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ABSTRACT: Olivine-type LiMnPO4 has been extensively
studied as a high-energy density cathode material for lithiumion batteries. To improve both the ionic and electronic
conductivities of LiMnPO4, a series of carbon-decorated
LiMnPO4·Li3V2(PO4)3 nanocomposites are synthesized by a
facile sol−gel method combined with the conventional solidstate method. The optimized composite presents a threedimensional hierarchical structure with active nanoparticles
well-embedded in a conductive carbon matrix. The combination of the nanoscale carbon coating and the microscale carbon
network could provide a more active site for electrochemical
reaction, as well as a highly conductive network for both electron and lithium-ion transportation. When cycled at 20 C, an initial
speciﬁc capacity of 103 mA h g−1 can be obtained and the capacity retention reaches 68% after 3000 cycles, corresponding to a
capacity fading of 0.013% per cycle. The stable capacity and excellent rate capability make this carbon-decorated LiMnPO4·
Li3V2(PO4)3 nanocomposite a promising cathode for lithium-ion batteries.
KEYWORDS: lithium−manganese phosphate, lithium−vanadium phosphate, high rate, long life, lithium-ion diﬀusion

1. INTRODUCTION
As an important member of olivine-type lithium transitionmetal phosphates LiMPO4 (M = Fe, Mn), LiMnPO4 has been
extensively studied as a promising cathode material for lithiumion batteries because of its high energy density, low toxicity,
and relatively low cost.1−4 LiMnPO4 exhibits a higher potential
plateau (4.10 V vs Li/Li+) than LiFePO4 (3.45 V vs Li/Li+),
providing about 20% higher energy density (701 Wh kg−1) than
LiFePO4 (586 Wh kg−1).5,6 Moreover, the voltage range of
LiMnPO4 is compatible with the currently commercialized
organic electrolytes for lithium-ion batteries, which makes it
more easily utilized in practical applications with high energy
density.5,7
However, LiMnPO4 suﬀers from extremely low ionic
(∼10−15 cm2 s−1) and electronic (<10−10 S cm−1) conductivities, Jahn−Teller eﬀect of Mn3+ ion, passivation phenomenon
upon delithiation, metastable nature of MnPO4, and large
volume change caused by interface strain between the
LiMnPO4/MnPO4 phases during charge/discharge processes.8−10 As a result, the pure LiMnPO4 shows low capacity,
high polarization, poor rate performance, and limited cycle
life.11 In order to improve the rate capability of LiMnPO4,
various strategies have been proposed, such as downsizing the
particle size,10,12 cationic doping,5,8,11 and carbon coating.13,14
© 2015 American Chemical Society

