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and Yan-Feng Chenb

In this study, a facile yet efficient interfacial hydrothermal process was successfully developed to fabricate

LiMnPO4/C composites. In this strategy, the walls of carbon nanotubes were employed as heterogeneous

nucleation interfaces and biomass of phytic acid (PA) as an eco-friendly phosphorus source. By comparing

the experimental results, a reasonable nucleation-growth mechanism was proposed, suggesting the

advantages of interfacial effects. Meanwhile, the as-synthesized LiMnPO4/C samples exhibited superior rate

performances with discharge capacities reaching 161 mA h g�1 at C/20, 134 mA h g�1 at 1C, and

100 mA h g�1 at 5C. The composites also displayed excellent cycling stabilities by maintaining 95% of the

initial capacity over 100 continuous cycles at 1C. Electrochemical impedance spectroscopy showed that the

superior electrochemical performances were attributed to the low charge-transfer resistance and elevated

diffusion coefficient of lithium ions. In sum, the proposed approach for the preparation of LiMnPO4/C

composites looks promising for future production of composite electrode materials for high-performance

lithium-ion batteries.
1. Introduction

Over the past few decades, rechargeable lithium-ion batteries
(LIBs) have widely been used as eco-friendly power sources in
portable electronics and large applications, such as electric
vehicles and energy storage devices, thanks to their high energy
density, long cycle life and good safety.1,2 The current depleting
energy resources and the pollution crisis have encouraged the
development of clean power sources based on LIBs. One way to
achieve this is through the synthesis of high performance
materials3,4 as the core component of LIBs, in which cathode
materials could directly affect the electrochemical performance
and desirable eco-friendliness of the batteries. In recent years,
tremendous efforts have been devoted to the development of
LIBs materials, such as LiMPO4 (M ¼ Mn, Fe) and LiMPO4 to
replace cobalt oxide (LiCoO2) cathode materials used in
commercial LIBs with relatively high toxicity, poor thermal
stability, and high cost.1,2,5–7 So far, LiMnPO4 is the most
promising cathode material for high energy systems8,9 but still
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suffers from high-current discharge, limiting its extensive
applications.10

Therefore, numerous modication strategies have been
utilized to enhance its electrochemical performances, including
improvement of particle dispersion and grain renement by
various synthetic techniques,6,11,12 use of ion doping and solid
solution,9,13,14 and coating with electronically conducting
agents.15–17 Among these, the hydrothermal strategy is widely
adopted for homogeneous synthesis due to its mild operating
conditions, non-toxicity, and environmental protection.10

However, LiMnPO4 primary grains are keen on rearranging and
stacking along certain directions, leading to the assembly of
secondary structures in hydrothermal systems.18–22 The building
blocks would inhibit enhanced kinetics and high specic
capacity. Therefore, well-dispersed primary particles are
urgently expected in the synthesis process.

The rearrangement habits of LiMnPO4 grains are determined
by its preferential growth direction. The preferential growth
depends on the polarity and energy of the crystal plane.23 In the
crystal lattice of LiMnPO4, the polarity of crystal plane is closely
related to the areal density of atoms.24 Besides, the interface
energy of (100), (010) and (001) planes in LiMnPO4 are differently
inuenced by the presence of additives and the heterogeneous
nucleation interfaces are different.25 Therefore, the addition of
additives and the use of heterogeneous nucleation systems could
inevitably inuence the structure and morphology of LiMnPO4.
Wang Y. et al.26 reported a solvothermal synthesis of LiMnPO4/C
composites using hexade-cyltrimethylammonium bromide
RSC Adv., 2020, 10, 39981–39987 | 39981
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(CTAB) as a surfactant. The authors determined that the
morphology is mainly dependant on the amount of CTAB. M. K.
Devaraju et al.10 introduced the effects of additives and surfactants
on crystal size and morphology of LiMnPO4 nanocrystals in the
presence of ascorbic acid. The decrease in particle size to less than
100 nm could be more effective in electrochemical reactions
because nanoparticles provide short lengths for lithium ion
diffusion during the charge/discharge process. Jing S. et al.27 re-
ported a solvothermal synthesis of LiMnPO4 employing poly(vinyl
pyrrolidone) (PVP) as the additive. The as-synthesized LiMnPO4

microstructures exhibit unique, well-shaped and favorable struc-
tures, which are self-assembled from microplates or microrods.
The b axis is the preferred crystal growth orientation of the
products, resulting in a shorter lithium ion diffusion path.

