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Controllable Preparation of Nanosized LiMnPO,/C with
Rod-Like Morphology by Hydrothermal Method with

Excellent Electrochemical Performance

Da-Jun Zhang, Shao-Hua Luo, and Jun Zhang*

The nanosized rod-like LiMnPO, /C cathode materials have successfully in
situ synthesized on the surface of flaky structure MnPO,-H,O self-sacrificing
template by the hydrothermal method. The crystal microstructure, micro
shape, and electrochemical parameters of LiMnPO, /C are comprehensively
studied by XRD, SEM, TEM, and electrochemical measurement methods. The
physical and chemical properties analysis confirms that the vinyl acetate
solution (VAc-H,0) with a proper molar ratio is beneficial to generate
orthorhombic olivine structure LiMnPO, with microporous structure and
nanorod-shaped morphology. The electrochemical measurement results
indicate that LMP-X1-AA sample delivers an initial discharge capacity of 148.1
mAh g~ at 0.05 C, the capacity retention rate still maintains at 89.2% after
200 cycles. As the discharge rate increases to 1 C, the discharge capacity still
remains at 133.4 mAh g~". The results indicate that the synergistic effect of
nanosized rod-like morphology and conductive carbon coating is beneficial to
improving the lithium ions diffusivity and electrochemical properties of

materials have been widely developed and
researched 'l Compared with structurally
different cathode materials, polyanionic-
based LiMnPO, material has deemed to be
a potential cathode electrode on account
of the merits in high specific energy den-
sity (700 Wh kg~!'), good structural stabil-
ity, high operating voltage platform (4.1 V
vs LifLi*), superior safety, low price, abun-
dant Mn resources, environmental friendli-
ness and compatible with the existing elec-
trolytes system.*°l However, the internal
intrinsic structure drawbacks of LiMnPO,
give rise to poor electronic conductivity,
sluggish Lidon diffusion rate, and severe
Jahn-Teller effect of Mn** in the host
structure, which results in inferior electro-
chemical performance and further restrict

LiMnPO, materials.

1. Introduction

With the dramatical development of energy storage devices,
lithinm-on batteries (LIBs) have extensively become an influ-
ential power supply source of portable electronic devices, new-
energy automobiles, and intelligent power grid applications on
accountofthe high-energy density, long service life, quick charge,
and excellent safety features.['™* Intensive researches illustrate
the properties of cathode electrodes mainly influence the econ-
omy, security, and electrochemical performance of LIBs. For the
sustainability of energy supply, a series of cathode materials, like
layered structure LiCoO,, olivine structure LiFePO, and ternary
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large mass production."™"I Many modifica-
tion methods have been applied to resolve
the issues, including morphology and size
controlling,['*"3] cation doping I'®'9! and
carbon coating **#?! Generally, the grain size /morphology con-
trolling and carbon coating have been found influential to fadil-
itate the rapid Li-ion migration velocity and enhance the elec-
trochemical properties of LiMnPO,/C. Ragupathi et al.!"! have
proved the performance improvement of LiMnPO, /C is ascribed
to the synergistic effect of nanopyramids like morphology and
conductive carbon coating by increasing the Li-ion diffusion ki-
netics, LiMnPO, /C exhibits an initial discharge capacity of 164.2
mAh g7, and 130.8 mAh g after 500 cycles at 0.1 C. The in-
fluence of multiple nanoscale shapes LiMnPO, on tap-density
and Li-ion diffusion path/direction have been studied by Kwon
etal. "’ they confirm the performance improvementisattributed
to large specific surface area and the shortened lithium ions dif-
fusion distance in LiMnPO, nanoparticles. Guo et al.?® have re-
ported the nanosized plate-like shape LiMnPO, shows excellent
cycling stability and rate capability, the carbon-coated sample ex-
hibits a high discharge capacity of 104 mAh g~' at 10 C. Re-
cently, Zhang Group!*! has synthesized tunable morphologies
LiMnPO, /C nanocrystals varying the feeding sequence and the
ratio of the reactants in an EG-assisted solvothermal approach,
the results confirm that excess LIOH amount is indeed required
to yield iMnPO, crystals with small particle size and attractive
electrochemical properties. Cao group'®® develop a heating re-
Hux method to synthesize dumbbell-like MnPO,-H, O hierarchi-
cal particle using KMnO, and H,PO, as raw materials, and then
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Figure 1. The data of the MnPO,"H,0O precursor. a) XRD diffraction pattern; b) SEM photograph; ¢) TEM image.