Vanadium is a particularly attractive element for constructing
a number of electrochemically active compounds, such as
Li3V2(PO4)3,5,15,16 which can provide a three-dimensional (3D)
pathway for Li+ insertion/extraction, allowing fast transport of
lithium ions.17−19 Qin et al.5 synthesized the (1 − x)LiMnPO4·
xLi3V2(PO4)3/C (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 1) nanocomposites through the solid-state method, and 0.6LiMnPO4·
0.4Li3V2(PO4)3 delivers the highest capacity of 154 mA h g−1 at
0.05 C. Wang et al.15 also prepared a variety of xLiMnPO4·
yLi3V2(PO4)3/C (x:y = 8:1, 4:1, 2:1, and 1:1) nanocomposites
by spray drying combined with the solid-state reaction. They
found that the incorporation of Li3V2(PO4)3 with LiMnPO4
could eﬀectively enhance the electrochemical kinetics of the
LiMnPO4 phase via the structure modiﬁcation and shortened
the lithium diﬀusion length in LiMnPO4. Zhang et al.16
demonstrated a carbon-coated LiMnPO4·Li3V2(PO4)3 composite cathode material with rodlike MnV2O6·4H2O as the
precursor, which shows a good rate capability of 80.4 mA h
g−1 at 10 C. Although the doping structure is carefully
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Figure 1. (A) XRD patterns of the nLiMnPO4·(1 − n)Li3V2(PO4)3 samples with diﬀerent molar ratios. (B) Raman scattering spectrum of LMP·
LVP-3. Rietveld reﬁnement XRD patterns of LMP·LVP-2 (C), LMP·LVP-3 (D), LMP·LVP-4 (E), and LMP·LVP-5 (F).
350 °C for 5 h in a nitrogen atmosphere to get a brown intermediate
product. Finally, the brown powder was sintered at 700 °C for 8 h in a
nitrogen atmosphere to yield the ﬁnal product. The ﬁnal products
were designated as LMP·LVP-1 to LMP·LVP-5 (nLiMnPO4·(1 −
n)Li3V2(PO4)3/C, with n = 1, 0.8, 0.6, 0.4, and 0.2), respectively.
The crystal structures of nLiMnPO4·(1 − n)Li3V2(PO4)3/C
nanocomposites were analyzed by powder X-ray diﬀraction (XRD;
Bruker D8 Advance) with a nonmonochromated Cu Kα X-ray source.
Field-emission scanning electron microscopy (FESEM; JEOL JSM7100F, 10 kV) and high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2100F, 200 kV) were applied to characterize
the morphologies and element distribution of all of the samples. The
property of the carbon layer was analyzed with an INVIA Raman
spectrometer. The speciﬁc surface area and Barrett−Joyner−Halenda
(BJH) pore-size distribution were analyzed using a Micromeritics
Tristar 3020 instrument.
To make the electrodes, 70% active materials were ground with 20%
acetylene black and 10% poly(tetraﬂuoroethylene) to get circular disks
with an average weight of 3 mg. CR2025 coin cells were assembled in a
glovebox ﬁlled with pure argon gas (O2 and H2O content <1 ppm),
using lithium pellets as the anode and a 1 M solution of LiPF6 in
ethylene carbon/dimethyl carbonate as the electrolyte. Before the
charging/discharging process, the cells were aged for 12 h to ensure
full absorption of the electrolyte into the electrodes. The electrode
area was 0.636 cm2 (the disk with a diameter of 9 mm), and the mass
loading was 4.72 mg cm−2 (3 mg in 0.636 cm2). Galvanostatic
charging/discharging tests were performed in the voltage range of
2.5−4.5 V at diﬀerent current densities on a multichannel battery
testing system (LAND CT2001A). The cells were charged under a
constant current and constant voltage mode, which was then
discharged under a constant current mode. The constant current
charging is followed by a potentiostatic holding at 4.5 V until the
current drops to 5% of the original charging current. The cells were
then discharged to 2.5 V. A cyclic voltammetry (CV) test of the cells
was carried out with an electrochemical workstation (CHI 760D). The
electrochemical impedance spectroscopy (EIS) was tested using
another electrochemical workstation (Autolab PGSTAT 302N) at a
cell voltage of 4.4 V in the frequency range of 100 kHz to 0.01 Hz with
the amplitude of 10 mV. All of the tests were performed at room
temperature.

investigated, the electrochemical properties of vanadiummodiﬁed LiMnPO4 at high rates are still unsatisfactory.
Uniform carbon coating on the particle surface is considered
as an economic and feasible technique to enhance the
electronic conductivity.20,21 However, the common carbon
coating could only provide the electrical pathway for an
individual nanoparticle. When the active materials are
embedded in a conductive carbon matrix, the homogeneity of
the particle size and distribution would be greatly improved,
which is critical for the electrochemical performance.22−24 In
consideration of the factors described above, the architecture
combining the nanoscale carbon coating and the microscale
carbon network is beneﬁcial for the electrode material, which
could provide more active site for electrochemical reaction, as
well as a highly conductive network for both electron and
lithium-ion transportation,25 resulting in a higher capacity and
better rate performance.
Here, we develop a facile method to prepare a series of
nLiMnPO4·(1 − n)Li3V2(PO4)3/C nanocomposites as the
cathode materials. When n decreases to 0.6, the cathode
materials with the composition of 0.6LiMnPO 4 ·
0.4Li3V2(PO4)3/C present a hierarchical structure with active
particles well-embedded in a conductive carbon matrix. The
obtained cathode materials achieve an enhanced rate capability
(103 mA h g−1 at 20 C) and superior cycling stability (68%
retention after 3000 cycles at 20 C), indicating their superiority
in practical applications.