A facile hydrothermal strategy to synthesis well dispersed
LiMnPO4 particles was developed by using phytic acid (PA) as
phosphorus source. Ethanol, polyethylene glycol and carbon
nanotubes were introduced into the ethanol or water to form
heterogeneous nucleation system. The heterogeneous nucle-
ation reaction system is highly desired to decrease particle size
and increase dispersion of primary particles. The well dispersed
LiMnPO4 particles will reduce the Li+ migration length and
improve the kinetics of LiMnPO4. As-obtained LiMnPO4/C
composites do show a high reversible specic capacity of
158 mA h g�1 at 0.1C, as well as the superior high-rate capability
and excellent cycling stability.
2. Experimental
2.1 Synthesis of LiMnPO4 via homogeneous nucleation

In a typical synthesis, 2 mmol PA (Aladdin Chemistry Co., Ltd.,
50%) and 36 mmol LiOH$H2O (Alfa Aesar, 98%) were succes-
sively dissolved in distilled water under stirring vigorously for
30 min to obtain a brownish yellow transparent solution.
Aerward, 12 mmol MnSO4$7H2O (Sigma-Aldrich, 98%)
aqueous solution was added to the above obtained brownish
yellow solution under magnetic stirring and high-purity
nitrogen continuous stream at room temperature for 30 min.
Then the mixture was quickly transferred into a 100 mL Teon-
lined stainless-steel autoclave, heated at 180 �C for 6 h, and then
naturally cooled to ambient temperature. The as-obtained
precipitates were collected by centrifugation and followed by
washing several times with distilled water and ethanol, and
nally drying in an oven at 60 �C under air atmosphere for 10 h.
To determine the appropriate calcination temperatures, the as-
prepared precursors were characterized by thermogravimetry
and differential scanning calorimetry (TG-DSC, STA449F1,
NETZSCH, Germany). The as-prepared precursors were nally
transferred to a tube furnace and calcined under a mixed
atmosphere of Ar (90%) and H2 (10%). The resulting products
were denoted as PA–LMP.
2.2 Synthesis of LiMnPO4/C composites via heterogeneous
nucleation

First, 300 mg carbon nanotubes (Shenzhen Nanotech Port Co.
Ltd, L-MWNT-10-20, outer diameter is about 10–20 nm, length >
39982 | RSC Adv., 2020, 10, 39981–39987
5 mm, purity > 75%) were dispersed in 150 mL distilled water to
yield a uniform suspension. Next, 36 mmol MnSO4$7H2O were
added to the suspension under magnetic stirring to form
a heterogeneous nucleation system, which then was divided
into three equal volumes for subsequent experiments. Mean-
while, three parts of 2 mmol PA and three portions of 36 mmol
LiOH$H2O were separately dissolved into 30 mL distilled water,
30 mL ethanol/water and 30 mL PEG600/water to obtain three
mixed solutions. Finally, three mixed solutions were severally
dripped into the three heterogeneous nucleation systems with
magnetic stirring to yield three different mixtures, which then
were quickly transferred into a 100 mL Teon-lined stainless-
steel autoclave followed by reactions, washing, collection,
drying and calcination as PA–LMP. The resulting products from
water solvent suspension system were denoted as PA–LMP/C,
those from ethanol/water solvent suspension system were
named as ethanol–PA–LMP/C, and products issued from
PEG600/water solvent suspension system were called PEG–PA–
LMP/C.

