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Efforts were made to synthesize LiFePO4/C composites showing both high rate capability and high

tap density. First, monoclinic phase FePO4$2H2O with micro-nano hierarchical structures are

synthesized using a hydrothermal method, which are then lithiated to LiFePO4/C also with

hierarchical structures by a simple rheological phase method. The primary structures of FePO4$2H2O

are nanoplates with �30 nm thickness, and the secondary structures of the materials are intertwisted

micro-scale rings. The LiFePO4/C materials lithiated from these specially structured precursors also

have hierarchical structures, showing discharge capacities of more than 120, 110, and 90 mAh g�1 at

rates of 5 C, 10 C and 20 C, respectively, and high tap density of 1.4 g cm�3 as cathode materials for

lithium ion batteries. Since tap density is an important factor that needs to be considered in

fabricating real batteries in industry, these hierarchical structured LiFePO4/C moves closer to real

and large-scale applications.
1. Introduction

Rechargeable lithium-ion batteries are now considered as the

next generation of power sources for applications in electric

vehicles (EVs), hybrid electric vehicles (HEVs), and plug-in

hybrid electric vehicles.1–3 The olivine LiFePO4 is an attractive

electrode material for these rechargeable lithium-ion batteries

due to its low cost, long cycle life, environmental friendliness and

thermal stability.4 However, along with these exceptional

advantages, LiFePO4 has long suffered from poor high-rate

capacity due to the low electronic conductivity and slow diffu-

sion of lithium ions. To overcome the low electronic conductivity

of LiFePO4, tremendous efforts have been made through various

material processing approaches.5–11 Among these approaches,

doping of metallic elements in the bulk5 and coating the particles

with carbonaceous conductors on the surface8 have proved to be

effective ways to improve the electronic conductivity of LiFePO4

particles. To improve the high-rate performance, the LiFePO4

particles are reduced to the nanometre scale to shorten the

diffusion length for electrons and lithium ions and to increase the

effective reaction areas.12–15

However, in addition to rate capability, energy density is also

one of the most important characteristics of electrode materials

for practical applications. To increase the high-rate perfor-

mance solely by reducing the particle size will increase the
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surface area of the materials, which result in larger mass frac-

tions of carbon needed to coat the particles to the same thick-

ness. Since carbon is inactive and bulky, a large amount of

carbon decreases both the volumetric and the gravimetric

energy density of the LiFePO4/C composites significantly. Tap

density, which is well correlated to the density that can be

achieved in coated electrodes, is also sacrificed if the rate

capability of the LiFePO4/C composites is increased solely by

synthesizing nano-sized particles.16,17 Furthermore, in the

process of manufacturing real batteries, the LiFePO4/C cathode

materials need to be spread onto aluminum foil which is used as

the current collector. Nano-sized particles will fall off the

current collector easily and then tap density of the materials is

an important factor that needs to be considered. Generally the

LiFePO4/C composites with simple nanoscale particles have

very small tap density (less than 1.0 g cm�3), while tap density as

high as 1.6 g cm�3 can be reached for micro-sized LiFePO4/C

composites.18 Thus, the ideal structures for LiFePO4 should

have hierarchical structures, with nanosized primary structures

to ensure high rate capability and micro-sized secondary

structures to guarantee a high tap density.

In this paper, monoclinic phase FePO4$2H2Owith micro-nano

hierarchical structures are synthesized using a hydrothermal

method and are lithiated to LiFePO4/C with the same hierar-

chical structures by a simple rheological phase method. The

LiFePO4/C composites lithiated from these specially structured

precursors show both excellent high-rate performance and high

tap density as the cathode for lithium ion batteries. The tap

density is 1.4 g cm�3 while the discharge capacities of more than

120, 110 and 90 mAh g�1 are achieved at rates of 5 C, 10 C and

20 C, respectively, at room temperature.
This journal is ª The Royal Society of Chemistry 2011
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2. Experimental

Material preparation

The FePO4$2H2O precursor was synthesized by a hydrothermal

method. In a typical synthesis procedure, 3.0 mmol hexadecyl

trimethyl ammonium bromide (CTAB) was added to 100 mL of

deionized water and stirred for 1 h to form a homogeneous and

pellucid solution. Then 4.5 mmol FeCl3$6H2O was added into

the solution and stirred until it was completely dissolved. After

that, 1.5 mL of H3PO4 solution was dropped into the solution

gradually and stirred for another hour. Subsequently, the

mixture was sealed in a Teflon�-lined stainless steel autoclave,

and heated at 170 �C for 2 h. After cooled to room temperature,

the white precipitate was separated by centrifugation for 10 min,

washed with water and ethanol several times, and then dried at

100 �C for 4 h.