2. EXPERIMENTAL DETAILS
The 3D hierarchical nLiMnPO4·(1 − n)Li3V2(PO4)3/C (n = 1, 0.8,
0.6, 0.4, and 0.2) nanocomposites were synthesized by a simple sol−
gel method combined with the conventional solid-state method
(Figure S1). Stoichiometric amounts of vanadium pentoxide (V2O5)
and oxalic acid (H2C2O4) were dissolved in deionized water at 80 °C
for 15 min (molar ratio of V2O5/H2C2O4 = 1:3).20 After the formation
of a transparent blue solution of VOC2O4, manganese acetate
tetrahydrate [(CH3COO)2Mn·4H2O], phosphoric acid (H3PO4),
lithium acetate (CH3COOLi), and glucose (C6H12O6) were added
into the above solution successively. Then, the obtained precursor
solution was dried at 120 °C in an air oven, followed by calcination at
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3. RESULTS AND DISCUSSION
The XRD patterns in Figure 1A show that the prepared LMP·
LVP-1 can be indexed to LiMnPO4 with an orthorhombic
structure [JCPDS 00-033-0804; space group of Pmnb (No.
62)], which is consistent with previous reports.26,27 However,
diﬀraction peaks from the impurity, Mn2P 2O7 with a
monoclinic structure (JCPDS 00-029-0891), can also be
detected, which may result from the initial reaction between
(CH3COO)2Mn·4H2O and H3PO4. While LMP·LVP-2 to
LMP·LVP-5 are the composites of LiMnPO4 (JCPDS 00-0330804) and Li3V2(PO4)3 (JCPDS 00-072-7074) without other
impurities, the relative peak intensities are consistent with the
corresponding ratios of LiMnPO4 to Li3V2(PO4)3. It is worth
noting that there is no graphitic carbon diﬀraction peak in the
XRD patterns. The Raman spectrum of LMP·LVP-3 displays
two characteristic bands of carbonaceous materials located at
1348 cm−1 (D band, disorder-induced phonon mode) and 1594
cm−1 (G band, E2g vibration of graphite) (Figure 1B).28 The
ID/IG value is 0.75, indicating the highly graphitic nature of
carbon with improved electronic conductivity.20 The highly
graphitized carbon could be attributed to the existence of
manganese, as manganese could act as a graphitization catalyst
for preparing graphitic carbon nanostructures at moderate
temperatures (<1000 °C). As a result, the graphitization degree
of the carbons increases greatly even at low temperature.29,30
However, the highly graphitized carbon may be very small in
size without a long-rang order. As a result, it is diﬃcult to detect
any graphite crystallites from XRD.31
The typical Rietveld reﬁnement XRD patterns of LMP·LVP
are shown as Figure 1C−F, and the corresponding reﬁned
results are shown in Table S1. It is clear that the cell volume of
LMP in the LMP·LVP composites gradually reduces with the
increased ratio of LVP. According to the XRD results, LMP and
LVP coexist in the ﬁnal composite, in which V3+ could dope on
the Mn2+ sites during the crystal growth process. The smaller
ionic radius of V3+ (0.74 Å) compared to that of Mn2+ (0.80 Å)
results in the cell volume reduction.5,15,16 As a result, the
electronic conductivity of LMP would be improved with the
doping of V3+, enabling the suﬃcient utilization of LMP in the
composite.32,33
The morphology of LMP·LVP-3 observed with FESEM is
shown in Figure 2A,C, indicating that LMP·LVP-3 possesses a
highly porous structure, in which the primary particles are wellembedded in the carbon matrix. Energy-dispersive X-ray
spectroscopy results of LMP·LVP-3 show that the manganese,
vanadium, phosphorus, and carbon are distributed uniformly in
the ﬁnal product (Figure 2B).
The porous structure of LMP·LVP-3 is further conﬁrmed by
TEM and HRTEM images (Figure 2D−G). It is clearly
observed that LMP·LVP-3 is porous with voids between
nanoparticles. Furthermore, the primary nanoparticles with
sizes around 100 nm are uniformly embedded in the carbon
matrix (Figure 2D). In the HRTEM images, LMP exhibits
higher contrast and the dark LMP particle shows a typical
morphology of olivine, and the surrounding LVP nanoparticles
show lattice spaces of 0.27 and 0.30 nm, corresponding to the
(102) and (022) planes of monoclinic Li3V2(PO4)3, respectively (Figure 2E). LVP can act as the lithium-ion transportation media for LMP, which is beneﬁcial for the utilization
of LMP active material. Another zone shows the clear boundary
between the LMP and LVP nanoparticles, and the lattice
fringes from both components can be seen (Figure 2F). The

