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A carbon matrix, which would restrict the growth of LiMnPO4 crystallites, is built on the small Li3PO4 
crystallites precipitated from aqueous solutions by the pyrolysis of sucrose. LiMnPO4 is prepared with the 
carbon coated Li3PO4 as one of the reactant and the nuclei by a solvothermal method. It is demonstrated 
that the LiMnPO4 with the smaller crystallite size (8-12 nm) on carbon matrix is successfully obtained by 
a crystallite size control method. As expected, the as-prepared LiMnPO4/C sample presents desired 
electrochemical performance, including the higher discharge potential plateau, larger discharge capacity, 
excellent high rate capability, and good cycle stability.  It is also confirmed that the smaller LiMnPO4 
crystallites on carbon matrix is beneficial to shorten the lithium ion diffusion path, and to increase the 
electrical conductivity of the LiMnPO4/C sample, contributing to the improvement of the electrochemical 
superiority. The methodology described in this work is helpful to develop desired LiMnPO4/C cathode 
materials for lithium ion batteries with high energy density. 
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Introduction 

The rapid growing demands of lithium ion batteries with high 
energy and power density, low cost and high safety in stationary 
energy storage system, electric vehicles and power tools 
accelerate the research and development (R&D) of novel electro-
active materials. It is noted that the performance of lithium ion 
batteries is largely determined by the cathode capacity and 
potential in the battery system. Among all cathode materials, 
olivine phosphates are considered to be more suitable in the 
application of power batteries based on their excellent thermal 
and electrochemical stability.1-2 LiFePO4 and LiMnPO4 as 
cathode materials for lithium ion batteries were first reported by 
Goodenough’s group in 1997,3 which was regarded as a 
milestone in the development of cathode materials for lithium ion 
batteries. In comparison, LiMnPO4 possesses the similar specific 
capacity, thermal and electrochemical stability to the commercial 
LiFePO4. Differently, the operating potential plateau of LiMnPO4 
is about 4.1 V (vs. Li/Li+), higher than that (3.6 V, vs. Li/Li+) of 
LiFePO4. It means that the output energy density of LiMnPO4 
cathode is higher as compared with LiFePO4.  

The main problem is that the intrinsic electronic conductivity 
and ionic conductivity are lower for LiMnPO4, leading to slow 
R&D in the commercial progress of LiMnPO4. In order to 
overcome the problem, more and more efforts are made in recent 
years. Commonly, the carbon coating is used to increase the 
electronic conductivity,4-11 and cation substitution is introduced to 
increase the ionic conductivity.12-18 Meanwhile, morphology and 
crystallite size control is also demonstrated to be effective for 
improving both the electronic and ionic conductivity of 

LiMnPO4.
8-26 Especially, LiMnPO4 with particular morphology, 

including spheres,27,28 plates,18,28-32 rods,9,33,34 nanowires,35,36 
wedges,37 flexible 3D-macroporous balls/flakes,38 and flower-like 
microstructures,39 presents very interesting structural and 
electrochemical characteristics. To shorten the ion diffusion path 
in the bulk, it is more favourite to use LiMnPO4 with small 
crystallite size, which is usually prepared by different methods 
such as phosphate–formate precursor method,40 ultrasonic spray 
pyrolysis method,7 antisolvent precipitation method,41 and 
hydrothermal method.42 It is noted that both the small crystallite 
size and carbon coating are indispensable for LiMnPO4 to 
achieve good electrochemical performance based on the 
improvement of the electronic conductivity and ion diffusion. 
Therefore, how to adjust crystallite size and carbon coating layer 
for LiMnPO4/C is highly important. 

In this work, from the practical consideration, a new approach 
is made to prepare LiMnPO4 with small crystallite size by a facile 
and low cost precipitation, modified further by carbon coating 
using a solvothermal method.  

