd3–m structure is dominated in the lattice. Previous re-
ports [26,27] indicated that the increase of Mn‒O peak 
(621 cm−1 ) and the decrease of Ni‒O peak (582 cm−1) can 
be attributed to the increasing degree of lattice disorder-
ing. The   LNMO-900 displays a higher I621/I582 ratio than the 
other samples, which indicates a slightly higher disorder-
ing degree in LNMO-900 with more Mn3+.

The morphologies of LNMO samples were examined by 
FESEM. It can be observed from Fig. S3a that ideal spher-
ical precursors are obtained after hydrothermal treatment. 
The spherical precursors are solid with sizes of 1 to 3 μm 
and they are composed of numerous nanoparticles. After 
presintering at 500°C, the oxides well maintain the solid 
spherical morphology (Fig. S3b). The elemental mappings 
in Fig. S3c indicate the homogeneous distribution of Ni, 
Mn, and O in the oxides. Starting from the same oxide pre-
cursor, the morphology of LNMO can be adjusted by tun-
ing the sintering temperature. The spherical LNMO-800 
is composed of a compact shell and a loosely stacked by 
nanoparticulate core in the center (Fig. 2a). After increas-
ing the annealing temperature, the LNMO-850 (Fig. 2b) 
shows a hollow spherical structure (3–5 μm) built from nu-
merous polyhedral particles with the sizes of 200–300 nm. 
The structure of polyhedral nanoparticles on the surface of 
LNMO-850 can be seen clearly on Fig. S3d. Element map-
ping results (Fig. S3e) indicate that the Ni, Mn, and O ele-
ments distribute homogeneously in the LNMO sample. The 
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Figure 1  (a) XRD patterns of LNMO-850 and LNMO-850/CNT; (b) F  T-IR spectra of LNMO synthesized at different temperatures.
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hollow spherical structure can be maintained at even high-
er temperature (900oC). However, the LNMO-900 shows 
a thick and compact shell due to the growth of polyhedral 
particles at high temperature (Fig. 2c). CNTs are used to 
modify the LNMO-850. The surface of LNMO-850/CNT 
becomes rough after the CNT modification (Fig. 2d). The 
low magnification SEM image and the corresponding ele-
mental mappings are shown in Fig. S3f, which unambigu-
ously demonstrates the homogeneous distribution of CNTs 
on the LNMO surface. The content of CNT in LNMO-850/
CNT is determined to be 4.96 wt.%, which is in highly con-
sistent with the theoretical value of 5.0 wt.%.

Fig. S3g shows the spherical morphology of LNMO-850, 
and the TEM image in Fig. 2e is used to further confirm the 
hollow spherical structure of LNMO-850. The uniform dis-
tributions of holes on the image prove the hollow structure 
combined with SEM images. The inset of Fig. 2e shows that 
the primary particle has a polyhedral shape with the size 
ranges of 200–300 nm, which is consistent with the SEM 
image. The polyhedral particle owns fourteen exposed 
planes. The CNTs can be clearly observed on the surface of 
LNMO-850/CNT (Figs 2f and g). The high resolution TEM 
(HETEM) image of LNMO-850 is shown in Fig. 2h, from 
which the (111) lattice fringes with interplanar spacings of 
0.47 nm can be clearly observed.

As shown in the SEM and TEM images, the morphology 
of LNMO is highly dependent on the sintering tempera-
ture. The schematic illustrations are displayed in Fig. 3a. 
The precursors are solid spheres built from nanoscale par-
ticles. The spaces between nanoparticles in the oxides are 

enlarged due to the release of carbon dioxide, providing an 
appropriate space accommodation of LiOH. The homoge-
neous distribution of LiOH in the oxides facilitates the sub-
sequent solid state reaction and LNMO formation. When 
sintered at 800°C, the gradually growing nanoparticles 
are enveloped by relatively compact shell. The interparti-
cle spaces are further enlarged, which is attributed to the 
opposite diffusion of O atom and transition metal atoms 
[28,29]. This LNMO sphere with porous core and compact 
shell is gradually transformed into hollow spherical struc-
ture with the increasing of temperature. When sintered at 
850oC, hollow spherical structure built from polyhedral 
particles is obtained. The fast outward diffusion of Mn and 
Ni atoms and the slow inward diffusion of O atom are re-
sponsible for the formation of the hollow cavity in LNMO-
850 [28,29]. At 900°C  , the growth of polyhedral particles 
leads to the formation of hollow spherical structure with 
thick and compact wall (Fig. 2c).