Figure 2. (A-C) SEM and element mapping images of LMP·LVP-3.
(D−G) TEM and HRTEM images of LMP·LVP-3. (H and I) TEM
images of the pure carbon network.

left part of the particle displays a clear crystal lattice spacing of
0.53 nm, which matches well with the (020) plane of
orthorhombic LiMnPO4. The square area in Figure 2F is
further enlarged in Figure 2G. And two obvious crystal lattice
spaces of 0.32 and 0.37 nm can be clearly observed, which
match well with the (212) and (130) planes of monoclinic
Li3V2(PO4)3, respectively. In the zone between the two white
dashed lines, the two phases probably coexist.
In order to explore the characteristics of the carbon matrix,
the pure carbon network was obtained via etching LMP·LVP-3
in a hydroﬂuoric acid solution (Figure 2H,I). The resultant
carbon matrix exhibits a 3D continuous carbon network,
indicating that the carbon is not only coating the surface of the
primary particles but also connecting the particles together to
form a continuous electron-transport network. After etching oﬀ
the active materials, some cavities can be observed in the
carbon network (marked by dashed lines in Figure 2I),
indicating that the active materials are well-wrapped by the
carbon matrix.
The LMP/LVP ratio has a great inﬂuence on the
morphology of the ﬁnal products. For LMP·LVP-1, the primary
particles are generally larger than 1 μm and irregular in shape.
The micron-sized irregular particles stack with each other into
larger secondary particles without obvious pores (Figure S2A).
This could be attributed to the direct reaction between
(CH3COO)2Mn·4H2O and H3PO4. Actually, white precipitates
(H10Mn5O20P4; JCPDS 00-078-1648) appear immediately after
the addition of H3PO4 into a (CH3COO)2Mn·4H2O solution
(Figure S3A−C). For LMP·LVP-2 with 20% LVP, a blue
solution with yellow precipitates are obtained before drying.
The morphology of the yellow precipitates is uniform, and the
particle size is around 200−500 nm (Figure S3D,E). Diﬀerent
from the white precipitates, the yellow precipitates are
amorphous without any XRD peaks (Figure S3F). For both
LMP·LVP-1 and LMP·LVP-2, the carbon simply coats the
surface of the primary particles, which cannot prevent the
particles from agglomeration. For LMP·LVP-3, LMP·LVP-4,
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Figure 3. (A−C) Schematic illustrations of the hierarchical carbon-decorated LMP·LVP-3 and pure porous carbon network with pathways for both
electrons and lithium ions. (D and E) Nitrogen adsorption−desorption isotherms of LMP·LVP-3 and a pure porous carbon network after etching oﬀ
the LMP·LVP-3 particles, respectively. The insets show the corresponding BJH pore-size distribution curves.

Figure 4. Electrochemical properties of LMP·LVP-3. (A) CV curves at a sweep rate of 0.1 mV s−1 in the potential range from 2.5 to 4.5 V vs Li/Li+.
(B) Second charge/discharge curves of LMP·LVP-3 at the current densities of 0.5, 1, 2, 5, 10, and 20 C. (C) Rate performance of LMP·LVP-3 at
various rates from 0.5 to 20 C. (D) Detailed cycling performance of LMP·LVP-3 at diﬀerent rates. (E) Comparison of the electrochemical
performances between this work and previous reports on vanadium-doped LiMnPO4. (F) Typical Nyquist plots of LMP·LVP-3 after diﬀerent cycles.