A simple rheological phase method,19–21 using the

FePO4$2H2O precursor as sources for both the Fe and P in the

materials, was employed to synthesize the LiFePO4/carbon

composite. Specifically, stoichiometric amounts of FePO4$2H2O,

LiOH$H2O and polyethylene glycol (PEG) (50.0 g PEG/1 mol

FePO4$2H2O) were used as the starting materials. First,

FePO4$2H2O, LiOH$H2O, PEG and an appropriate amount of

water were mixed and ground for several minutes to get a solid-

liquid rheological body, which looks like a kind of mushy slurry.

Then the rheological body was calcined at 650 �C in a tube

furnace for 6 h under argon flow. After cooling to room

temperature, the LiFePO4/carbon composite was obtained.
Physical characterization

Powder X-ray diffraction (Bruker D8 ADVANCE, Germany)

using Cu Ka radiation was used to determine the crystalline

phase of the synthesized material. The particle morphology and

microstructures were observed using a scanning electron micro-

scope (SEM, QUANTA 200, Holland) and a high-resolution

transmission electron microscope (HRTEM, JEOL, JEM-2010-

FEF, Japan). The thermogravimetric (TG, Netzsch STA 449C,

Germany) and related analysis were determined in oxygen from

room temperature to 700 �C at a heating rate of 10 �C min�1. To

measure the tap density, about 4 g of powder was placed in

a small glass vial and tapped on the lab bench for 10 min by

hand. The measured volume of the tapped powder and its mass

was used to calculate the ‘‘tap’’ density.16
Fig. 1 The XRD pattern and TG-DTA curves of the as-synthesized

micro-nano hierarchical structured FePO4$2H2O.
Electrode preparation and cell testing

The electrochemical characterizations were performed using

a CR2016 coin-type cell. For cathode fabrication, the synthe-

sized LiFePO4/carbon composite was mixed with acetylene black

and polytetrafluoroethylene (PTFE) binder with a weight ratio of

80 : 15 : 5. After pressing onto a stainless mesh, which served as

a current collector, the cathode film was dried at 120 �C for 6 h in

an oven. The loading density of the LiFePO4 within the electrode

is 5 mg cm�2. The test cell consisted of a cathode and a lithium

foil anode separated by a Celguard 2300 microporous film, and

1 M LiPF6 dissolved in ethylene carbonate (EC)/diethyl

carbonate (DEC) (1 : 1 volume ratio) as the electrolyte. The

assembly of the cells was carried out in a dry Ar-filled glove box.
This journal is ª The Royal Society of Chemistry 2011
The cells were galvanostatically charged and discharged between

2.0 V and 4.4 V versus Li/Li+ on a battery cycler (LAND,

CT2001A, China). All the electrochemical tests were carried out

at room temperature.
3. Results and discussion

The XRD pattern and the TG-DTA curves of the as-synthesized

iron phosphates are shown in Fig. 1. The XRD pattern (Fig. 1a)

matches well with monoclinic FePO4$2H2O (phosphosiderite

[33-0666], space group P21/n, with lattice parameters

a ¼ 0.5329 nm, b ¼ 0.9798 nm, and c ¼ 0.8710 nm), suggesting

a perfect crystallinity of the as-synthesized samples. From the

TG curve (Fig. 1b), we can see that 19.03% of the mass, corre-

sponding to two water molecules in one iron phosphate mole-

cule, was lost in one step at around 200 �C. After that, the mass

of the iron phosphates did not change up to 800 �C. In the DTA

curve (Fig. 1b), there is an endothermic peak at 193.1 �C and an

exothermic peak at 711.4 �C. The first peak corresponds to the

reaction of the iron phosphate losing the two water molecules

(endothermic reaction). The second peak corresponds to the

phase change (exothermic reaction) of the iron phosphate.

The structures of the as-synthesized FePO4$2H2O were iden-

tified by SEM and TEM and their images are shown in Fig. 2.

From the SEM images (Fig. 2a and 2b), it is clear that the as-
Nanoscale, 2011, 3, 4434–4439 | 4435
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Fig. 2 The SEM (a, b) and TEM (c, d) images of the as-synthesized

micro-nano hierarchical structured FePO4$2H2O.