2.3 Cells assembly and electrochemical measurement

The fabrication of cathodes and assembly process of CR2032-
type coin cells are provided in the ESI (Section I†). The elec-
trochemical performances of LiMnPO4/C composites were
evaluated by galvanostatic cycling using CR2032-type coin cells.
The charge/discharge performances were collected on battery
and cell equipment (Maccor S4000, USA) at different current
densities in the voltage range of 2.5–4.5 V vs. Li+/Li. Electro-
chemical impedance spectroscopy (EIS) was carried out on the
electrochemical work station (AUTOLAB PGSTAT30, Metrohm
Ltd, Switzerland) over the frequency range of 100 kHz to 0.01 Hz
and alternating voltage of 5 mV. All electrochemical measure-
ments were performed in CR2032-type coin cells at room
temperature.

3. Results and discussion
3.1 TG-DSC analysis

The TG-DSC curves of the precursor are presented in Fig. S1.†
The TG curve consisted of three stages with the rst two stages
showing two obvious weight losses attributed to the dehydra-
tion and decomposition of the organic components. In the third
stage, an endothermic peak appeared at 550 �C and mainly due
to the formation of crystalline phase.28 Almost no weight loss
and no thermal effect were observed above 600 �C, indicating
the absence of thermal decomposition. Therefore, a calcination
temperature of 600 �C was selected and used as optimal value
for the preparation of LiMnPO4 materials.

3.2 Products prepared via homogeneous nucleation

3.2.1 Structure and morphology. The FT-IR absorption
spectra of the precursor and the calcined product are gathered
in Fig. S2, and detailed analyses are provided in the ESI.† The
absorption spectra of the precursor and calcined product both
showed the presence of PO4 group. No considerable shi in the
absorption band was observed, indicating the incorporation of
This journal is © The Royal Society of Chemistry 2020



Fig. 2 SEM and TEM images of the as-synthesized products by
homogeneous nucleation. (a–c) SEM and TEM images of precursor,
(d–f) SEM and TEM images of PA–LMP.
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manganese ions in PA to successfully form a stable olivine-type
structure due to the high negative charges on the surface.29,30

The XRD patterns of products prepared by homogeneous
nucleation are presented in Fig. 1. The precursor (Fig. 1a) and
calcined product PA–LMP (Fig. 1b) both conrmed the presence
of single-phase LiMnPO4 with olivine structure indexed to
orthorhombic (JCPDS 74-0375). Moreover, the relative intensi-
ties of the characteristic peaks of PA–LMP looked overall higher
and more easily indexed than those of precursor. The partial
enlargement of two patterns shows the characteristic peaks
appeared at16.9� and 29.2� corresponding to (020) and (200)
crystal planes. The peak width (FWHM) and the peak intensity
of PA–LMP are higher than those of the precursor. Thus, the
crystallinities of the products improved by the calcination
process.

The SEM and TEM images of products prepared from
homogeneous nucleation are shown in Fig. 2. The precursor
was mainly composed of boat-shaped micro-ellipsoid with
major diameters ranging from 3 to 5 mm (Fig. 2a and b). An
HRTEM image of a single LiMnPO4 micro-ellipsoid is provided
in Fig. 2c. The building blocks were assembled by many nano-
particles side by side in an ordered mode. The fringe spacing
value was estimated to about 0.523 nm, consistent with the
(020) crystal plane of orthorhombic phase LiMnPO4 with a Pnma
space group. Most PA–LMP particles retained their original
morphologies, even though scattering of a few primary grains
occurred (Fig. 2d). The scattering phenomenon was related to
carbonized products. In other words, organic components
among the granules can be carbonized during the calcination
process, leading to loosing or even separating of tiny blocks. As
shown in Fig. 2e and f, the surface of each particle was coated
with an unevenly distributed carbon layer. The existence of trace
carbon in PA–LMP sample could be attributed to the carbon
rings in PA molecules. The amount of carbon in PA–LMP
sample determined by elemental analysis was about 1.7 wt%.