and LMP·LVP-5, a transparent solution without any precipitates is always obtained, indicating the uniform dispersion of
the reactive ions in the solution. Moreover, these three samples
have similar porous morphologies with carbon bridging the
neighboring particles (Figures 2A and S2C,D). Also, according
to the elemental analysis results, the amounts of carbon in
LMP·LVP-1 to LMP·LVP-5 are about 7.8%, 7.2%, 5.0%, 4.7%,
and 4.2%, respectively. The result is consistent with the
composition because glucose can act as the reducing agent to
reduce VOC2O4 in the synthesis process. However, the value of
LMP·LVP-3 is still a little higher than those of other reports on
LiMnPO4, which could be attributed to the coexistence of the
protective carbon coating and hierarchical carbon bridges
between the primary particles.16,20

Parts A−C of Figure 3 display the schematic of the 3D LMP·
LVP/C nanocomposite, in which the active nanoparticles are
well-imbedded in a conductive carbon network (Figure 3A).
The architecture of this hierarchical carbon-decorated (carbon
network and surface carbon coating) LMP·LVP could
simultaneously provide the rapid ion transport enabled by an
electrolyte-ﬁlled porous network and continuous electron
conduction enabled by hierarchical carbon (Figure 3B,C).34
Nitrogen sorption is also conducted to gain information on the
porous properties of the samples (Figures 3D and S4), and the
Brunauer−Emmett−Teller (BET) surface areas and total pore
volumes of the samples are listed in Table S2. Generally, the
BET surface area increases with increasing LVP percentage.
Because no pores can be observed in the SEM images, the
17530
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Figure 5. (A) Comparison of the capacity retentions at diﬀerent rates. (B) Proposed model for the phase transitions of LMP·LVP-3 at high and low
rates.

(1 C = 170 mA g−1). The locations of the plateaus are
consistent with the CV results. With increased charge/
discharge current density, the plateaus become shorter and
less distinct, and the polarization would become more serious.
However, the plateaus of LMP·LVP-3 are still apparent even
under the high current rate of 20 C, which is attributed to the
porous structure and high conductivity of the hierarchical
carbon-decorated cathode material.
The rate performance of LMP·LVP-3 is shown in Figure 4C.
It is clear that LMP·LVP-3 exhibits a reasonably good cycling
response at various current rates. When cycled at 0.5, 1, 2, 5,
and 10 C, it delivers capacities of 155, 122, 120, 115, and 111
mA h g−1, respectively. Remarkably, even after 50 cycles, the
electrode still obtains a capacity of 108 mA h g−1 at a current
density of 20 C. After the high rate measurement, LMP·LVP-3
is able to supply a high capacity of 134 mA h g−1 when the
current is reduced to 1 C again. This value is even higher than
that delivered before the high rate test at 1 C. The rate
performance highly manifests the excellent structural stability
and the resulting high reversibility of LMP·LVP-3, which
should be attributed to the rationally designed 3D bicontinuous
nanostructure. The detailed cycling performance of LMP·LVP3 at diﬀerent rates is displayed in Figure 4D. It delivers high
initial capacities of 153, 139, 134, 121, and 116 mA h g−1 under
current densities of 0.1, 1, 2, 5, and 10 C, respectively. To the
best of our knowledge, the electrochemical performance of this
3D hierarchical LMP·LVP-3 cathode material is superior to the
vanadium-doped LiMnPO4 electrode materials reported
recently (Figure 4E).5,15,16,33,38
The EIS results of LMP·LVP-3 during cycling were collected
in the frequency range 100 kHz to 0.01 Hz at a voltage of 4.4 V
(Figure 4F). All of the Nyquist plots are composed of a small
intercept in the highest frequency and two depressed
semicircles at high and middle frequencies, combined with a
slanted line in the low frequency region. The arc centered at
high frequency can be attributed to the resistance caused by the
formation of a solid-electrolyte interphase (SEI) layer (Rf) and
the double-layer capacitance caused by the conductive substrate
and electrolyte (CPEf), while the latter arc indicates the chargetransfer resistance (Rct) combined with the double-layer
capacitance (CPEct) between the active material and electrolyte.
The slanted line corresponds to the ion diﬀusion (ZW) in the
active material.39 After 10 cycles of galvanostaic charge/
discharge, Rct increases dramatically from 138 to 331 Ω,
which is associated with the formation of a thick SEI, the slight
dissolution of the active material, and side reactions.40 As a
result, the capacity decrease during cycling is obvious in the
initial 10 cycles. However, after 50 cycles, the EIS plots show a
decreased Rct (113 Ω) as the SEI gradually becomes thin,
uniform, and stable, which is beneﬁcial for lithium-ion
transport. This speculation is conﬁrmed by the EIS plot after