Although all samples inherit the spherical morphology 
from the carbonate precursor, only LNMO-850 shows a 
hollow spherical structure with porous shell. It is expected 
that this structure can guarantee sufficient contact between 
the electrode material and electrolyte, which effectively 
shortens the diffusion path of lithium ions [11]. More-
over, the ho  llow spherical structure can accommodate the 
volume change during repeated Li+ insertion/extraction 
processes, resulting in a considerable improvement in the 
cycling stability [9,30,31]. The schematic illustration of 
a single polyhedral particle is also shown in Fig. 3a. The 
polyhedral particle has fourteen exposed planes (six quad-
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Figure 2  SEM images of (a) LNMO-800, (b) LNMO-850, (c) LNMO-900, and (d) LNMO-850/CNT, TEM images of (e) LNMO-850, (f, g) LNMO-850/
CNT, and (h) HRTEM images of LNMO-850. 
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rangles and eight hexagons), which can be described via 
cutting the six vertices of an octahedron. The migrating 
route of lithium ions can be shortened by this nanoscale 
polyhedral structure. Fig. 3b illustrates the process for CNT 
modification of LNMO-850. The CNT modification on the 
surface of LNMO-850 forms a continuous 3D conducting 
network, which significantly enhances the conductivity of 
the LNMO [32].

Cyclic voltammetry (CV) was employed to understand 
the electrochemical reaction processes. Fig. 4a manifests 
the CV curves of all samples at the scan rate of 0.1 mV s−1 
between 3.5–4.9 V. All samples exhibit two pairs of peaks at 
around 4.7 V, which can be attributed to the Ni2+/Ni3+ and 
Ni3+/Ni4+ redox pairs [33,34]. Minor redox peaks (inset of 
Fig. 4a) can also be observed at around 4.0 V in all sam-
ples, which are ascribed to the redox couple of Mn3+/Mn4+ 
[35]. Among the three samples prepared at different tem-
peratures, LNMO-900 has the most obvious redox peaks at 
around 4.0 V. This phenomenon is possibly related to the 
increased quantity of Mn3+ ions during high temperature 
calcination. According to previous literatures, the existence 
of Mn3+ is beneficial to the conductivity of LNMO [36]. Ta-
ble S1 summarizes the voltage differences between the re-
dox peaks. The minimum voltage difference is achieved for 
LNMO-900, indicating the minimized polarization among 
the three samples. However, the peak area of LNMO-900 is 
smaller than that of LNMO-850, suggesting the lower ca-
pacity of LNMO. Hence, the LNMO-850 is chosen as the 

standard sample to be modified with CNTs. After CNT 
modification, LNMO-850/CNT has better resolved redox 
peaks and minor voltage difference than LNMO-850, indi-
cating the smaller polarization. 

