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A Novel Nanoporous Fe-doped Lithium Manganese Phosphate 

Material with Superior Long-term Cycling Stability for Lithium-ion 

Batteries 

Pengjian Zuo*a, Liguang Wanga, Wei Zhanga, Geping Yina, Yulin Maa, Chunyu Dua,  Xinqun Chenga, 
Yunzhi Gaoa

Here, we prepared LiMn0.8Fe0.2PO4 microspheres with an open 

three-dimensional nanoporous structure by a facile ion-exchange 

solvothermal method. The micro/nano-structured material 

exhibits an ultralong cycle life, and remains a reversible capacity 

of 105 mAh·g
-1

 after 1000 cycles at 5 C, corresponding to the 

capacity retention of 94.0% and only 0.0068 mAh·g
-1

 loss per cycle. 

Since the pioneering studies of Goodenough and co-workers, 

LiMPO4 materials (M = Fe, Mn, Co, or Ni) with a theoretical capacity 

of around 170 mAh·g-1 have been investigated as promising cathode 

materials for lithium ion batteries owing to their appealing features 

including the excellent thermal stability, environmental friendliness 

and low cost.1-3 However, LiMPO4 materials have intrinsically poor 

electrical and ionic conductivity which influences their 

electrochemical performances.4 Among these materials, carbon-

coated LiFePO4 (LFP) with an improved electric conductivity of 

about 10-1 S·cm-1 at room temperature has already been 

commercialized successfully.5, 6 The great success of LFP brings 

impulsion moving to LiMnPO4 (LMP) due to its higher energy 

density related to Mn2+/Mn3+ redox potential (4.1 V vs. Li+/Li) in 

comparison with the Fe2+/Fe3+ redox potential (3.4 V vs. Li+/Li).7-9 

However, LMP suffers from intrinsic drawbacks of extremely low 

electronic conductivity (＜10-10 S·cm-1, compared with 1.8×10-8 

S·cm-1 for LFP)10, high surface energy barrier for lithium diffusion at 

the surface11, a large kinetic barrier to ion and electron hopping at 

the phase boundary resulting from the Jahn-Teller distortion and 

meta-stability of the delithiated phase.12-14  

To improve the electrochemical performance of LMP, many 

strategies similar to the modifications of LFP mainly focused on (i) 

particle size reduction15, 16, which shortens the diffusion length for 

lithium ion transport and also increases the effective surface 

area;17, 18 (ii) surface coating with electronically conductive 

materials (such as carbon, conductive polymer, etc.)9, 19, 20, and (iii) 

cation doping.21, 22 S. M. Oh et al synthesized the LMP material with 

the size of 10-50 nm by ultrasonic spray pyrolysis followed by ball 

milling, and this material achieved a discharge capacity of 158 

mAh·g-1 at the rate of C/20 with the capacity retention of 88% after 

50 cycles.23 V. Ramar et al reported an Fe2+ and Mg2+ co-doped LMP 

material with an individual particle size in the range of 20–40 nm 

delivering a discharge capacity of 159 mAh·g-1 at 0.1 C with a 

capacity retention of 96% of the initial capacity after 200 cycles at 1 

C.24 More recently, X. Zhou et al improved the rate performance of 

LiMn0.5Fe0.5PO4/C material by a surfactant-assisted solid state 

method, and this material with the primary particle size of 35-70 

nm exhibited 155 mAh·g-1 at 0.1 C and showed stable cycling 

stability (90.8% capacity retention after 500 cycles at 5 C).25  

Although much improvement on the performance of LMP 

cathode has been achieved, the nanosized LMP cathode with high 

reversible capacity has the relatively poor long-term cyclability, 

which is partial related to the interface side reaction caused by the 

high specific surface area of the nanosized particles.15, 26-28 

Therefore, it is believed that the sphere structure cathode material 

with a moderate particle size possesses an appropriate active 

specific surface area resulting in a long-term cycle stability. In this 

regard, the LMP microsphere powders with a three-dimensional 

(3D) architecture are highly desired for developing high 

performance lithium ion batteries. Although some micro/nano-

structure LMP materials have been reported, few of them exhibited 

the excellent cycling performance (over 500 cycles) to meet the 

demand of commercialization.28, 29 It has been reported that Fe-

doped LiMnPO4 materials have revealed the impressively improved 

electrochemical performance.26 Specifically, LiMn0.8Fe0.2PO4 (LMFP), 

possessing relatively high operating voltage, has been widely 

investigated as cathode for high energy lithium ion battery.30 

Herein, we report a facile ion-exchange solvothermal approach 

to synthesize hierarchical LMFP hollow microspheres consisting of 

primary nanoparticles with an open 3D mesoporous structure. The 

LMFP electrode exhibits an ultralong cycle life, and still remains a 

reversible capacity of about 105 mAh·g-1 after 1000 
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charge/discharge cycles at 5 C, corresponding to the capacity 

retention of 94.0% and only 0.0068 mAh·g-1 capacity loss per cycle.  

