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ABSTRACT :

Over the past few years, LiFePO4 has been actively studied as a cathode material for lithium-ion

batteries because of its advantageous properties such as high theoretical capacity, good cycle life,

and high thermal stability. However, it does not have a very good power capability owing to the

low lithium-ion diffusivity and poor electronic conductivity. Reduction in particle size of LiFePO4

to the scale of nanometers has been found to dramatically enhance the above properties, according

to many earlier reports. However, because of the intrinsically low tap density of nanomaterials, it

is difficult to commercialize this method. Many studies are being carried out to improve the vol-

umetric energy density of this material and many methods have been reported so far. This paper

provides a brief summary of the synthesis methods and electrochemical performances of micro-

spherical LiFePO4 having high volumetric energy density.
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1. Introduction

With the development of portable electronic

devices, hybrid electric vehicles (HEVs), plug-in

hybrid electric vehicles (PHEV), etc., lithium-ion bat-

teries are becoming a preferred choice as energy stor-

age devices. Lithium-ion batteries can offer a higher

operating voltage and energy density compared to

other rechargeable battery systems such as nickel-cad-

mium and nickel–metal hydride batteries.1) Lithium-

ion batteries consist of mainly a cathode, an anode, a

separator, and an electrolyte. Among these compo-

nents, the cathode material has attracted much atten-

t ion because i t  has  a decisive impact  on the

performance (such as capacity, safety, and cycle life)

of the battery. In most of the commercial lithium-ion

batteries, lithium cobalt oxide (LiCoO2) is used as the

cathode material because of its high voltage and

capacity.2-4) However, batteries used overall in the

industry are required to be safe, cost-effective, non-

toxic, and environmentally friendly. Among the new

cathode materials developed with higher energy den-

sity and lower cost than LiCoO2, lithium iron phos-

phate (LiFePO4) is a promising cathode material with

advantageous properties such as low cost and toxicity,

high theoretical capacity (170 mAh g−1), enhanced

cycle life, and high thermal stability.5-7) LiFePO4 is a

polyanionic compound with strong covalent bonding

between the Fe ion and oxygen octahedra of PO4
3−.6,8)

In the olivine crystalline structure, LiFePO4 acts as a

facile lithium extraction/insertion host that can be

combined with a carbon anode in lithium-ion batteries.

The lithium extraction/insertion occurs via a two-

phase mechanism with LiFePO4 and FePO4 as end

members, without much solid solubility. However, the
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limited capacity of LiFePO4 is attributed to the low

lithium-ion diffusivity (approximately 10−14 cm2 s−1)

resulting from the complex pathway along the [010]

channel, with a nonlinear and curved trajectory

between adjacent Li sites, and a high blocking possi-

bility of the one dimensional channels.9 Additionally,

LiFePO4 has poor electronic conductivity (about 10−9-

10−10 S cm−1) because the corner-shared FeO6 octahe-

dra are separated by the oxygen atoms of the PO4
3− tet-

rahedra and cannot  form a cont inuous FeO 6

network.10,11)

To address these problems, many researchers sug-

gested methods such as coating with conductive car-

bon,8) refining the particle size,12) and doping of

supervalent cations (such as Zr, Ti, Nb, and Mg).6) Con-

sequently, reversible capacity values of ~160 mAh g−1

have been achieved by these methods. The decrease in

particle size to nanoscale dimension has been espe-

cially successful in reducing the diffusion path length

and overcoming the lithium-ion transport limitations

in LiFePO4.

However, nanosized LiFePO4 has a significantly

reduced volumetric energy density owing to the intrin-

sic low tap density of the nanomaterial. The tap den-

sity of nanosized LiFePO4 with an irregular carbon

coating is generally less than 1.0 g cm−3.13) With the

development of lithium-ion batteries for medium- and

large-scale applications, electrochemical performance

and volumetric energy density of lithium-ion batteries

have now become focal point of research.

A particle with spherical morphology would be

most beneficial in obtaining a high volumetric energy

density, while at the same time, LiFePO4 particles with

a large size has a long Li-ion diffusion pathway, result-

ing in poor capacities and low rate capabilities. There-

fore, LiFePO4 particles with sizes in the micron range

and having a reduced pathway length for lithium ion

migration by virtue of the presence of pore structures

in the particles is desirable.

In the present work, various synthesis methods

employed for producing microsized LiFePO4 with

spherical morphology and porous structures are dis-

cussed. The tap densities and electrochemical perfor-

mances of the obtained LiFePO4 are also discussed.