The rate performances at 0.5–20 C are displayed in Fig. 
4b. The samples are cycled for 10 cycles at each rate. In 
general, the LNMO-850/CNT shows the best rate perfor-
mance among all samples. The LNMO-850/CNT delivers 
a capacity of 138 mA h g−1 at 0.5 C, and there is almost no 
capacity decay with the increase of charge/discharge cur-
rent to 1 and 2 C, suggesting the excellent rate capability. 
At 20 C, the discharge capacity of LNMO-850/CNT still re-
mains at 121 mA h g−1, while the capacities of LNMO-800, 
LNMO-850, LNMO-900 decrease to 78, 105, 99 mA h g−1, 
respectively. When the rate is reduced to 0.5 C after the 
high rate testing, a capacity of 136 mA h g−1 (99% of ca-
pacity at initial 0.5 C) can be recovered for LNMO-850/
CNT, which is the best among all samples. The discharge 
curves of LNMO-850/CNT at different rates are shown in 
Fig. S4a. Below 5 C, well defined discharge plateaus can be 
observed at about both 4.7 V and 4.0 V. At higher rates, the 
high discharge plateau associated with the Ni2+/Ni4+ redox 
couple can still be seen distinctly at about 4.5 V. The excel-
lent rate capability of LNMO-850/CNT can be ascribed to 
the synergistic effect of hollow-spherical structure and the 
CNT modification on the surface. 

The charge/discharge profiles at 5 C for all samples are 
shown in Fig. 4c. All samples exhibit quite similar charge/
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Figure 3  Schematic illustration of (a) hollow spherical LNMO built from polyhedral particles under different temperatures, (b) CNT modification 
process.



100       February 2016 | Vol.59 No.2          
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

ARTICLES SCIENCE CHINA Materials

discharge profiles with two plateaus. The primary plateau 
at about 4.7 V is associated with the Ni2+/Ni4+ redox cou-
ple, while the minor plateau at around 4.0 V is associated 
with the Mn3+/Mn4+ redox couple [35]. Among all samples, 
LNMO-850/CNT has the smallest potential difference 
between the charge/discharge plateaus. This indicates the 
minimized polarization during the electrochemical reac-
tion. The LNM  O-850/CNT delivers an initial capacity of 
127 mA h g−1, which is a little bit lower than that of LNMO-
850 (131 mA h g−1). The slightly lower initial capacity of 
LNMO-850/CNT is due to the addition of CNTs, which 
contributes no capacity. The charge/discharge profiles 
of LNMO-850 and LNMO-850/CNT at other C rates are 
shown in Figs S4b–d, which also demonstrate the enhanced 
conductivity by CNT modification. The power density and 
energy density of LNMO-850 and LNMO-850/CNT are 
shown in Fig. S5. The samples both exhibit high energy and 
power density, among which the LNMO-850/CNT owns 
the energy density of 619 W h kg−1 and the power density 
of 0.4 kW kg−1 when discharging at 0.5 C. 

Fig. 4d shows the cycling performances at 5 C. Among 
the three samples obtained at different temperatures, 
LNMO-850 delivers the highest initial capacity (131 
mA h g−1). The discharge capacities of LNMO-800 and 
LNMO-900 are 126, 115 mA h   g−1 respectively. After 500 

cycles, the capacities decrease to 83, 53, 79 mA h g−1 for 
LNMO-850, LNMO-800, LNMO-900, respectively. The 
capacity fading of LNMO-800 (57.9%) is more serious 
than that of LNMO-850 (35.9%) and LNMO-900 (31.3%), 
which is due to the unsatisfactory crystallinity of LNMO-
800. Due to the highest crystallinity and Mn3+ concentra-
tion, LNMO-900 displays the best capacity retention [36]. 
However, the discharge capacity of LNMO-900 is consid-
erably lower than the other two samples. This might be 
attributed to the formation of inactive rock-salt phases 
during the calcination at high temperature [37]. That is to 
say, the reduction of Mn4+ to Mn3+ is accompanied by the 
formation of rock-salt impurities; the formation of Mn3+ 
enhances the conductivity, while the formation of rock-salt 
impurities sacrifices the capacity. Overall, the LNMO-850 
shows the best tradeoff between capacity and capacity re-
tention. After CNT modification, the LNMO-850/CNT 
manifests a cycling performance superior to LNMO-850. 
An initial capacity of 127 mA h g−1 is obtained, maintaining 
104 mA h g−1 after 500 cycles. The capacity fading is as low 
as 0.036% per cycle. Compared with the previous reports, 
the LNMO-850/CNT shows better electrochemical perfor-
mance, especially excellent cycling performance and high-
rate capability [18,38]. The outstanding cycling stability of 
LNMO-850/CNT is attributed to (1) the hollow and porous 
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structure for volume variation accommodation, (2) small 
size of polyhedral particles for solid state Li+ diffusion, and 
(3) the improved conductivity via CNT modification. 