Experimental 

Preparation and characterizations 

The Sample A was synthesized by a solvothermal procedure, in 
which Li3PO4 on a carbon frame reacted with Mn2+ in a mixture 
medium of deionized water and PEG400. The Li3PO4 was 
precipitated by slowly mixing the same volume LiOH (1.5 
mol•dm-3) and H3PO4 (0.5 mol•dm-3) aqueous solution with 
peristaltic pumps. The precipitation was filtered, washed with 
deionized water, and dried under vacuum at 60 °C in sequence. 
The Li3PO4 was coated with carbon from sucrose (10 wt. %) by 
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ball milling, and then calcined at 550 °C for 2 h in an argon 
atmosphere. The resulting carbon-coated Li3PO4 was mixed with 
stoichiometric MnSO4 in a solution with deionized water and 
PEG400 (1:1, volume ratio). Then, the mixture was heated in a 
Teflon-lined autoclave at 180 °C for 10 h. The solid was 
separated in centrifuge, washed with deionized water and alcohol, 
and dried under vacuum at 60 °C overnight. Finally, the solid was 
further coated with carbon by the same method as foregoing 
Li3PO4 with sucrose (25 wt. %). Sample B and C were prepared 
for comparison. The Sample B was synthesized by the same route 
to the Sample A, except the Li3PO4 was only heated without 
carbon coating under the same condition. Sample C was obtained 
by solvothermally treating the mixture of stoichiometric LiOH, 
H3PO4 and MnSO4 (molar ratio 3:1:1) in the same medium and 
under the same condition as the Sample A. Then, the product was 
coated by carbon with the same parameters as the Sample A. All 
the reagents were of the analytical grade and used as received 
without any purification or other treatments. The structure and 
morphology of the Li3PO4 intermediates and the final products 
were characterized by powder X-ray diffraction (XRD, Rigaku 
Mini Flex II), scanning electron microscopy (SEM, Hitachi 
S4800), and transmission electron microscopy (TEM, FEI Tecnai 
G2 F20). The carbon content of the LiMnPO4/C samples was 
measured on a high frequency infrared carbon and sulfur analyzer 
model CS-901B. 
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Electrochemical measurements 

R2032 coin-type cells were assembled in an argon filled dry 
glove box to investigate the electrochemical performance of the 
materials. Lithium foil was used as counter and reference 
electrode, the solution of LiPF6 (1 mol•dm-3) in the mixture of 
propyl carbonate (PC), ethyl carbonate (EC) and dimethyl 
carbonate (DMC) (volume ration 1:1:1) was used as the 
electrolyte, and the Celgard 2300 was used as the separator. The 
working electrode was prepared as follow: the as-prepared 
LiMnPO4 materials as the active materials, polyvinylidene 
fluoride (PVdF) as the binder, and Timcal Super P carbon black 
as the conductivity enhancer were mixed in the gravimetric ratio 
of 7:1:2 in N-methyl-2-pyrrolidone (NMP) to form a thick slurry. 
The slurry was then coated onto aluminum foil and dried under 
vacuum at 90 °C. Finally, the electrode sheet was pressed and cut 
to round pieces. Charge/discharge tests were performed on Lanhe 
CT2001A battery test systems and the cyclic voltammetry (CV) 
measurements were carried out on a Solartron SI 1287 
electrochemical interface. All the tests were conducted at room 
temperature.  

Results and discussion 

Fig. 1 illustrates the schematic formation routes of the 
LiMnPO4 crystallites on the carbon matrix. The different 
synthetical routes lead to the significant difference in the 
crystallite size of the LiMnPO4 samples. In the scheme, the green, 
red and blue lines show the preparation routes of Sample A, B, 
and C, respectively. For Sample A and B, which are synthesized 
via a Li3PO4 precursor, Li3PO4 is produced by adding LiOH and 
H3PO4 aqueous solutions with a stoichiometric molar ratio of 3:1 
to a reactor under vigorous stirring. Then, the precipitated Li3PO4 
reacts with MnSO4, followed by a carbon coating procedure to 