2. Synthesis methods of microspherical LiFePO4

2.1. Coprecipitation method

Oh et al.14) prepared FePO4 hydrate precursors in

micro- and nanometer scale by controlling the reaction

time in a coprecipitation process. They obtained

FePO4 hydrates 6 µm in size with nanopores, and dis-

crete nanoscale particles 200 nm in size at reaction

times of 18 h and 6 h, respectively. To obtain crystal-

line anhydrous FePO4 powders, the 6 µm sized precur-

sor was heated at 550oC for 10 h in an argon

atmosphere. Subsequently, nanoporous micro-

LiFePO4 was synthesized by mixing FePO4 with

Li2CO3 and pitch (carbon source) and calcining the

mixture at 750oC for 15 h in a hydrogen/argon mixture

(4 vol% H2). To obtain nano-LiFePO4, the FePO4 pre-

cursor 200 nm in size was mixed with Li2CO3 and

pitch, and then calcined at 650oC for 15 h.

The carbon contents of nanoporous micro- and

nano-LiFePO4/C (Fig. 2) were 2.95 and 3 wt%,

Fig. 1. (a) Crystal structure of LiFePO4 illustrating 1D Li+

diffusion channels oriented along the [010] direction. (b)

Schematic illustration of Li+ diffusion impeded by immobile

point defects in 1D channels.9)

Fig. 2. (Color online) SEM images of nanoporous micro-

LiFePO4 particle: (a) Low magnification, (b) surface, (c)

cross-sectional SEM image of nanoporous micro-LiFePO4

particle, where the inset shows the magnified image of the

marked region, and (d) nano-LiFePO4.
14)
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respectively. The particle size of nanoporous micro-

LiFePO4/C was 6 µm, and its tap density was 1.5 g

cm−3. The tap density of nano-LiFePO4 was 0.6 g cm−3.

On measuring the electrochemical performance, nano-

LiFePO4 and nanoporous micro-LiFePO4 delivered

high specific capacities of 155 and 152 mAh g−1,

respectively, at a 0.1 C rate (17 mA g−1). However, the

capacities based on the electrode volumes of nano-

LiFePO4 and nanoporous micro-LiFePO4 were 93 and

227 mAh g−1, respectively. Thus, the nanoporous

micro-LiFePO4 electrode showed a 2.5 times greater

volumetric energy density than that of nano-LiFePO4.

Oh et al. also reported double carbon coating of

FePO4 and LiFePO4 in order to uniformly coat carbon

into the pores of the microparticles.15) When the

FePO4 hydrate precursor was synthesized by coprecip-

itation, sucrose was added as the first carbon source

and then the precursor was preheated at 500oC for 10 h

in a hydrogen/argon mixture (4 vol% H2). The carbon

content of the obtained FePO4/C was 0.5 wt%. This

powder was mixed with Li2CO3 and pitch as the sec-

ond carbon source. The mixture was calcined at 750oC

for 15 h. The synthesized LiFePO4/C had a size of

8 µm, a spherical morphology, and a porous structure

(Fig. 3). Its tap density was 1.5 g cm−3; carbon content,

3.1 wt%; and conductivity, 8.8 × 10−2 S cm−1, as mea-

sured by a four-probe method. It also exhibited an

excellent specific capacity of 161 mAh g−1 at a 0.1 C

rate (17 mA g−1) and a rate performance of 80 mAh g−1

at a 20 C rate (3,400 mA g−1).

2.2. Hydrothermal method

Qian et al.16) reported the synthesis of nanoem-

bossed mesoporous LiFePO4 microspheres by a tem-

plate-free hydrothermal process. They synthesized a

spherical precursor using citric acid at 180oC for 6 h.

Citric acid was only used as a reducing agent for the

partial reduction of ferric ions. To confirm the effect of

the carbon coating, pure microsphere LiFePO4 (MS-

LiFePO4) was synthesized without carbon, and a car-

bon-coated microsphere LiFePO4 (MS-LiFePO4/C) was

synthesized by heating at 650oC for 10 h under a

hydrogen/argon mixture (5 vol% H2) with sucrose as

the carbon source.

They explained that the microspherical precursor

with a mesoporous structure was formed by a dissolu-

tion-precipitation-deposition process in the hydrother-

mal chemical reaction. The sizes of the obtained

precursors MS-LiFePO4 and MS-LiFePO4/C are not

significantly different; both are about 3 µm (Fig. 4).