employed as the precursor to prepare LiMnPO,/C composites.
The synthesized LIMnPO, /C exhibits good electrochemical per-
formance, which shows a potential application for the large-scale
synthesis of LiMnPO, cathode materials. Therefore, the strate-
gies of regulating grain size/micromorphology and carbon coat-
ing couild effectively improve the electrochemical performance by
shortening the lithium ions diffusion distance and improving the
electronicfionic conductivity of LiMnPO, materials.

In our work, we adopt the co-precipitation method to pre-
pare flaky structure MnPO,-H,0 precursor, and then nanesized
LiMnPO, /C cathode materials with rod-like morphology are syn-
thesized by the hydrothermal method in different VAc-H,O ra-
tio mixture solvents. The synergistic effect of nanosized rod-like
morphology and conductive carbon coating on the microstruc-
ture, grain size, crystal morphology, and electrochemical param-
eters of LiMnPO, /C materials have been comprehensively inves-
tigated.

2. Experimental Section
2.1. Materials Synthesis

The nanosized LiMnPO, [C were synthesized by the hydrother-
mal method in different ratio vinyl acetate solution (VAc-H,0),
using LiIOH-H,0, Mn(NQO,),, and H;PO, as raw reagents. All the
raw reagents were analytically pure and commercially available
without further purification. To study the influence of the crys-
tal microstructure and surface morphology on electrochemical
lithium storage features of LiMnPO,, the contrast experiments
were conducted by maintaining all parameters the same and reg-
ulating VAc-H, O ratio and carbon coating condition.
MnPO,-H, O precursor was synthesized by the predpitation
method. For the synthesis process, a stoichiometric amount
of H,PO, and Mn(NO,), were respectively dissolved in the
ethyl acetate solvent (H,0-EA) to form a uniform solution. The
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MnPO,'H,0 precursor was precipitated by dropping a certain
concentration of H;PO, into Mn(NO,), mixture solution un-
der vigorous stirring for 1 h at a bathing temperature of 50
°C, the reactions were started to nucleate and generate precip-
itates gradually. After the precipitation reaction, the dark green
MnPO,-H,0 precipitates were obtained after washing, centrifug-
ing with deionized water and alcohol for three times, then dried
at 80 °C in the air for 8 h.

The chemical synthesis procedures of LIMnPO,/C were de-
scribed as follows. First, LIOH-H, 0 and MnPO-H, O with a mo-
lar ratio of 1:1 were successively dissolved in a different volume
ratio of VAc-H,0 mixture solutions, and kept continuously stir-
ring for 1 h to form the uniform mixture. The prepared mixture
solution was transferred to the autoclave with Teflon-lined vol-
ume of 50 ml. After being reacted at 160 °C for 10 h, the LiMnPO,
precursor precipitates were gathered after washing, centrifuging
with deionized water and anhydrous alcohol for three times, then
drying at 80 °C for 12 h in air conditions. The LiMnPO, /C precur-
sor was blended and ground with 25 wt.% ascorbic acids in the
ethanol dispersion medium, then calcined at 550 °C for 3 hunder
nitrogen gas atmosphere, finally the target LiMnPO, /C cathode
materials were obtained. The products prepared in pure water
system, in pure VAc system, in VAc-H, O (v/v = 1:2), in VAc-H,0
(v/v = 2:1), were named as LMP-W, IMP-VAc, LMP-X1, LMP-
X2, The ascorbic acid coated LMP-X1, and IMP-X2 samples were
named as LMP-X1-AA and LMP-X2-AA.