obtain Sample B. In the synthetical route of Sample A, the 
crystallites of the Li3PO4 precursor are coated with carbon by the 
pyrolysis of sucrose before reacting with Mn2+. In particular, the 
carbon is coated on the surface of a single Li3PO4 crystallite 
and/or aggregates of several crystallites to fabricate a matrix, 
which would stabilize the crystallite size and prevent the 
formation of larger LiMnPO4 crystallites or aggregates in the 
subsequent solvothermal procedure. During the subsequent 
solvothermal reaction, most Li3PO4 crystallites restricted by the 
carbon matrix react with Mn2+ to form small primary LiMnPO4 
crystallites, while some Li3PO4 aggregates in the carbon frame 
cell would produce larger LiMnPO4 crystallites with the 
manganese ions. Also, the resulted LiMnPO4 is finally coated by 
carbon to obtain Sample A. Under the solvothermal condition, the 
carbon frame would be weakened, leading to the formation of 
larger sized LiMnPO4 crystallites as compared with the Li3PO4 
precursor. As a result of restriction of the carbon matrix on the 
Li3PO4 precursor, the crystallite size of Sample A is smaller than 
that of Sample B. As shown in the figure, Sample C is prepared 
by directly mixing the raw material in a stoichiometric ratio and 
then solvothermal treatment followed by the same carbon coating 
procedure as Sample A and B. Without any restriction, the 
crystallite size of Sample C is larger than the other two samples. 

 80 

Fig. 1 Schematic diagram of the preparation routes of the LiMnPO4/C 
samples. 

The powder X-ray diffraction measurements are carried out to 
characterize the structure and crystallite size of the Li3PO4 
intermediates and LiMnPO4 samples. The XRD patterns and their 
fitting results are shown in Fig. 2. Fig. 2a presents XRD patterns 
of the as-precipitated, heat treated and carbon coated Li3PO4, 
respectively. The diffraction peaks in the three samples are 
assigned to the orthorhombic structure of Li3PO4 (space group 
Pmn21(31)), matched perfectly with JCPDS PDF card 25-1030. 
No peaks of the impurities are detected. In addition, there are no 
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corresponding signals of carbon due to the amorphous state 
existed in the sample. The profiles of the three sets of 
experimental data are quite similar. The calculated lattice 
constants and crystallite size of the samples are listed in Table 1. 
Obviously, there are no significant changes in the lattice 
constants and crystalline size (about 14 nm), indicating that the 
structure and crystalline state of Li3PO4 are stable in the carbon 
coating procedure. 
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Fig. 2 XRD patterns of Li3PO4 intermediates (a) and LiMnPO4/C samples 
(b). 

XRD patterns of the LiMnPO4/C samples are shown in Fig. 2b. 
The diffraction peaks of all the samples are assigned to the 
orthorhombic structure (space group Pmnb(62), JCPDS PDF 33-
0804). Meanwhile, the diffraction peaks of the impurities and 
coating carbon are still not detected. The carbon contents are 5.37, 
5.55, and 5.21wt % for Sample A, B, and C, respectively. 
Nevertheless, the noticeable difference is that the width of the 
diffraction peaks of the LiMnPO4 samples is reduced obviously 
from Sample A to Sample C. The calculated lattice constants and 
crystallite size of LiMnPO4 samples are also summarized in 
Table 1. Apparently, the lattice constants are almost identical, 
suggesting the same crystallographic structure of the three 
LiMnPO4 samples. Differently, the average crystallite sizes are 
varied remarkably for the LiMnPO4 samples, which are increased 
from 15.4 nm (Sample A) to 31.3 nm (Sample B) and 50.7 nm 
(Sample C), respectively. It means that the crystallite size of 

LiMnPO4 can be adjusted by the different preparation route, 
further leading to the variation of the electrochemical 
performance of LiMnPO4/C samples. 
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Table 1 Lattice constants and crystallite size of the as-prepared Li3PO4 
precursors and LiMnPO4 samples. The crystallite size is calculated by the 
Scherrer equation.  