The surface areas of MS-LiFePO4 and MS-LiFePO4/C

are 8.4 and 38.6 m2 g−1, respectively. The large surface

Fig. 3. SEM images obtained from a focused ion beam cut

of LiFePO4 at low (a) and high (b) magnification. Cross-

sectional TEM image of LiFePO4 (c) and the corresponding

EELS image (d) (where red: C, blue: Fe, and green: P).15)

Fig. 4. Scanning electron microscopy (SEM) images of a

(a) whole, (b) individual, and (c) cross-section of MS-

LiFePO4. (d) Transmission electron microscopy (TEM)

image of scattered particles of MS-LiFePO4. (e) Typical

SEM image and (f) HRTEM image of MS-LiFePO4/C.16)



138 Min-Young Cho, Sun-Min Park, Kwang-Bum Kim, Jae-Won Lee, and Kwang Chul Roh

area of MS-LiFePO4/C was explained by the forma-

tion of pyrolyzed carbon during calcination with

sucrose, and it had a high tap density of 1.4 g cm−3.

The measured carbon contents of MS-LiFePO4 and

MS-LiFePO4/C are 0.03 and 5.8 wt%, respectively.

The carbon coating was shown to effect dramatic

differences in the electrochemical performance. The

discharge capacities of MS-LiFePO4 and MS-

LiFePO4/C are 100 and 153 mAh g−1, respectively, at a

0.1 C rate (16 mA g−1). MS-LiFePO4/C delivered 71

mAh g−1 at a 30 C rate (4800 mA g−1), while MS-

LiFePO4 only delivered 30 mAh g−1 even at a 10 C

rate (1600 mA g−1) owing to the poor electronic con-

ductivity resulting from the absence of carbon coating. 

Lou et al.17) reported the synthesis of LiFePO4

microspheres. They synthesized quasi-spherical

FePO4·2H2O by a sodium dodecylsulfate (SDS)-

assisted hydrothermal process at 170oC for 4 h. To

obtain LiFePO4/C microspheres, as-synthesized

FePO4·2H2O, LiOH, and polyethylene glycol (PEG-

10000) as the carbon source were mixed until they

resulted in a solid-liquid mushy rheological body. The

mixture was then calcined at 650oC for 10 h in an Ar

atmosphere.

The synthesized FePO4·2H2O exhibited sizes

between 0.5 to 2 µm and a spherical morphology and

it consisted of nanoplates of 100 nm lengthand 30 nm

thickness (Fig. 5). The size and morphology of the

obtained LiFePO4/C were the same as those of

FePO4·2H2O. The measured carbon content of the

coated LiFePO4 was 2.21 wt%, and the tap density

was as high as 1.4 g cm−3. The LiFePO4/C delivered a

capacity of 162 mAh g−1 at a 0.1 C rate (17 mA g−1)

and 77 mAh g−1 at a 30 C rate (5100 mA g−1). 

Shu et al.18) reported the synthesis of monodisperse

LiFePO4/C microspheres via an ammonium-assisted

hydrothermal process. They synthesized a spherical

precursor using citric acid and ammonia solution at

180oC for 6 h. The precursor was then heated with cit-

ric acid as the carbon source at 700oC for 10 h under a

hydrogen/argon mixture (5 vol% H2).

It can be clearly seen from their results that the use

of ammonia resulted in precursors with uniform and

monodisperse microspheres, but the precursor pro-

duced without ammonia was irregular and had a larger

particle size than that produced using ammonia. The

average particle sizes of the precursors synthesized

without and with ammonia were 4.05 µm and

1.80 µm, respectively. The authors attributed the for-

mation of this precursor morphology to a synergistic

effect (the control of particle growth rate and shape) of

the citric acid and the auxiliary ligand ammonia. The

synthesized monodisperse LiFePO4/C after calcination

had the same shape and size of the precursor (Fig. 6), a

carbon content of 4.13 wt%, and a high tap density of

1.3 g cm−3.

Fig. 5. SEM (a, b, c, and d) and TEM (e and f) images for synthesized FePO4·2H2O precursors and the as-synthesized

LiFePO4/C. The SEM images a, b and c are for panorama, individual and partial FePO4·2H2O quasi-spheres, respectively.

SEM image d shows a microsphere of LiFePO4/C. High resolution TEM images e and f show the whole (e) and a part (f) of

a LiFePO4/C nanoplate; image f is the area circled with an ellipse in image (e).17)
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On analyzing the electrochemical performance, it

was shown to exhibit a capacity of 168.7 mAh g−1 at a

0.1 C rate (17 mA g−1) and 5 C rate. It also showed a

high lithium ion diffusion coefficient of 7.48 × 10−13

cm2 s−1 with the addition of ammonia.