Figure 1 illustrates the synthesis schematic of hollow-structured 

nanoporous LMFP material (HNM-LMFP) and the structure 

evolution from Li3PO4 hollow sphere to LMFP by the crystal 

structure model. This unique architecture was obtained by 

designing a hollow-structured mesoporous precursor of Li3PO4 via a 

modified precipitation method.31 The formation and size of Li3PO4 

spheres can be controlled by changing the pH values of the solution 

and the reaction time as shown in Figure S1 and S2. The HNM-LMFP 

was synthesized by a facile ion exchange process in ethylene glycol 

solvent. The structure evolution from Li3PO4 to LMFP is illustrated 

by the crystal structure model in Figure 1. This reaction process can 

be described by the following Equation 1: 
2+ +

3 4 1-x x 4
Li PO  + M  LiMn Fe PO  + 2Li→                                    (1) 

A conductive amorphous carbon layer deriving from the 

pyrolyzed phenolic resin was coated onto the HNM-LMFP 

nanoparticles by an impregnating−drying−sintering procedure in 

order to compensate the poor intrinsic conductivity of LMP cathode 

materials. Furthermore, the as-prepared HNM-LMFP/C powders 

were blended with graphene to form a final composite (HNM-

LMFP/C/G) by an ultrasonic dispersion process forming the 3D 

conductive network to further enhance the conductive contact of 

the nanoparticles. For comparison, the nano-LMFP/C/G composites 

were obtained by directly ball-milling the HNM-LMFP/C/G materials 

to destruct the hollow nanoporous structure (Figure S3). 

 

 
Figure 1. Synthesis schematic of HNM-LMFP/C/G and illustrating the 
structure evolution from Li3PO4 hollow sphere to LMFP by the 
crystal structure model. 

 

The Li3PO4 precursor with a particle size of about 1 μm shows a 

perfect spherical structure, as shown in Figure 2a. It can be seen 

that these microspheres are composed of primary nanoparticles 

interlacing together with an open porous structure (inset, Figure 

2a). The inset TEM image also shows that the Li3PO4 precursor has a 

perfect hollow structure. After the ion exchange process for 

preparing the LMFP particles, the porous spherical structure of 

HNM-Li3PO4 is well maintained (inset, Figure 2b). Such a hierarchical 

porous structure is expected to facilitate electrolyte penetration 

into the electrode particles, thus providing more active interface 

region between the electrode material and the electrolyte.32 The 

nano-LMFP/C/G has a very low tap density of 0.3 g·cm-3, while the 

tap density of the HNM-LMFP/C/G (0.9 g·cm-3) is three times higher 

than that of the nano-LMFP/C/G sample. Figure 2c shows the TEM 

images of LMFP/C/G particles, and it can be seen that LMFP/C/G 

particle still maintains the nanoporous structure deriving from the 

interconnecting LMFP/C microspheres on the graphene sheet. The 

primary nanospherical LMFP particles with a diameter of ca. 30 nm 

are coated with a uniform thin layer of amorphous carbon (ca. 2 nm 

thick) as shown in Figure 2d. The small primary particles can provide 

a fast reaction and ionic diffusion kinetics during charge-discharge 

process. The regular lattice fringe (Figure 2d, e) and ordered bright 

spots (Figure 2f) show that the LMFP particles have a high 

crystallinity (Figure S4), which is beneficial for improving the Li+ 

transport capability and enhancing the rate performance of the 

LMFP cathode materials. 
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Figure 2. SEM images of (a) precursor HNM-Li3PO4 and (b) HNM-
LMFP. The insets are the corresponding TEM images. (c)TEM and (d) 
HRTEM image of LMFP/C/G; the magnified of yellow square is 
shown in inset of (c); the interplanar spacing of 2.57 Å refers to the 
crystallographic directions of (131). Insets are (e) the magnified 
HRTEM image and corresponding Fast Fourier Transform (FFT) 
patterns; the interplanar spacing of 3.07 Å refers to the 
crystallographic directions of (121) and (200). XRD patterns of (g) 
precursor HNM-Li3PO4 and (h) HNM-LMFP. The insets are the 
corresponding crystal structures. The white, pink, green, and red 
spheres are the Li, P, Mn, and O atoms, respectively. (i) Nitrogen 
sorption isotherm with pore size distribution (inset) of HNM-
LMFP/C/G. 