Parameter / 
unit 

a / nm b / nm c / nm 
Crystallite 
size / nm 

JCPDS (Li3PO4) 
PDF 25-1030 

0.61155 0.5234 0.48452 n/a 

As-precipitated 
Li3PO4 

0.61197 0.52475 0.48611 14.4 

Heat treated 
Li3PO4 

0.61366 0.52470 0.48806 14.3 

Carbon coated 
Li3PO4 

0.61226 0.52181 0.48596 13.8 

JCPDS 
(LiMnPO4) 

PDF 33-0804 
0.6106 1.0454 0.4749 n/a 

LiMnPO4 
Sample A 

0.60976 1.04490 0.47476 15.4 

LiMnPO4 
Sample B 

0.60851 1.03808 0.47325 31.3 

LiMnPO4 
Sample C 

0.61024 1.04211 0.47425 50.7 

 35 

 

 

 

Fig. 3 SEM images of the as-precipitated Li3PO4 (a), heat treated Li3PO4 
(b), carbon coated Li3PO4 (c), Sample A (d), Sample B (e), and Sample C 
(f). 

SEM images of the Li3PO4 intermediates and LiMnPO4/C 
samples are shown in Fig. 3. The insets show the details at a 
higher magnification. The large secondary particles of Li3PO4 
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consist of nanosized primary crystallites. Specifically, the as-
precipitated Li3PO4 exist as sphere-like morphology (Fig. 3a). For 
the heat treated Li3PO4, a few of secondary particles is divided 
into smaller pieces, which are reconstructed to form new 
secondary particles with irregular morphology (Fig. 3b). In the 
case of the carbon coated Li3PO4 (Fig. 3c), the spherical 
morphology of the as-precipitated Li3PO4 secondary particles is 
partially destroyed and new secondary particles are formed 
during the carbon coating procedure. The results suggest that the 
large secondary particles of Li3PO4 precursors are not very 
compact, and would be varied in morphology under thermal 
and/or mechanical treatments. In agreement with the XRD 
analysis, the primary grains of Li3PO4 are almost identical in all 
the cases. 
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When LiMnPO4 samples are prepared, the morphology of 
secondary particles and crystallite size of LiMnPO4 are 
dramatically different (Fig. 3d, e and f). Firstly, Sample A exists 
as looser aggregates, consisted with smaller primary crystallites 
as compared with Sample B.  In particular, the rough surfaces and 
porous structure can be observed for Sample A and Sample B, 
which are beneficial to the wettability of the active materials with 
electrolyte, and the diffusion of electrolyte inside secondary 
particles. Furthermore, the charge-transfer process can be 
facilitated on the rough surface of smaller primary crystallites. In 
contrast, large slab-like particles with a smooth surface are shown 
for Sample C, which are not helpful in the electrochemical 
performance of LiMnPO4.  It is noted that the primary crystallite 
size is 50.7 nm from XRD analysis by the Scherrer equation, 
which is smaller than the particle size (200~500 nm) from SEM 
image (Fig. 3f). It means that secondary slab-like particles are 
consisted of tightly connected primary crystallites for Sample C. 
Here, the large crystallite size and particle size of Sample C are 
mainly attributed to the limitless growth of LiMnPO4. While, the 
small crystallite size of the Sample A and Sample B is formed 
due to the restriction on the growth of LiMnPO4, arised from the 
small Li3PO4 crystallites.  