2.3. Solvothermal method

Sun et al.13) reported the synthesis of flower-like

LiFePO4 microspheres (FMS-LiFePO4) and walnut-

shaped LiFePO4 microspheres (WMS-LiFePO4). They

also synthesized composites using conductive poly-

pyrrole (FMS-LiFePO4/C/PPy and WMS-LiFePO4/C/

PPy) to increase their rate capabilities. To synthesize

FMS-LiFePO4, gelation was conducted with ethylene

glycol (EG) and ethylenediamine (EN), and then the

gelatinous mixture was reacted solvothermally at

180oC for 3 h. WMS-LiFePO4 was synthesized under

the same conditions as those for FMS-LiFePO4,

except for the absence of EN. The obtained precursors

were calcined with sucrose at 720oC for 12 h under a

hydrogen/argon mixture (5 vol% H2). FMS- and

WMS-LiFePO4/C/PPy composites were synthesized

by a chemical polymerization of monomers of pyrrole

and sodium p-toluene-sulfonate as a dopant in the

presence of FMS- or WMS-LiFePO4/C.

The size and tap density of the synthesized FMS-

LiFePO4/C particles were 1-3 µm and 1.1 g cm−3,

respectively, and consisted of nanoplates with a thick-

ness of 80 nm (Fig. 7). The WMS-LiFePO4/C had a

size of 2-5 µm, a tap density of 1.2 g cm−3, and con-

sisted of nanoparticles (Fig. 8). The authors proposed

a mechanism for the formation of a primary particle, in which EG reacted as a stabilizer to limit the particle

Fig. 6. SEM photographs of LiFePO4/C synthesized

without ammonia (a × 3000, b × 10000) and synthesized

with ammonia (c × 3000, d × 10000).18)

Fig. 7. Representive SEM and TEM images of the

flowerlike LiFePO4 microspheres: (a) overall morphology of

the products; (b) high-magnification SEM image of an

individual microsphere, revealing the constituent details of the

microsphere; (c) overview of an ensemble of nanoplates at

the edge of a microsphere coated with carbon; (d) HRTEM

image of a well-crystallized nanoplate (inset: the FFT

pattern, B denotes the beam direction).13)

Fig. 8. Representive SEM and TEM images of the walnut-

shaped LiFePO4 microspheres: (a) overall morphology of

the products; (b) high-magnification SEM images of an

individual microsphere; (c) overview of an ensemble of

nanoparticles at the edge of a microsphere coated with

carbon; (d) HRTEM image of a well-crystallized

nanoparticle (inset: the FFT pattern, B denotes the beam

direction).13)
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growth and as a chelator to prevent the agglomera-

tion. Furthermore, EN has been shown to have a stron-

ger chelating ability for some transition-metal ions,

and it greatly influenced the crystal growth. 

On analyzing the electrochemical performance,

FMS-LiFePO4/C/PPy exhibited the best rate perfor-

mance because of its structural robustness and good

electronic contact resulting from the carbon coating

and the compostire formation with conductive PPy. It

delivered 140 mA h g−1 and 86 mA h g−1 at a 0.1 C rate

(17 mA g−1) and a 10 C rate (170 mA g−1), respectively.

Zhang et al.19) reported a new synthesis method for

fabricating LiFePO4 microspheres by a solvothermal

treatment at 200oC for 24 h with ethylene glycol as the

solvent and TiN nanoparticles as conductive connec-

tors. They also used ascorbic acid as an antioxidant of

Fe ions, and poly(ethylene glycol)-block-poly(propy-

lene glycol)-block-poly(ethylene glycol) (P123) as a

surfactant. After the solvothermal reaction, the

obtained brown precipitate was annealed at 600oC for

6 h under a hydrogen/argon mixture (5 vol% H2).

They proved that the morphology of the obtained

LiFePO4 particles was dependent on the amount of

TiN nanoparticles added. In the absence of TiN, the

morphology of particles showed nanoplates with sizes

of 1-2 µm and thicknesses of 20-50 nm. However, the

morphologies of the particles became compacted

microspheres by stacking and crystal growth in the

direction perpendicular to the nanoplates as the

amount (0.25-10 wt%) of TiN increased (Fig. 9). They

explained that the formation of the particles was by

assembly in a layer-growth style of nanoplates, accel-

eration of growth rate along the b axis [010], and the

constant crystal sizes due to surfactant blocking bar-

rier of P123 and ascorbic acid.

This paper did not discuss the electrochemical per-

formance, except impedance spectroscopy. The syn-

thesized LiFePO4 microspheres had a tap density of

1.1 g cm−3 and high electronic conductivity of 2.44 ×

10−7 S cm−1.