2.2. Physical Characterization

The crystalline microstructure was characterized by X-ray diffrac-
tometer (XRD, Rigaku Smartlab) with Cu Ke radiation under
a sweep speed of 0.04° 57" in the range of 10-80°. The crystal
grain size, micromorphology, element distribution, and carbon
layer structure were detected by scanning electron microscopy
(SEM, ZEISS SUPRASS5) equipped with the X-ray energy
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dispersive spectroscopy (EDS) and transmission electron mi-
croscopy (TEM, JEOL JEM2100F).

2.3. Electrochemical Measurements

The electrochemical behaviors of LiMnPO,/C cathodes were
evaluated by CR2032 coin cells, which were assembled in the ar-
gon gas filled glovebox. The cathode slurry was prepared by dis-
persing the active material, PVDF binder, and acetylene carbon
black in the NMP dispersant in a mass ratio of 8:1:1 with vigor-
ous stirring for 4 h. The slurry was coated on the Al foil and dried
at 80 °C for 8 h in air condition, aiming to volatilize the NMP sol-
vent. Then, the foil was pressed and cut into a circular slice with
1 cm in diameter Before the assembling of CR2032 coin cells,
the prepared electrode slices were drying at 120 °C for 12 h in the
vacuum condition to ensure the bond dry and used as the cathode
electrode. In CR2032 coin cells, metallic lithium wafer, Celgard
2400 membrane, and 1 M LiPF, /DEC+MEC+EC (volume ratio
= 1:1:1) solution were served as the anode electrode, separator,
and electrolytes, respectively.

The electrochemical charge/discharge measurements were
tested on the battery tester (CT2001A, Land) using the test voltage
range of 2.5 V4.5V at different discharge rates. Electrochemical
impedance spectroscopy (EIS) was recorded on the electrochemi-
cal workstation (1260+1287 type, Solartron) to analyze the charge
transfer resistance on the interface of the active material and elec-
trolytes at 10 mV voltage amplitude, and the test frequency was
from 107" to 10° Hz. All the electrochemical measurements were
under ambient conditions.

3. Results and Discussion

The flake shape MnPO,-H, 0 precursor has been synthesized by
the precipitation method, the crystal structures are investigated
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Figure 2. XRD diffraction patterns of as-prepared samples.

by XRD. Figure 1a shows the XRD pattern of MnPO,-H,0, the
main diffraction peaks are in good agreement with the standard
card JCPDS 44-0071 of MnPO,-H,0. The intensity of diffraction
peaks is high and the half-peak width is narrow, indicating the
grains size is large. Meanwhile, no impurity peaks are detected,
which indicates the complete crystalline structure and high pu-
rity of MnPO,-H,0 sample. Figure 1b displays the SEM photo-
graph of the MnPO,-H,0 precursor, the MnPO,-H,0 precursor
shows flake shape with length and width in the range of 1.5~
2.0 pm, and all the fake shapes overlap together and form lay-
ered structure. The TEM image of MnPO,-H,0 is shown in Fig-
ure 1c, which further confirms the overlapped flaky structure of
MnPO,-H,O precursor.

Figure 2 shows the XRD diffraction patterns of LiMnPO, sam-
ples. The X-ray diffraction spectra manifest that the olivine-type
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Figure 3. SEM micrographs of LIMnPO, samples, inert is the magnification images. a) LMP-X1; b)LMP-X2; ¢) LMP-X1-AA; d) LMP-X2-AA.
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Figure 4. TEM photographs of LMP-X1-AA sample under different magnifications.