The more clear observation of the LiMnPO4 crystallites on 
carbon matrix for Sample A is shown in TEM images (Fig. 4). 
Firstly, the small and homogeneous Li3PO4 crystallites with a size 
of 8-12 nm can be found, almost in agreement with XRD analysis. 
In particular, the carbon films by the pyrolysis of sucrose are 
coated on the surface of Li3PO4 crystallites. The manganese ion 
could pass through amorphous carbon films to form LiMnPO4 
crystallites. Generally, the primary crystallite size of LiMnPO4 
(about 15 nm for Sample A) is larger than the Li3PO4 precursor, 
because of the flexibility of the coated carbon matrix, intrinsic 
volume expansion of the reaction and the agglomeration by 
several Li3PO4 crystallites in one vessel of the matrix. It means 
that the further growth of the Sample A is restricted by the carbon 
coating film, acting as a seperator to prevent the Li3PO4 
crystallites from contacting and/or forming large LiMnPO4 
crystallites. Therefore, the smallest crystallite size of Sample A is 
obtained due to the small Li3PO4 nuclei and the coated carbon 
frames, which would shorten the distance of lithium ion diffusion 
and increase the apparent electronic conductivity. 

The electrochemical performance of the LiMnPO4/C samples 
is evaluated by galvanostatic charge/discharge tests at room 
temperature. The test sequence is: constant current charge, 
constant potential charge, rest, constant current discharge, rest 

and loop. The C-rate standard is 1 C = 171 mA•g-1 based on the 
theoretical specific capacity of LiMnPO4 (171 mAh•g-1). The 
constant charge current rate is 0.1 C and the constant discharge 
current rates are 0.05 C to 5 C. The potential range is set to be 
from 4.5 to 2.5 V (vs Li/Li+). The constant potential charge time 
and rest time are 3.5 h and 5 min, respectively. As illustrated in 
Fig. 5, the maximum discharge capacity of Sample A is 153.9 
mAh•g-1 at 0.05C rate, larger than that of Sample B (127.8 
mAh•g-1) and C (61 mAh•g-1), respectively.  Moreover, the good 
cycle stability is also obtained for Sample A at various rates.  
 

 

Fig. 4 TEM images of the carbon coated Li3PO4 (a, b) and the 
LiMnPO4/C Sample A (c, d) at different magnifications. 
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Fig. 5 The discharge capacity of the LiMnPO4/C samples at different 
discharge rates. 75 

80 

The charge/discharge cycle profiles of the three LiMnPO4/C 
samples are compared in Fig. 6. The cycle numbers are 
corresponding to the same cycles in Fig. 5. Clearly, Sample A 
presents the relatively high and flat discharge potential plateau of 
4.1V (vs Li/Li+), larger initial discharge capacity of above 150 
mAh•g-1, and larger coulombic efficiency of 72.4 %. In the 
following cycles at various discharge rates, Sample A still shows 
advantages on discharge capacity, high-rate capability, and 
electrochemical polarization in the charge/discharge process. 
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Except the initial cycle, the coulombic efficiency of all the 
LiMnPO4 samples is near 100 %. Commonly, the discharge 
potential is inevitably dropped while the discharge rate is 
increased, because of the ohmic IR potential drop and the 
electrochemical polarization. At high discharge rates, the 
discharge potential plateau is sloped. When the discharge rate of 
is restored to 0.05 C rate in the 65th cycle, The relatively high 
and flat potential plateau is still observed for Sample A with no 
noticeable capacity loss, while Sample B shows more obvious 
capacity decay. For Sample C, the electrochemical performance 
is slightly improved after 65 cycles due to the activation during 
cycling.  
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Fig. 6 The charge/discharge curves of the LiMnP4/C samples at different 
cycles corresponding to Fig. 5.  15 
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The CV measurements are conducted to further investigate the 
reversibility of the electrochemical reaction of the LiMnPO4/C 
samples during cycling. Fig. 7 presents the CV profiles of the 
LiMnPO4/C samples, and the peak potential/current information 
is collected in Table 2. The symmetric lithium ion deintercalation 
(anodic) and intercalation (cathodic) peaks are obtained for 
Sample A and Sample B at different scan rates. With increasing 
the scan rate, the anodic peaks move to the high potential 
direction, the cathodic peaks shift to the low potential direction, 
accompanied with the increase of the peak current density. For 
Sample C, the anodic peaks are not detected at high scan rates of 
0.2 and 0.5 mV•s-1 due to the large electrochemical polarization. 
In comparison, Sample A delivers the lower electrochemical 

polarization and high electrochemical activity, resulting in the 
larger discharge capacity, excellent high rate capability, and good 
cycle stability as mentioned above. 
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Fig. 7 CV profiles of the LiMnPO4/C samples at different scan rates. 