Fig. 4 The XRD pattern and TG-DTA curves of the LiFePO4/C

composite synthesized by a rheological phase method using the micro-

nano hierarchical structured FePO4$2H2O as the precursor.
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synthesized FePO4$2H2O have micro-nano hierarchical struc-

tures, with nanoplates as the primary structures and intertwisted

micro-scale rings as the secondary structures. The TEM images

are shown in Fig. 2c and 2d. From these images, we can see that

the width of the nanoplates (primary structures) is about 300 nm

and their thickness is about 35 nm. There is an amorphous layer,

with about 8 nm thickness, on the surface of the nanoplates. This

amorphous layer should be a layer of CTAB that was used in the

synthesis of FePO4$2H2O as surfactant. To validate our suspi-

cions we calcinated the as-synthesized FePO4$2H2O in Ar, and

took the XRD of the product. The XRD spectrum is shown as

Fig. 3. It was shown that part of the product of the calcination

was Fe2P2O7 with the Fe3+ in FePO4$2H2O reduced to Fe2+ by

the CTAB layer on the surface.

As for the formation mechanism, we propose that the adsor-

bed CTAB surfactant on the particles favored the formation of

monoclinic FePO4$2H2O nanoplates, similar to the formation of

monoclinic BiVO4 nanosheets.
22 This kind of crystal formation

mode assisted by organic surfactants has been frequently
Fig. 3 The XRD pattern of the product after calcinating the as-

synthesized FePO4$2H2O in Ar (the peaks marked with # are from

FePO4).

4436 | Nanoscale, 2011, 3, 4434–4439
reported recently.23,24 A very simple way to decrease the thickness

of the nanoplates is to decrease the concentrations of the

reactants.20

The XRD pattern and the TG-DTA curves of the LiFePO4/C

composite synthesized using the FePO4$2H2O micro-nano
Fig. 5 The SEM (a, b) and TEM (c, d) images of the LiFePO4/C

composite.

This journal is ª The Royal Society of Chemistry 2011
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hierarchical structures as the precursor by a simple rheological

phase method are shown in Fig. 4. The entire XRD pattern

(Fig. 4a) matches well with standard orthorhombic LiFePO4

(JCPDS No. 83-2092), suggesting a perfect crystallinity of the

synthesized samples with no impurities. The TG-DTA

measurement (Fig. 4b) was determined in air from room

temperature to 700 �C and was used to estimate the carbon

content in the as-synthesized LiFePO4/C composite. From the
Fig. 6 The electrochemical performances of the hierarchical structured

This journal is ª The Royal Society of Chemistry 2011
DTA curve, we can see that three exothermic reactions happened

from room temperature to 700 �C. The first exothermic reaction

occurred at 360 �C and this should correspond to the oxidation

of LiFePO4 to Li3Fe2(PO4)3 and Fe2O3. The second exothermic

reaction occurred at around 417 �C, corresponding to the

oxidation of the carbon in the composite to CO2 gas. The third

exothermic reaction happened at around 580 �C, and this should

correspond to the phase change of Li3Fe2(PO4)3 or Fe2O3 since
LiFePO4/C composite (a, b, c: with no CNTs; d, e, f: with CNTs).

Nanoscale, 2011, 3, 4434–4439 | 4437
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there is no mass change after 560 �C in the corresponding TG

curve. From the TG curve, we can see that the first oxidation

reaction (LiFePO4 was oxidized to Li3Fe2(PO4)3 and Fe2O3)

resulted in weight gain. When the temperature continued to

increase, the carbon in the composite started to oxidize to CO2

gas which resulted in weight loss. The weight gain and the weight

loss at the later stage led to the TG curve as shown in Fig. 4b.

According to the calculation method proposed by M.S. Whit-

tingham,25 the amount of carbon in the LiFePO4/C composite

should be the theoretical weight gain (5.07%) subtracted by the

actual weight gain of the LiFePO4/C composite. Thus the carbon

content in the as-synthesized LiFePO4/C composite should be

2.24% (5.07%–2.83%).

The microstructures of the fabricated LiFePO4/C composites

were identified by SEM and TEM, and their images are shown in

Fig. 5. From the SEM images (Fig. 5a and 5b), we can see that

the as-synthesized LiFePO4/C composites keeps the micro-nano

hierarchical structures. The primary structures of the composites

are nanoscale particles and the secondary structures are micro-

scale irregular rings (Fig. 5a). It seems that as the reaction

proceeds, the FePO4$2H2O precursor with nanoplates

morphology transforms into LiFePO4/C particles with a quasi-

sphere morphology (Fig. 5b). The high-resolution TEM images

were shown in Fig. 5c and 5d. As shown in Fig. 5c, LiFePO4/C

quasi-spheres with diameters as small as 20 nm can be synthe-

sized by this method. There is a thin layer of amorphous carbon

which not only coats the LiFePO4 particles but also intercon-

nects the nanoscale particles together. This layer of carbon

nanocoating can increase the electronic conductivity of LiFePO4

particles and is also widely used to improve the performance of

metal oxide based anode materials.26,27 From Fig. 5d, the

thickness of the amorphous carbon layer can be measured as

about 2 nm.

