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Abstract

Low-crystalline b-FeOOH and vanadium ferrite were prepared by a simple hydrolysis method. XRD measurement revealed that the former

material had a framework of b-FeOOH with somewhat amorphous structure, and that the latter one gave a crystalline structure analogous to

that of the hydrated iron orthovanadate. From the electrochemical measurements, it was found that the low-crystalline b-FeOOH positive

electrode showed a discharge capacity of 230 mAh/g in the potential range of 4.3 V and 1.6 V versus Li/Liþ, and better cycle performance

than the high-crystalline one. The vanadium ferrite positive electrode also showed a high discharge capacity over 300 mAh/g and superior

cycle performance.
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1. Introduction

A growing demand of high-energy-density power sources

have created lithium secondary cells that employ lithium-

transition-metal oxides and carbon as positive and negative

active materials, respectively. For the lithium-transition-

metal oxides, LiCoO2, LiNiO2, and LiMn2O4 have been

used to provide 4V-class cells. These active materials,

however, are rather costly, thus stimulating the development

of more inexpensive positive active materials containing

iron, because iron is much more abundant and inexpensive

than cobalt, nickel, and manganese.

A number of iron-based materials have been investigated

for use as positive active materials of lithium secondary

cells; e.g. LiFeO2 [1–3], LiFePO4 [4,5], g-FeOOH deriva-

tives [6], Fe4[Fe(CH)6] [7], and b-FeOOH [8]. Among them,

the iron-based materials on Fe2þ/Fe3þ redox couple reaction

have attracted much more attention because of its better

reversibility.

Amine et al. focused on the b-type material with (2 � 2)

tunnel structure [8] among several kinds of FeOOH. They

found that the b-FeOOH positive electrode exhibited a

high discharge capacity of over 200 mAh/g. However, this

high-crystalline material had a drawback of poor cycle

performance. In this work, the b-FeOOH has been further

intensively studied on the relationship between its crystal-

line structure and electrochemical properties, and it has been

found that the low-crystalline b-FeOOH positive electrode

showed better cycle performance. Furthermore, in the course

of preparing the low-crystalline material, a new iron-based

vanadium oxide (vanadium ferrite) delivering the high dis-

charge capacity over 300 mAh/g has been obtained. This

paper reports the structure, composition, and electrochemi-

cal properties of low-crystalline b-FeOOH and vanadium

ferrite positive active materials.

2. Experimental

2.1. Synthesis of active materials

The low-crystalline b-FeOOH was prepared by simply

hydrolyzing a mixture of FeCl3�6H2O and sulfates such as

CuSO4�5H2O, Al2(SO4)3�8H2O, Li2SO4�H2O, and VOSO4�
2H2O. On the other hand, the replacement of the sulfate with

other salts such as chloride and nitrate produced a high-

crystalline phase. These facts suggest that the nature of the

solution for the hydrolysis has a great effect on the crystal-

linity of b-FeOOH. When VOSO4 was used as the sulfate,

the structure of the product was dependent on the concen-

tration of the salt; the low-crystalline b-FeOOH was formed
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when the molar ratio of VOSO4/FeCl3 was less than 0.1,

while a higher molar ratio resulted in vanadium ferrite.

A high-crystalline material was also prepared by hydrolyz-

ing FeCl3�6H2O for comparison. Table 1 summarizes the

amount of salts dissolved in the solution for the hydrolysis to

prepare each active material. The resulting aqueous solu-

tions were slowly hydrolyzed at 60–80 8C, and subsequently

aged for 1 day. During the reaction, a precipitation took

place. After the filtration of the precipitate, it was washed

with deionized water and then dried in air at 60 8C.