To better understand the substantial difference between 
the samples, EIS was adopted. Fig. 4e shows the impedance 
spectra of all samples before cycling. All samples possess 
a semicircle at high frequency region and an oblique line 
at low frequency region. The diameter of the semicircle 
represents the charge transfer resistance (Rct) and the slope 
of the line indicates the solid-state diffusion of Li+ ions in 
the electrode [39,40]. The LNMO-850/CNT displays the 
lowest charge transfer resistance with the fitting value of 
50.5 Ω, while the LNMO-800, LNMO-850, LNMO-900 
have Rct values of 85.5, 65.1, 58.1 Ω, respectively. The low 
charge transfer resistance of LNMO-850/CNT can be at-
tributed to the high conductivity of CNTs, which serve as 
the highway for electron transfer. 

Our results show that the LNMO-850/CNT possesses 
outstanding cycling stability and rate performance. The 
excellent electrochemical performance can be attributed 
to three factors: (1) the pores among the loosely stacked 
polyhedral particles provide sufficient contact between the 
electrode and electrolyte, which efficiently shortens the 
diffusion path of lithium ions. (2) The hollow and porous 
structure can effectively accommodate the volume change 
during repeated Li+ insertion/extraction processes, which 
leads to considerable improvement in cycling performance. 
(3) The CNT modification on the surface can form a 3D 
continuous network for electron transfer, which signifi-
cantly enhances the rate capability.

CONCLUSIONS
Hollow spherical LNMO was successfully synthesized via a 
facile hydrothermal method followed by sintering. The an-
nealing temperature significantly affects the morphology 
and electrochemical performances of LNMO. The hollow 
spherical structure built from polyhedral nanoparticles can 
be obtained at a calcination temperature of 850°C. After 
CNT modification, the LNMO-850/CNT manifests out-
standing cycling stability and rate capability. It delivers an 
initial discharge capacity of 127 mA h g−1 at 5C, maintain-
ing 104 mA h g−1 after 500 cycles. The capacity fading is as 
low as 0.036% per cycle. At an even higher rate of 20 C, a 
discharge capacity of 121 mA h g−1 can be maintained. The 
excellent electrochemical performance can be attributed to 
the reduced diffusion path for lithium ions originated from 
the porous hollow spherical structure, the well-accommo-
dated volume variation during repeated lithium insertion/
extraction, and the enhanced electronic conductivity re-
sulting from the introduction of 3D CNT network on the 

surface. The outstanding electrochemical performance 
makes the CNT modified LNMO a promising cathode for 
high-energy lithium-ion batteries.
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碳纳米管改性的多面体颗粒自组装中空球状LiNi0.5Mn1.5O4及其高倍率性能
王洛洛, 胡正耀, 赵康宁, 罗艳珠, 魏湫龙, 唐春娟, 胡平, 任文皓, 麦立强

摘要    本文通过调节烧结温度设计构筑了一种纳米多面体颗粒堆积的中空球状LiNi0.5Mn1.5O4材料, 并进一步通过碳纳米管(CNT)的改性来
提高材料的循环性能和高倍率性能. 纳米中空结构不仅减少了锂离子的扩散路径, 也保证了电解液和正极材料的充分接触, 三维网状CNT的
改性提高了材料的电子导电率, 从而明显改善了材料的循环和高倍率性能. 最终得到的LNMO-850/CNT材料在5 C的电流密度下初始容量为
127 mA h g−1, 500次循环后容量保持在104 mA h g−1. 而在20 C的高电流密度下容量仍达到121 mA h g−1, 体现了材料优异的循环和高倍率性能.
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