Figure 2g shows that all the XRD peaks of Li3PO4 precursor can 

be indexed to a pure orthorhombic phase with space group Pmnb 
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(JCPDS No. 74-0358)31 and no impurity phases can be detected. All 

the diffraction patterns of HNM-LMFP can be clearly indexed to the 

orthorhombic space group Pmnb (JCPDS No. 74-0375)33 as shown in 

Figure 2h, indicating that the HNM-LMFP sample exhibits the similar 

crystal structure to Li3PO4 precursor. The homoplastic structure 

enables the ion exchange process by dislodging lithium atoms from 

Li3PO4 and embedding manganese atoms in the lattice to form the 

LMFP as illustrated in the inset of Figure 2g and h. Figure S3a shows 

the phase transformation process from Li3PO4 to LMFP after 

solvothermal treatment at 180℃  for different times (0-4 h). 

Therefore, it is believed that the ion exchange process can avoid the 

morphology destruction caused by the conventional dissolution-

recrystallization solvothermal process. 

Figure 2i and S5 show the nitrogen adsorption−desorpQon 

isotherms and the corresponding Barret-Joyner-Halenda (BJH) pore 

size distribution of HNM-LMFP/C/G and nano-LMFP/C/G, 

respectively. The adsorption isotherm for the nano-LMFP/C/G is a 

type III curve as shown in Figure S5, indicating a macroporous 

characteristic.34 However, the HNM-LMFP/C/G displays a type IV 

adsorption-desorption isotherm with H3-type hysteresis as shown 

in Figure 2i, indicating a feature of mesoporous material. The 

measured Brunauer-Emmett-Teller (BET) area for nano-LMFP/C/G 

and HNM-LMFP/C/G is 150.5 and 84.8 m2·g-1, respectively. The 

average pore diameter of HNM-LMFP/C/G is 14.8 nm which is 

calculated from desorption branch of the nitrogen isotherm with 

the BJH method, and the corresponding BJH desorption cumulative 

pore volume is 0.419 cm3·g-1. For the nano-LMFP/C/G, the average 

pore diameter and the corresponding BJH desorption cumulative 

pore volume are 3.49 nm and 0.15 cm3·g-1, respectively. It’s 

reasonable that the nano-LMFP/C/G material possesses a higher 

BET surface area than HNM-LMFP/C/G according to the synthesis 

methods of the two kinds of materials. 

As mentioned above, the large contact area between the 

nanometer-sized particles and the electrolyte leads to the 

undesired side reactions, resulting in poor cycling performance and 

safety hazard. From this point of view, the HNM-LMFP/C/G with a 

hierarchical porous structure and a moderate specific surface area 

is expected to provide an excellent performance in lithium ion 

batteries. To confirm this prevision, we compared its 

electrochemical response with that of nano-LMFP/C/G electrode. 