Fig. 6 shows the electrochemical performances of the hier-

archically structured LiFePO4/C composite as the cathode for

lithium ion batteries. From Fig. 6a and 6b, it showed that the

low rate capability (around 150 and 140 mAh g�1 specific

capacities at 0.5 C and 1 C, respectively) did not have many

advantages over the LiFePO4/C composite with other struc-

tures. However, the materials showed excellent high-rate capa-

bility. The discharge specific capacities of this micro-nano

hierarchically structured LiFePO4/C composite can stabilize at

more than 120, 110, and 90 mAh g�1 at high rates of 5 C

(850 mA g�1), 10 C (1700 mA g�1) and 20 C (3400 mA g�1),

respectively. The results shown in Fig. 6c demonstrate that this

hierarchically structured LiFePO4/C composite also exhibit an

excellent cycling performance. For the 10 C rate performance,

almost no obvious capacity loss can be observed for the first 700

cycles. When some carbon nanotubes (CNTs) were mixed into

the cathode materials (the weight ratio was 80 : 10 : 5 : 5 for the

synthesized LiFePO4/C composite, acetylene black, CNT and

polytetrafluoroethylene (PTFE) binder), the low rate capability

improved a lot, with the specific capacities reaching 170 and

160 mAh g�1 at a rate of 0.5 C and 1 C, respectively (Fig. 6d and

6e). However, the capacities at high rates did not improve much

compared to the materials with no CNTs. Fig. 6f showed that

the performance at high rates was very stable. Almost no

change occurred in the voltage-capacity curves for 50 cycles at

a rate of 10 C.
4438 | Nanoscale, 2011, 3, 4434–4439
Recently, many LiFePO4/C nanostructures, such as meso-

porous LiFePO4/C nanocomposite,28 carbon coated LiFePO4

nanocrystals,29 and LiFePO4/C thin nanoplates,30 were synthe-

sized and all of these LiFePO4/C nanostructures showed excel-

lent high-rate electrochemical performances. The superior

performance was believed to be caused by the short transport

distances for lithium-ion within the particles and the high

specific surface area of the particles which permits a high

contact area with the electrolyte and hence a high lithium-ion

flux across the interface for these nano-sized thin carbon layer-

coated LiFePO4 particles. Consistent with this idea, the

LiFePO4/C nanocomposite with smaller sizes13 thus showed

even better performance at higher rates (�90 mAh g�1 at about

60 C). But specific capacity at high rates is not the only goal we

should pursue. Increasing the high-rate performance just by

synthesizing nano-sized particles will decrease both the volu-

metric and the gravimetric energy density of the LiFePO4/C

composites significantly. Also in the process of manufacturing

real batteries, the LiFePO4/C cathode materials need to be

spread onto aluminum foil (used as the current collector) and

then the tap density of the materials is an important factor that

needs to be considered. Simple nanoscale particles have very

small tap density (less than 1.0 g cm�3) and can easily fall off

from the aluminum foil. Micro-sized LiFePO4/C composites

have high tap density (for example, tap density as high as 1.6 g

cm�3 can be reached18) and are generally used in manufacturing

real batteries for applications. These micro-nano hierarchical

structured LiFePO4/C composites showed a tap density of 1.4 g

cm�3 and should be ready to be used as the cathode materials in

real lithium ion batteries.
4. Conclusions

In summary, monoclinic phase FePO4$2H2O with micro-nano

hierarchical structures are synthesized using a hydrothermal

method and lithiated to LiFePO4/C, which also has hierarchical

structures, by a simple rheological phase method. These specially

structured LiFePO4/C materials show both excellent high-rate

performance and high tap density as the cathode for lithium ion

batteries. Discharge capacities of more than 120, 110, and 90

mAh g�1 at high rates of 5 C, 10 C and 20 C, respectively, and

a tap density of 1.4 g cm�3 can be achieved at same time. These

as-prepared materials are capable of large-scale applications,

such as electric vehicles and plug-in hybrid electric vehicles.
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