surface areas of LMP·LVP-1 and LMP·LVP-2 should be
contributed from the surface carbon coating. Among the ﬁve
samples, LMP·LVP-3 possesses a surface area of 68.3 m2 g−1
and the highest pore volume of 0.331 cm3 g−1, which may
facilitate electrolyte penetration and thus improve the ionic
diﬀusion rate. After the HF etching, a high surface area of 522
m2 g−1 is obtained for this 3D carbon network using nitrogen
sorption (Figure 3E). LMP·LVP-4 and LMP·LVP-5 show a
porous structure similar to that of LMP·LVP-3 with even higher
surface area. The cycling performances of LMP·LVP with
diﬀerent compositions are shown in Figure S5. LMP·LVP-3 to
LMP·LVP-5 show similar electrochemical performances, which
are much better than those of LMP·LVP-1 and LMP·LVP-2.
The better performance of vanadium-rich samples (LMP·LVP3 to LMP·LVP-5) can be attributed to the higher ionic
conductivity of Li3V2(PO4)3 (10−9−10−10 cm2 s−1) than that of
LiMnPO4 (∼10−15 cm2 s−1). Considering the lower cost and
toxicity of manganese compared to vanadium, LMP·LVP-3 is
considered as the optimized composite for lithium-ion battery
application and is mainly investigated in this work.
Figure 4A shows the ﬁrst cycle CV curve of LMP·LVP-3 at a
scan rate of 0.1 mV s−1 between 2.5 and 4.5 V vs Li/Li+. During
the charge process, four well-deﬁned oxidation peaks are
observed at 3.61, 3.69, 4.12, and 4.30 V (vs Li/Li+),
respectively. The peaks at 3.61 and 3.69 V are associated
with the phase transitions of Li3V2(PO4)3 to Li2.5V3(PO4)3 (eq
1) and Li2.5V3(PO4)3 to Li2V3(PO4)3 (eq 2), respectively. The
peak located at 4.12 V is related to delithiation of the second
lithium ion to form LiV2(PO4)3 (eq 3).35,36 The reduction
peaks at 3.55, 3.62, and 4.00 V in the subsequent discharge
process are ascribed to the reversible insertion of extracted
lithium ions in Li3V2(PO4)3. The redox peaks at 3.92 and 4.30
V are associated with the reduction and oxidation of the Mn2+/
Mn3+ redox couple (eq 4), respectively.5,37 It is worth noting
that the redox peaks for Li3V2(PO4)3 are very strong and sharp,
while the redox peaks for LiMnPO4 are very weak and broad.
This phenomenon could be attributed to the much higher ionic
conductivity of Li3V2(PO4)3 (10−9−10−10 cm2 s−1) than that of
LiMnPO4 (∼10−15 cm2 s−1) because a higher redox peak
current corresponds to faster kinetics for lithium-ion insertion/
extraction.3
Li3V2(PO4 )3 − 0.5Li+ − 0.5e− ↔ Li 2.5V2(PO4 )3

(1)

Li 2.5V2(PO4 )3 − 0.5Li+ − 0.5e− ↔ Li 2V2(PO4 )3

(2)

Li 2V2(PO4 )3 − 1.0Li+ − 1.0e− ↔ LiV2(PO4 )3

(3)

LiMnPO4 − 1.0Li+ − 1.0e− ↔ MnPO4

(4)

Figure 4B exhibits the second charge/discharge curves of
LMP·LVP-3 at the current densities of 0.5, 1, 2, 5, 10, and 20 C
17531
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Figure 6. Electrochemical properties of LMP·LVP-3 at a high rate of 20 C for 3000 cycles.