The discharge curves of LMFP/C/G (with 8 wt% carbon, as shown in 

Figure S6) demonstrate a reversible potential plateau of around 4.0 

V and a slightly inclined potential plateau at 3.5 V at 0.1 C (Figure 

3a), which correspond to the Mn3+/Mn2+ and Fe3+/Fe2+ redox 

reactions, respectively.35, 36 It should be mentioned that there is an 

abnormal increase of the potential at the initial stage in the 

discharge curves at 30 C and 40 C. The initial low potential may be 

mainly related to the charging process of the capacitor element in 

the charge/discharge machine at high discharge current. The 

decreasing potential peak spacing (∆Ep) on the CV curves of HNM-

LMFP/C/G (Figure S7) indicates that the polarization of the 

electrode shrinks in the first three cycles, corresponding to the 

activation process resulting from the insufficient 

lithiation/delithiation during the initial cycles.37 The electrochemical 

performances of HNM-LMFP/C/G and nano-LMFP/C/G are shown in 

Figure 3b, c, and d. Compared with nano-LMFP/C/G (Figure S8), the 

specific capacity of HNM-LMFP/C/G is greatly improved at rates 

ranging from 1 C to 40 C, especially at higher current rates (Figure 

3b). The reversible specific capacity of HNM-LMFP/C/G remains 

108, 104, 81, 67, and 52 mAh·g-1 at the charge/discharge rates of 5 

C, 10 C, 20 C, 30 C, and 40 C respectively. Even no any decay of the 

specific capacity for HNM-LMFP/C/G can be seen even after 400 

cycles at 1 C, while nano-LMFP/C/G only remains 83 mAh·g-1 after 

50 cycles (Figure 3c). The rate performances of HNM-LMFP/C/G 

compared with nano-LMFP/C/G are shown in Figure 3d. After 75 

cycles, the HNM-LMFP/C/G electrode can completely revert back to 

the initial capacity at 0.1 C, which is much better than those of 

nano-LMFP/C/G (only 74.6% of the capacity in the first cycle is 

maintained). The excellent rate and cycling performances of HNM-

LMFP/C/G cathode material may be attributed to three aspects: (i) 

a fast reaction and ionic diffusion kinetics due to the nanometer-

scale primary Fe-doped lithium manganese phosphate crystals; (ii) 

the good electronic contact through the 3D conductive network 

formed by the amorphous carbon on the LMFP surface and the 

conductive graphene sheet; (iii) the well-crystallized primary 

nanocrystals and the structural stability of LMFP microspheres. 
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Figure 3. (a) The initial charge/discharge curves of HNM-LMFP/C/G 
and (b) the initial capacities compared with nano-LMFP/C/G. The 
cells discharged at the rate of 30 C and 40 C were also charged at 
0.1 C. (c) The cycling performance of HNM-LMFP/C/G and nano-
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LMFP/C/G at the rate of 1 C. (d) The rate performance of HNM-
LMFP/C/G and nano-LMFP/C/G. (e) Long cycling performance of 
HNM-LMFP/C/G and the corresponding coulombic efficiency at the 
rate of 5 C. Inset is charge-discharge curves at different cycles from 
1st to 800th. Each cell was charged at a certain rate to 4.6 V, kept at 
4.6 V for 30 min, and then discharged at a certain rate to 2.5 V. (f) 
Comparison of cycling performance with other research group in 
the last three years. The SGCNTs in Ref. 39 is supergrowth (single-
walled) carbon nanotubes, and CNT in Ref. 41 is carbon nanotubes. 
The different discharge rates are also labelled. 

 

To further demonstrate the remarkable cycling stability of the 

HNM-LMFP/C/G electrode, we cycled the Li/ HNM-LMFP/C/G cells 

up to 1000 cycles under a relatively high charge/discharge rate of 5 

C (Figure 3e). The specific capacity increases gradually up to the 

maximum of about 112 mAh·g-1 at the 25th cycle, and the discharge 

capacity of 112 mAh·g-1 is well maintained without any capacity loss 

within 200 cycles for the Li/HNM-LMFP/C/G cell. The reversible 

specific capacity of HNM-LMFP/C/G material decreases to 110 

mAh·g-1 after 500 cycles, corresponding to the capacity retention of 

98.4% compared with the capacity maximum of 112 mAh·g-1. The 

HNM-LMFP/C/G cathode shows a capacity decay of 0.0036 mAh·g-1 

per cycle in the first 500 cycles. After 1000 cycles, the discharge 

capacity of the HNM-LMFP/C/G cell still remains 105 mAh·g-1, 

corresponding to the capacity retention of 94.0% and a capacity 

loss per cycle of only 0.0068 mAh·g-1. In addition, the 

charge/discharge curves at different cycles from 1st to 800th are 

shown in the inset of Figure 3e. It should be mentioned that the 

polarization is not changed in the first 100 cycles. However, the 

electrochemical polarization is increased with the increasing cycles 

after the 200th cycle. The increased polarization can cause the 

capacity fading during long-term cycling especially at relatively high 

charge/discharge rate. We have compared the long-term cycle 

performance with that of other groups in the last three years as 

shown in Figure 3f.19, 25, 28, 38-42 Moreover, the HNM-LMFP/C/G 

electrode shows a good structure stability after long-term cycling 

even at a relatively high charge/discharge rate as shown in Figure 

S9. To our best of knowledge, the cycling performance of HNM-

LMFP/C/G in this paper is the best long-term cyclablity for the 

lithium manganese phosphate cathode materials till now. It can be 

seen clearly that the capacity retention of HNM-LMFP/C/G is much 

higher than that of reported materials during cycling. Actually few 

reported the materials exhibiting an ultralong cycle life of over 1000 

cycles. Although the LiMn0.792Fe0.0198Mg0.010PO4/SGCNTs composite 

in Ref. 39 cycled over 1000 cycles, this cathode composite 

contained too much inactive single-walled carbon nanotubes (30 

wt%) and just delivered a discharge capacity of 82 mAh·g-1 at the 

discharge rate of 1 C.  