3.2.2 Charge/discharge proles. The initial charge–
discharge proles of two cells assembled with the precursor and
PA–LMP as cathode materials are exhibited in Fig. 3. The
charge/discharge proles of PA–LMP showed an obvious
Fig. 1 XRD patterns of the products synthesized via homogeneous
nucleation along with partial enlargement of XRD patterns (inset). XRD
pattern of the precursor (a), XRD pattern of the calcined product PA–
LMP (b).

This journal is © The Royal Society of Chemistry 2020
plateau accompanying a tolerable polarization of 210 mV and
smaller specic energy loss, consistent with the high coulombic
efficiency shown in section I. The rst charge/discharge capacity
are 152 and 126mA h�1 respectively, and the coulomb efficiency
is about 83%. By comparison, the cell assembled with the
precursor delivered a high-intensive polarization and a poor
coulombic efficiency veried in section II. The rst charge/
discharge capacity are 133 and 77 mA h�1 respectively, and
the coulomb efficiency is about 58%. Also, PA–LMP sample
presented a much higher initial discharge specic capacity than
the precursor, suggesting the advantages of PA–LMP over the
precursor in terms of electrochemical performance.
Fig. 3 Initial charge/discharge voltage profiles of two cells assembled
with precursor and PA–LMP as cathodematerials. Conditions: charged
at a constant current rate of 0.05 C–4.5 V, holding at 4.5 V until 0.01 C,
and then discharged at a constant current rate of 0.05 C–2.5 V.

RSC Adv., 2020, 10, 39981–39987 | 39983



Fig. 5 SEM and TEM images of the products synthesized from
heterogeneous nucleation systems. (a and d) PA–LMP/C, (b and e)
ethanol–PA–LMP/C, (c and f) PEG–PA–LMP/C.
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3.3 LiMnPO4/C composites synthesized by three
heterogeneous nucleation systems

3.3.1 Crystal phases. Comparison between the three
heterogeneous nucleation systems were carried out carefully to
clarify the best LiMnPO4/C composite consisting of dispersed
primary particles and carbon conductive agent. The samples
prepared from three suspension solutions were analysed by
XRD and the data are displayed in Fig. 4. The presence of three
patterns conrmed the presence of single-phase LiMnPO4 with
olivine structure indexed to orthorhombic (JCPDS 74-0375). The
relative intensities of characteristic peaks of PA–LMP/C looked
superior to those of ethanol–PA–LMP/C and PEG–PA–LMP/C.
Thus, crystal grains synthesized from the organic solutions
were rened and crystallinities decreased. Note that PA–LMP/C,
ethanol–PA–LMP/C, and PEG–PA–LMP/C were all prepared
using the same dosage (5 wt%) of MWNTs since their contents
would inuence the electrochemical performances. The carbon
contents in PA–LMP/C, ethanol–PA–LMP/C and PEG–PA–LMP/C
determined by elemental analysis were about 5.9 wt%, 6.3 wt%
and 7.2 wt%, respectively. The carbon content in each sample
increased at varying degrees, indicating the contribution of
carbon content from organic solvents in addition toMWNTs.

3.3.2 Microstructure. SEM and TEM images of products
obtained from three heterogeneous nucleation systems are
illustrated in Fig. 5. PA–LMP/C sample exhibited primary
particles, secondary particles, and microsphere (Fig. 5a and d).
The primary particles and MWNTs were mainly distributed at
intervals in local ranges, while no carbon nanotubes were
observed in certain areas where primary particles self-
assembled into secondary particles. In Fig. 5b and e, ethanol–
PA–LMP/C particles appeared relatively uniform and well-
dispersed. Nanosized particles were separately distributed in
continuous array of MWNTs. PEG–PA–LMP/C sample showed
severe aggregations (Fig. 5c and f). Therefore, the microstruc-
tures of LiMnPO4/C composites were signicantly affected by
the heterogeneous nucleation system. In the aqueous solvent
suspension system, active atoms easily migrated to the surface
Fig. 4 XRD patterns of the products synthesized from heterogeneous
nucleation systems. (a) PA–LMP/C (from water solvent suspension
system), (b) ethanol–PA–LMP/C (from ethanol/water solvent
suspension system), (c) PEG–PA–LMP/C (from PEG 600/water solvent
suspension system).