Figure 6 displays the long-life performance of the LMP·LVP3 cathode at a current density of 20 C. On the basis of the
above discussions, the battery was activated at 0.5 C for 10
cycles for a better electrochemical performance. When
discharged at 20 C, the battery displays a relatively high
capacity of 103 mA h g−1. The speciﬁc capacity decreased to 70
mA h g−1 after 3000 cycles, corresponding to a capacity
retention of 68% and a capacity fading of 0.013% per cycle. The
excellent electrochemical performance indicates that LMP·
LVP-3 is a promising candidate as a high-rate and long-life
cathode material for lithium-ion batteries.

100 cycles, which shows a feature similar to that of the
electrode after 50 cycles, indicating the good electrode stability
during the cycling process.
The capacity retentions at the 10th, 50th, and 100th cycles
under diﬀerent current densities are compared and show an
interesting phenomenon. No matter what the current is, the
capacity retention increases gradually along with the increasing
current density (speciﬁc data are recorded in Table S3).
However, the retentions during the rate performance test do
not follow the above trend. More importantly, the retentions
during the rate performance test are much higher than those in
the cycling performance tests (Figure 5A). Because the lithiumion diﬀusion rate in Li3V2(PO4)3 is relatively higher than that in
LiMnPO4, the capacity decay is mainly attributed to the
destruction of LiMnPO4. The crystal structures and electrochemical reactions of LiMnPO4 and LiFePO4 are similar, which
indicates that the investigations on LiFePO4 would provide
guidance to LiMnPO4. It is reported that the (dis)charge rates
would have a great impact on the phase transition mechanism
in the olivine system.41−43 A phase transformation is induced as
a result of the lithium compositional changes within an
electrode at low rates, while a nonequilibrium solid solution can
be formed during the electrochemical reaction to bypass the
nucleation step at high rates.41 Thus, it is hypothesized that the
phase transition in LiMnPO4 at low rates is processed via a
distinct moving phase boundary between LiMnPO4 and
MnPO4 with major structural rearrangement. In contrast,
LiMnPO4 would transform via a moving nonequilibrium single
solid−solution phase with a continuous change in the
composition rather than a signiﬁcant structural change at high
rates. As a consequence, the capacity retention would increase
with an increase of the current density. Meanwhile, the primary
capacity decay takes place within the initial 10 cycles, which is
mainly due to structural degradation and unstable SEI
formation upon cycling. The high mechanical stress induced
by repetitive volume expansion/contraction of LiMnPO4 at low
rates would exfoliate and reform a thick SEI. When high-rate
lithiation is applied, the formation of nonequilibrium solid
solution phase could eﬀectively reduce the volume expansion
and mitigate stress impaction, which means that a thin and
stable SEI can be formed without fracture (Figure 5B).44 It is
speculated that if the active material is ﬁrst activated at low rates
to take full advantage of materials and then a high rate is
applied to induce the thin and stable SEI layer, and improved
Coulombic eﬃciency, exceptional rate capability, and extended
lifetime would be realized.

4. CONCLUSION
In summary, a 3D hierarchical carbon-decorated LMP·LVP
nanocomposite was designed with the active nanoparticles wellimbedded in a conductive carbon network. A high surface area
of 68.3 m2 g−1 and a high pore volume of 0.331 cm3 g−1 can be
obtained, providing eﬃcient pores for the penetration of
lithium ions. When cycled at 20 C, a high speciﬁc capacity of
103 mA h g−1 can be obtained. Even after 3000 cycles, the
capacity retention is still up to 68%, corresponding to a capacity
fading of 0.013% per cycle. This outstanding high-rate
performance and excellent cyclic stability may be attributed
to the uniquely designed architecture. Our work indicates that
this hierarchical carbon-decorated LMP·LVP is one of the most
attractive cathodes for practical applications. In view of the
facility during synthesis, the synthetic strategy could also be
extended to other cathode and anode materials.
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