LiMnPO, culd not synthesize in pure water. In the pure VAc
solvent system, the impurity phase LiMnO, (47-1719) has been
found. The olivine structure LiMnPO, /C in the orthorhombic
space have been synthesized in different VAc-H, O (vfv = 1:2 or
2:1) mixture solvent system. It is observed that the sharp charac-
teristic diffractive peaks of LMP-X1 and IMP-X2 samples are in-
dexed well with the standard card (JCPDS 33-0803) of LiMnPO,,
and no impurity and carbon diffraction peaks are found, which
confirm the orthorhombic crystalline structure and the purity of
as-prepared LiMnPO, samples. Based on XRD analysis, we can
conclude that the pure phase LiMnPO, materials could synthe-
size in different VAc-H, O ratio mixture solvents system, the com-
position of solvent plays a critical role in the stability of crystal
structure of LiMnPO, samples.

Figure 3 shows the SEM micrographs of the prepared
LiMnPO, samples. The typical morphologies of LMP-X1 and
IMP-X2 samples are depicted in Figure 3a,b. It is observed that
the samples show rod-like shape hollow structure and inconsis-
tency size with 354-571 nm in length and 65-200 nm in width,
all the nanorods pile up together and form a uniform porous
structure. As the volume ratio of VAc-H,O is 1:2, the LMP-X1
sample shows relatively higher porosity and uniform dispersion.
With the volume ratio keep increasing, the agglomeration phe-
nomenon becomes serious. The results indicate the volume ratio
of VAc-H, O (v/v = 1:2) plays an important role in obtaining rich
pore structure to ensure a sufficient contact area across the inter-
face of the adtive material and electrolyte and decrease the Li-ion
diffusion path. As can be seen in Figure 3cd, after the carbon
coating process, the grains size and morphology of the samples
seem similar to the uncoated samples, the pyrolysis carbon is uni-
formly distributed on the surface of iMnPO, nanorods, which
construct a good conductive network.

Figure 4 displays the TEM photographs of LMP-X1-AA sam-
ple. It could be observed that numerous nanorods with a length
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Figure 5. The charge/discharge curves of LMP-X1, LMP-X2, LMP-X1-AA,
and LMP-X2-AA samples for the first cycle.

and width over 70 nm stack tightly together. From the high-
magnification TEM photograph in Figure 4d, we can see the con-
tinuous carbon layer is uniformly adhered to the outer surface
of the nanorods with a thickness of 4-6 nm, constructing a good
electronic conductive network structure. The conductive carbon
layer is obtained by the pyrolysis of ascorbic acid, which could
facilitate the electronic transfer and storage ability of the cathode
materials.

The charge/discharge measurements of as-prepared
LiMnPO,/C samples have been tested at 0.05 C on the coin
cells. Figure 5 shows the first chargefdischarge curves of
LMP-X1, IMP-X2, LMP-X1-AA, and IMP-X2-AA samples,
showing a flat discharge voltage platform =4.0 V, corresponding
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Figure 6. The electrochemical performance of LMP-X1, LMP-X2, LMP-X1-AA, and LMP-X2-AA samples. a) Cycling ability; b) Rate performance.
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Figure 7. a) The EIS plots of LMP-X1, LMP-X2, LMP-X1-AA, and LMP-X2-AA samples; b) The linear fitting line betweenZ’ andw="/at low-frequency

region.

to the Mn*+/Mn** redox reaction during the Li-on inser
tion/deinsertion process. LMP-X1 delivers higher discharge
capacity than that of LMP-X2, indicating the different crystal
growing environments greatly influence the variation tendency
of the discharge-specific capacity of LiMnPO, samples. From
the charge/discharge curves, we can see the voltage difference
between the charging and discharging platform for LMP-X1-AA
sample is smaller than other samples, indicating the low polar-
ization of LIMP-X1-AA. Meanwhile, LMP-X1-AA sample exhibits
longer discharge voltage plateau and higher discharge capacity of
148.1 mAh g!, which indicate that a certain amount of carbon
coating could effectively accelerate the electron conductivity to
enhance the electrochemical storage performance.