2.4. Sol-gel method

The sol-gel method is commonly used to synthesize

nanosized LiFePO4 particles. However, Yu et al.20)

reported the fabrication of porous microspherical

aggregates of LiFePO4/C nanocomposites by a com-

bined sol-gel and spray-drying (sol-gel–SD) process

(Fig. 10). They also discussed the physical and elec-

trochemical properties of LiFePO4/C particles synthe-

sized by sol-gel and sol-spray-drying (sol–SD)

methods, respectively. They synthesized a homoge-

neous gel using tartaric acid as a gel former and car-

bon source. To obtain the synthesized LiFePO4/C

(denoted as LFPa) by the sol-gel method alone, the gel

was burned out at 120oC for 48 h in an air-limited box

furnace and then ball milled. The crushed particles

were heated at 700oC for 12 h under argon atmo-

sphere. To obtain the synthesized LiFePO4/C (denoted

as LFPb) by the sol-gel-SD method, the gel was first

dispersed in distilled water and then spray dried at a

rate of 15 mL min−1 with inlet and outlet temperatures

of 200oC and 130oC, respectively. The heat treatment

was conducted under the same conditions as LFPa.

Finally, to obtain the synthesized LiFePO4/C (denoted

as LFPc) by the sol-SD method alone, a homogeneous

sol was spray dried and heat treated under the same

conditions as LFPb.

The precursors used for LFPb and LFPc had micro-

spherical morphologies; only LFPb maintained the

same morphology after heat treatment. LFPb was

composed of nanosized precursor particles (approxi-

mately 30 nm in diameter) and had a porous structure.

Yu et al. explained the formation of microspherical

aggregates of LiFePO4/C nanocomposites (LFPb)

using a two-step mechanism, in which a uniform liq-

uid suspension of the homogeneous gel was used to

avoid surface precipitation of the droplet; the forma-

tion of nanocrystals was avoided by using tartaric acid

as the carbon source. Although their paper has not

mentioned the tap density of LFPb, it is expected to be

at a maximum with a particle size of 19.8 µm and a

carbon content of 4.48 wt%. In terms of electrochemi-

Fig. 9. SEM images of LiFePO4 prepared by adding

various amounts of TiN: (a) 0.25 wt%, (b) 0.5 wt%, (c)

1.25 wt%, (d) 2.5 wt%, (e) 5 wt%, and (f) 10 wt%.19)
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Fig. 10. (a and d) FIB images of the as-obtained precursor and sample LFPb via the sol-gel-SD method. (b) SEM image of

area A (indicated by rectangles in panel a). (c) SEM image of area B (indicated by rectangles in panel a). (e) SEM image of

area C (indicated by rectangles in panel d). (f) SEM image of area D (indicated by rectangles in panel d). (g) Scheme

showing the structure of nano-sized LiFePO4 in a porous micro-spherical aggregate.20)

Fig. 11. (Color online) Comparison of (a) gravimetric capacity and (b) volumetric capacity of nano-LiFePO4 (200 nm) and

nanoporous micro-LiFePO4 (6 µm).14) (c) Gravimetric capacity and (d) volumetric capacity of various microspherical

LiFePO4 samples compared with some literature values.



142 Min-Young Cho, Sun-Min Park, Kwang-Bum Kim, Jae-Won Lee, and Kwang Chul Roh

cal performance, LFPb delivered 137.5 mA h g−1 and

53.8 mA h g−1 at rates of 0.1 C and 10 C, respectively.

Fig. 11 shows the gravimetric and volumetric capac-

ities for the abovementioned all microspherical

LiFePO4 samples at different C rates. In comparison

with nano-LiFePO4,
13) the gravimetric capacities of all

microspherical LiFePO4 samples had similar values.

These results are attributed to the increase in the effec-

tive reaction areas via interconnected open pores of

the porous sample structure and to the improvement in

the electronic conductivity by uniform carbon coating.

3. Conclusion

Nanosized LiFePO4 materials have shown improve-

ments in their energy and power capabilities. How-

ever, the volumetric energy density of the electrode is

significantly reduced by the low tap density of nano-

materials, which remains as one of the major chal-

lenges for its successful commercialization. In this

paper, we introduced the various wet process synthesis

methods such as co-precipitation, hydrothermal, sol-

vothermal, and sol-gel process used for fabricating

microspherical LiFePO4 with porous structures.

Although the synthesized LiFePO4 materials have

high volumetric energy densities and excellent electro-

chemical performances, suitable synthesis conditions

and the synthetic methods are still highly desired for

mass production and will be continuously developed.
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