39984 | RSC Adv., 2020, 10, 39981–39987
of the nucleus and grown preferentially into secondary struc-
tures owing to the relatively low viscous resistance solution. By
contrast, the activation energy and migration energy of surface
atoms increased in the organic solvent suspension system,
thereby reducing the size of the nucleus and increasing
agglomeration.

A possible growth mechanism of ethanol–PA–LMP/C
composites was proposed based the structural analysis and
the results are schematically illustrated in Fig. 6.

First, PA was fully dissolved in an ethanol–water mixed
solvent, and MWNTs were uniformly dispersed in an aqueous
solution containing Mn2+ ions (Fig. 6, step a). During the initial
Fig. 6 Schematic illustration for the ethanol/water solvent hetero-
geneous nucleation process of LiMnPO4/C composites.

This journal is © The Royal Society of Chemistry 2020



Fig. 7 Charge and discharge profiles of PA–LMP/C (a), ethanol–PA–
LMP/C (b), PEG–PA–LMP/C (c) and cycling performances of three
LiMnPO4/C composites (d).
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step of the hydrothermal process in the heterogeneous system,
numerous tiny nuclei were generated and dispersed in solution
or adhering to the walls of MWNTs. Thus PA formed homoge-
neous hydrogen-containing lithium salt, as well as PA cross-
linked complexes with Mn2+ owing to the chelating (Fig. 6,
step b).29 In following hydrothermal reaction, the atoms
diffused from the solution to the nucleus surface, along with the
reverse diffusion from the nucleus to solution. A great number
of crystal nuclei were generated on the surface of MWNTs
thanks to the relative diffusivity and heterogeneous nucleation
caused by interfacial effect. On the other hand, the diffusion
activation energy of MWNTs–nucleus interface is higher than
that of liquid–nucleus interface. Hence, the surface atoms of
MWNTs–nucleus interface could not easily overcome the acti-
vation barrier, thereby remained bound to the lattice. In the
subsequent process, the crystal nucleus continued to grow up
(Fig. 6, step c). By contrast, nucleus in the solution tend to
dissolution and aggregate due to thermal undulation.29,31 This
led to the assembly of small primary particles with different
sizes into secondary microspheres, consistent with the Ostwald
ripening theory.32