The cycling stability and rate performance of all the samples
have been tested by the galvanostatic charge/discharge measure-
ments. The cycling performance of all the samples is measured
at 0.05 C discharge rate for 200 cycles, the cydic curves are dis-
played in Figure 6a. After 200 cycles, the capacity retention rate
of LMP-X1, LMP-X2, LMP-X1-AA, and LMP-X2-AA decrease to
74.5%, 59.2%, 89.2%, and 83.26%, respectively. The results indi-
cate that conductive carbon coating is a resultful way to improve
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the cycle performance of the cathode materials. Figure 6b shows
the rate performance curves of all the samples discharging from
0.05 C to 1 C. The discharge capacity of LMP-X1-AA decreases
slightly from 148.1 mAh g=! (0.05 C) to 145.3 mAh g! (0.1 C),
137.3 mAh g' (0.5 C), respectively. The LMP-X1-AA sample still
exhibits excellent rate capacity with the discharge capacity value
of 133.4 mAh g' even at 1 C. However, LMP-X2 sample shows
the worst discharge-specific capacity and cycle performance. The
excellent electrochemical performance of LMP-X1-AA samplein-
dicates the lithium ions migration rate is fast across the nano-
sized LiMnPO, with rod-like morphology to shorten the lithium
ions diffusion distance.

The EIS test was employed to discuss the charge transport ki-
netics properties on the interface between active electrode ma-
terials and the electrolytes. Figure 7a shows the Nyquist plots
of LMP-X1, IMP-X2, LMP-X1-AA, and IMP-X2-AA samples, the
Nyquist plots are made up of two sections, including a semicir-
cular shape in the high-middle frequency region, and an oblique
line in the low-frequency region. The intercept of the semicir-
cles at the axis of real is corresponding to the interfacial charge
transfer resistance (R_). The slope of the straight line signifies
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the Warburg impedance of the Lidon diffusion (W,). Compared
with all the samples, IMP-X1-AA with smaller semicircle diame-
ter delivers lower R, value, indicating the carbon coating modifi-
cation could greatly improve the electrochemical reaction kinet-
ics during the delithiation/lithiation process. Moreover, the Li-
ion diffusion coeffident (D,;*) of all the samples have been cal-
culated by the following equation D ;. = R*T?/2AZn*F*C?s2and
Z'=R + R, +ow'? where T R n, F, A Cand o are the ab-
solute temperature, the gas constant, the number of electrons
per molecule, Faraday constant, efficient contact area, the con-
centration of lithium-ion and the Warburg factor, respectively.
As depicted in Figure 7b, the slope value (o) of LMP-X1-AA is
smaller than other samples. As a consequence, the calculated
D;* value of LMP-X1-AA is larger than other samples. The lower
R, value and larger D;;* are contributed to improve the electro-
chemical performance and interfacial lithium ions transfer of
LiMnPO, cathode materials, which are in agreement with the
charge/discharge measurement analysis conclusions.

4, Conclusions

In our work, nanosized rod-like LiMnPO, cathode materials have
been successfully in-situ synthesized on the surface of flaky
shape MnPO,*H,0 precursor by the hydrothermal method in the
VAc-H,O (v/v = 1:2) mixture solvent system. After carbon coat-
ing process, LMP-X1-AA sample exhibits the discharge capacity
of 148.1 mAh g™' at 0.05 C, 1453 mAh g~' at 0.1 C, and 1334
mAh g~! at 1 C, respectively. After 200 cycles, the capacity reten-
tion rate maintains at 89.2%. The physical and chemical mea-
surements illustrate the existence of orthorhombic olivine struc-
ture LiMnPO, with the nanorod and carbon layer morphology.
The electrochemical results clarify the nanorod shape morphol-
ogy and conductive carbon coating are beneficial to improve elec-
trochemical properties of LiMnPO, /C cathode materials.
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