The electrochemical impedance spectroscopy (EIS) 

measurement for the Nano-LMFP/C/G and HNM-LMFP/C/G 

electrodes was performed in order to better understand the 

superior cycling performance of the cathode materials. The EIS 

curves shown in Figure S10 are composed of a depressed semicircle 

in the high-frequency region and a straight sloping line in the low-

frequency region, which can be assigned to the charge-transfer 

process and the semi-infinite Warburg diffusion process, 

respectively. It can be seen that the charge-transfer resistance of 

HNM-LMFP/C/G electrode is much lower than that of Nano-

LMFP/C/G, indicating a higher electronic conductivity and faster 

electrochemical reaction for the HNM-LMFP/C/G electrode. The 

apparent diffusion coefficient D of Li+ is also calculated from the 

inclined line in the Warburg region (Figure S10b). The D value of 

HNM-LMFP/C/G (5.9×10-14 cm-2·S-1) is also much higher than that of 

Nano-LMFP/C/G (4.2×10-15 cm-2·S-1). Therefore, the HNM-LMFP/C/G 

also shows a higher Li+ diffusion capability, further demonstrating 

its faster kinetics and excellent electrochemical performance. To 

understand the raising polarization of the HNM-LMFP/C/G 

electrode during cycling, the cell was disassembled and the cycled 

electrode was investigated by FTIR (Figure 4). In olivine-type 

materials, the PO4 tetrahedron will be affected by the surrounding 

MnO6 and LiO6 octahedrons.43 Hence, the structure changes of 

LMFP crystals can be detected by the shift of the vibration 

frequencies of P-O bonds from the FTIR curves.44 After cycling, the 

vibration frequencies of P-O bonds shift from 975.7 cm-1 to 978.7 

cm-1. The increasing defect concentration related to the slight red 

shift will raise the polarization of the electrode, which is mainly 

resulted from the Jahn-Teller effect of Mn3+ in the charged state 

(MnPO4).12, 45-47 Therefore, the Jahn-Teller distortion is still a 

significant problem of the olivine-type LMP materials, which we are 

studying on to further improve the electrochemical performance. 

Moreover, the peak at 1745.3 cm-1 originates from C=O asymmetric 

stretching vibrations of RCOOLi, which is formed by electrolyte 

decomposition at the high voltage in the charge process. Hence, 

finding an electrolyte that can be stabilized in high operation 

voltage would be another way to enhance the electrochemical 

performance of the lithium manganese phosphate materials. 
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Figure 4. FTIR curves of HNM-LMFP electrodes before cycling and 

after 1000 cycles. The asterisk (*) and heart (♥♥♥♥) are the absorption 

peaks of PVDF and coating carbon, respectively. 

Conclusions 

In summary, the hollow-structured nanoporous LMFP 

materials were obtained using a facile ion exchange 

solvothermal method from hollow microspherical Li3PO4 

precursor. This hollow microsphere architecture provides the 

interconnected open mesopores that facilitate the 

homogeneous carbon coating and electrolyte infiltration, 
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enhancing the electronic conductivity and reducing the 

diffusion path of the lithium ions. This composite delivers a 

discharge capacity of 110, 108, 104, 81, 67, and 52 mAh·g-1, at 

1 C, 5 C, 10 C, 20 C, 30 C, and 40 C, respectively. The HNM-

LMFP/C/G nano-composite exhibits a superior long-term 

cycling performance. After 1000 charge/discharge cycles at 5 

C, the sample still remains a reversible capacity of about 105 

mAh·g-1, corresponding to the capacity retention of 94.0% and 

only 0.0068 mAh·g-1 capacity loss per cycle compared to the 

maximum discharge capacity of 112 mAh·g-1. This slight 

capacity fading can be attributed to the structure changes 

caused by Jahn-Teller distortion of Mn3+ and the electrolyte 

decomposition. This novel structure can be extended to obtain 

various porous hierarchical materials (e.g. LiVPO4, NaMn1-

xFexPO4) for application in energy storage and conversion. 
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