3.3.3 Electrochemical performances. To evaluate the
effects of structure on the electrochemical performances, the
electrodes in the three cells were charged and discharged at C/
20 in the rst cycle, then charged at C/10 in the following
charging steps while discharged at gradually increasing rates.
As shown in Fig. 7a–c, the galvanostatic charge/discharge
voltage proles showed unanimous results. The charge/
discharge curves delivered obvious plateaus around 4.1 V and
considerable discharge capacities at lower currents. The polar-
ization between the charge/discharge curves obviously deterio-
rated with the increase in current density, leading to sharply
declined discharge specic capacities.33 By contrast, ethanol–
PA–LMP/C exhibited less polarization and superior discharge
capacity, with discharge plateau still retained at 3.2 V and the
discharge capacity up to 60 mA h g�1 at 10C rate. The inferior
discharge curves at higher rates were linked to polarization of
the cell induced by its internal resistance.28,34 An appreciable
plateau was maintained at around 4.0 V until C/5, reecting the
low internal resistance of ethanol–PA–LMP/C material. The
internal resistance of the cells will further be discussed in the
later EIS data. The rate capacity of ethanol–PA–LMP/C looked
better than two other compounds. Although PA–LMP/C deliv-
ered a considerable specic capacity of 150 mA h g�1 at C/10,
almost no electrochemical activity was obtained at 2C,
implying sluggish lithium ion transfer in aggregated PA–LMP/C
particles. PEG-PA–LMP/C delivered a discharge capacity below
80 mA h g �1 at 2C, lagged far behind ethanol–PA–LMP/C
material at high current densities. In Fig. 7d, the cycling
performance curves revealed comparable capacity retentions of
the three materials at C/10 rate. As discharge current density
increased to 1C, the capacity retention rate of PA–LMP/C and
PEG–PA–LMP/C signicantly reduced, meaning severe deterio-
ration of the cycling stability. Ethanol–PA–LMP/C maintains
97% of initial capacity aer 80 cycles at a C/10 and 95% aer 100
cycles at 1C. Thus ethanol–PA–LMP/C cathode materials
exhibited high specic capacity, superior high-rate capability,
This journal is © The Royal Society of Chemistry 2020
and excellent cycling stability. The superior rate capability of
ethanol–PA–LMP/C was mainly attributed to the improved
electrical conductivity beneting from the facile diffusion of
RSC Adv., 2020, 10, 39981–39987 | 39985
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lithium ions and fast transport of electrons. The structure of
ethanol–PA–LMP/C composites consisted of well-dispersed
nanoparticle and continuous conductive carbon. The nano-
particles provide shorter diffusion distance for lithium ions,
thereby reducing the time required for lithium ions to embed in
LiMnPO4 lattices. Furthermore, continuous conductive carbon
would offer three-dimensional networks and barrier-free paths
to electronics, which could effectively accelerate the transport of
electrons and enhance the electrical conductivity.2,17 By
contrast, the cycling stability of PA–LMP/C and PEG–PA–LMP/C
were clearly inferior to that of ethanol–PA–LMP/C. PEG–PA–
LMP/C showed severe capacity fading, especially during cycling
at 1C rate. The capacity fading may be caused by a continual
side reaction.35,36 The Jahn–Teller distortion of trivalent
manganese ions could cause the distortion of electron clouds
and volume effects of LiMnPO4 particles. ethanol–PA–LMP/C
particles could generally maintain their original structure,
owing to the primary structures and high crystalline states.
However, PEG–PA–LMP/C particles might crack due to their
hierarchical structures and aggregate states, creating new active
surface area of LiMnPO4 for the electrolyte inltration. The Li
salt could be possibly consumed by side-reactions occurring at
the electrolyte/electrode interface, resulting in slight loss of
active material and capacity fading. Furthermore, the rate
Fig. 8 (a) Impedance spectra of PA–LMP/C, ethanol–PA–LMP/C and
PEG–PA–LMP/C after the rate test, and the corresponding equivalent
circuit. (b) The plots of the real resistance as a function of the inverse
square root of the angular frequency.

39986 | RSC Adv., 2020, 10, 39981–39987
capability could decrease because of increased bulk resistance
stemmed from the decline in Li salt concentration.

To gain a better understanding of the electrochemical
behaviors and kinetics of the three LiMnPO4/C composites,
electrochemical impedance spectroscopy (EIS) measurements
were performed and the data are shown in Fig. 8. The Nyquist
plots and corresponding equivalent circuits in Fig. 8a revealed
each impedance spectrum composed of one semicircle
component in the high-to-medium frequency range and sloping
line component at low frequencies. The high frequency part of
the semicircle was related to the formation of EIS lms on the
electrode surface. The medium frequency part corresponds to
charge transfer process. The sloping line in the low-frequency
range was associated with the Warburg impedance.37,38 The
simulation results estimated the charge-transfer resistance (Rct)
values of PA–LMP/C, ethanol–PA–LMP/C and PEG–PA–LMP/C to
274.6, 107.3 and 196.8 U, respectively. The EIS of ethanol–PA–
LMP/C electrode exhibited a small semicircular domain, indi-
catingfast charge-transfer process. The charge transfer kinetics
were consistent with the superior rate performance and excel-
lent cycling stability.39,40 The Warburg impedance was related to
the diffusion of lithium ions in the electrode. The diffusion
coefficients of lithium ions (DLi) were calculated according to
the following equation:

D ¼ T2R2

2s2n4A2C2F 4

where T is the absolute temperature, R represents the gas
constant, s denotes the Warburg factor, n is the number of
electrons per molecule during oxidization, A refers to the
surface area of the electrode, C is the concentration of lithium
ions and F is the Faraday constant.