Table 2 The information from the CV peaks of the LiMnPO4/C samples*. 

Sample A Sample B Sample C 
 

E j E j E j 

A 4.219 173.1 4.247 107.2 4.371 70.9 0.1 
mV·s-1

C 4.006 -155.2 3.972 -101.8 3.866 -63.4

A 4.255 254.2 4.299 154.3 n/a n/a 0.2 
mV·s-1

C 3.982 -231.5 3.946 -146.7 3.804 -80.1

A 4.317 439.9 4.383 291.7 n/a n/a 0.5 
mV·s-1

C 3.936 -386.4 3.911 -253.7 3.855 -164.7

*E = Peak potential in V vs. Li/Li+, j = Peak current density in mA·g-1, 35 

40 

45 

50 

55 

A = Anodic peak and C = Cathodic peak. 

 
Randles-Sevcik equation (Eq. (1)), which describes the 

dependence of the peak current density with the characteristics of 
the electrode, is applied to intuitively compare the CV results. 

2/12/12/12/12/3 vACDTRkFjp


       Eq. (1) 
Where jp is the gravimetric peak current density, k is a constant, F 
is the Faraday constant, R is the ideal gas constant, T is the 
temperature, A is the area of the electrode contacting with the 
electrolyte, C is the concentration of the lithium ion in the testing 
electrode, D is the diffusion coefficient of the lithium ion in the 
active substance LiMnPO4, and v is the scan rate, respectively. 
Under a certain testing condition, k, F, R, T and C are constant. 
Let K = kF3/2R-1/2T-1/2C, Eq. (1) can be reduced to Eq. (2). 

2/12/1 vKADjp 
                                      Eq. (2) 

 
Fig. 8 shows the peak current density of the LiMnPO4 samples 

versus the square root of the scan rate. The linear fittings with 
fixed intercepts of zero’s are performed. The fitting results are 
summarized in Table 3. The results show good linearity with R2 
value near 1. For Sample A and B, the slope of the anodic peaks 
is similar to the cathodic peaks, respectively, illustrating the good 
reversibility. Differently, the absolute value of the slope of 
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Sample A is larger than that of Sample B and C (cathodic only 
for Sample C). From Eq. (2), it is known that the slope is 
determined by two variables of A and D. Here, D is a constant 
inside LiMnPO4 crystallites. It means that the reactive surface 
area of Sample A is reasonably larger, in consistent with the XRD 
analysis and TEM observation. Therefore, the large slope implies 
the better electrochemical performance. The linear fitting results 
are comparable with Cao et al’s work43. The data obtained from 
CVs suggest the highest reversibility of Sample A. 
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Fig. 8 The relationship between peak current density and the square root 
of the scan rate. 

Table 3 The linear fitting results of the dependence of the current density 
versus the square root of the scan rate. 

 Slope R2 

Anodic 18.95 0.997 
Sample A 

Cathodic -16.83 0.998 

Anodic 12.22 0.990 
Sample B 

Cathodic -10.96 0.997 

Sample C Cathodic -6.812 0.984 

Conclusions 15 

20 

25 

30 

35 

LiMnPO4 with small crystallite size is successfully 
synthesized by a precipitation-solvothermal method. Here, the 
Li3PO4 precursors are coated with carbon, further restricting the 
subsequent growth of the LiMnPO4 crystallites on the carbon 
matrix. Correspondingly, the LiMnPO4/C sample with the smaller  
LiMnPO4 crystallite size presents the higher potential plateau, 
larger discharge capacity, excellent high rate capability, and good 
cycle stability. The strategy described in this work is helpful for 
the practical applications of LiMnPO4 cathode in LIBs.  
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