As shown in the insert of Fig. 8b, the value of s represented the
slope of the lines between the real resistance (Z0) and the inverse
square root of the angular frequency (u�1/2). TheDLi values of PA–
LMP/C, ethanol–PA–LMP/C and PEG–PA–LMP/C were deter-
mined as 1.98 � 10�13, 8.37 � 10�13 and 3.16 � 10�13 cm2 S�1,
respectively. The diffusion of lithium ions in ethanol–PA–LMP/C
was faster than those in PA–LMP/C and PEG–PA–LMP/C. The
rapid diffusion can be attributed to the intrinsic structure of
ethanol–PA–LMP/C, consisting of primary particles and contin-
uous MWNTs. The nanosized particles shorten the diffusion
distance and provide large current for high rate performance.2,41

In sum, the EIS resultsagree well with the superior electro-
chemical performance of ethanol–PA–LMP/C.
4. Conclusions

Homogeneous nucleation and heterogeneous nucleation tech-
niquewere employed for the preparation of well-dispersed
LiMnPO4/C composites using biomass of phytic acid as phos-
phorus source. The distribution andmicrostructure of LiMnPO4

particles can easily be controlled by adjusting the volume ratio
of ethanol and dosage of MWNTs. By comparison, LiMnPO4

primary particles prepared by homogeneous nucleation strategy
showed apparent aggregations. The products obtained by
heterogeneous nucleation system displayed better distribution
This journal is © The Royal Society of Chemistry 2020
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due to the heterogeneous nucleation interface of MWNTs. This
greatly improved the conductivity and migration rate of Li ions.
As a result, ethanol–PA–LMP/C samples exhibited superior rate
performances with discharge capacities reaching 100 mA h g�1

at 5C, also displayed excellent cycling stabilities by maintaining
95% of the initial capacity over 100 continuous cycles at 1C.
Superior rate and excellent cycling performances implies a great
potential for use as cathode materials in LIBs. Furthermore, the
proposed synthesis strategy could be useful for large-scale
synthesis of other materials with eco-friendly and green devel-
opment aspects.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (No. 51869002), a grant for National
Laboratory of Solid State Microstructures (No. M29033), a grant
for Fundamental Science on Radioactive Geology and Explora-
tion Technology Laboratory (No. RGET1811), a project funded
by Jiangxi New Energy Technology and Equipment Engineering
Technology Research Center (JXNE2016-09), a Test Foundation
of Nanjing University.

References

1 L. Liang, X. Sun, J. Zhang, L. Hou, J. Sun, Y. Liu, S. Wang and
C. Yuan, Adv. Energy Mater., 2019, 9, 1802847.

2 J. Li, S.-h. Luo, Q. Wang, S. Yan, J. Feng, X. Ding, P. He and
L. Zong, J. Electrochem. Soc., 2019, 166, A118–A124.

3 W. Chen and H. Fang, J. Electrochem. Soc., 2019, 166, A2752–
A2754.

4 K. Zhang, G.-H. Lee, M. Park, W. Li and Y.-M. Kang, Adv.
Energy Mater., 2016, 6, 1600811.

5 V. Ragupathi, P. Panigrahi and G. S. Nagarajan, Appl. Surf.
Sci., 2019, 495, 143541.

6 N. H. Kwon, H. Yin, T. Vavrova, J. H. W. Lim, U. Steiner,
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