2.2. Electrochemical measurements

Electrochemical measurements were carried out in

three-electrode flooded-type cells. The working electrode

was prepared by mixing the obtained active materials

(75 wt.%), acetylene black (20 wt.%), and poly(vinylidene

fluoride) (PVdF) (5 wt.%) with N-methyl-2-pyrrolidone

(NMP), and spreading the resulting slurry on an aluminum

mesh. The electrode was pressed at 1 t/cm2, and then dried in

vacuum at 100 8C for 12 h. The size of the electrode was

1:5 cm � 1:5 cm � 0:04 cm. Metallic lithium was used for

counter and reference electrodes. The electrolytic solution

was 1 M LiClO4 dissolved in a 2:2:1 (by volume) mixture of

ethylene carbonate (EC), dimethyl carbonate (DMC), and

diethyl carbonate (DEC). The test cells were discharged and

charged between the cut-off potentials of 1.6 V and 4.3 V

(versus Li/Liþ) at a constant current of 0.1C mA, where

C is the numerical value of the theoretical discharge capacity

of b-FeOOH (302 mAh/g). All measurements were con-

ducted at room temperature (25 8C) in an argon-filled glove

box.

3. Results and discussion

3.1. Structure and composition of the active materials

The crystalline structure and composition of the obtained

active materials were investigated by X-ray diffractometry

(XRD) and elemental analysis. Fig. 1(a)–(c) show XRD

patterns of the high-, and low-crystalline b-FeOOH, and

vanadium ferrite, respectively. The low-crystalline b-

FeOOH exhibited more broad peaks than the high-crystal-

line one, indicating that the former material had a framework

of b-FeOOH with a somewhat amorphous structure. The

vanadium ferrite in Fig. 1(c) gave a pattern greatly different

from those of the b-FeOOH in Fig. 1(a) and (b); two definite

peaks appear at around 288 and 308. This feature is very

similar to that of the recently reported hydrated iron ortho-

vanadate (FeVO4�1.1H2O) [9].

The weight ratio of elements in each active material

determined by elemental analysis is listed in Table 2. Com-

pared with the high-crystalline b-FeOOH, the low-crystal-

line one contained a larger amount of sulfur which originates

from metal sulfate dissolved in the solution subjected to the

hydrolysis. This result suggests that the incorporation of

sulfur into b-FeOOH may have inhibited the progress of its

crystallinity.

It is well known that b-FeOOH contains water molecules

within the (2 � 2) tunnel [10] in addition to the incorporated

elements like chlorine listed in Table 2. The approximate

amount of water contained in the samples was calculated

from the results in Table 1. The formulas of the high-, and

low-crystalline b-FeOOH thus determined are expressed

as FeOOHCl0.1�0.4H2O and FeOOHCl0.06S0.1�0.5H2O,

respectively.

The vanadium ferrite and the reported iron orthovanadate

gave analogous crystalline structures as noted above. Each

material, however, differed in its composition; the atomic

ratio of Fe/V was 1.2 for the former and 1.0 for the latter.

These results suggest that the vanadium ferrite obtained in

this work is to be regarded as a new iron-based vanadium

oxide.

Table 1

The amount of salts dissolved in the solution of 300 ml for the hydrolysis

Active material FeCl3�6H2O

(mol)

CuSO4�5H2O

(mol)

VOSO4�2H2O

(mol)

High-crystalline b-FeOOH 0.090 0 0

Low-crystalline b-FeOOH 0.030 0.030 0

Vanadium ferrite 0.030 0 0.0035

Fig. 1. XRD patterns of the (a) high-crystalline b-FeOOH, (b) low-

crystalline b-FeOOH, and (c) vanadium ferrite.

Table 2

Elemental analysis results of the active materials

Active material Fe (wt.%) Cl (wt.%) S (wt.%) V (wt.%)

High-crystalline

b-FeOOH

55 4 –a –

Low-crystalline

b-FeOOH

54 2 3 –

Vanadium ferrite 35 – 0.5 25

a The amount of element less than 0.1 wt.% is represented by –.
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3.2. Particle morphology and diameter of the b-FeOOH

The observation by scanning electron microscopy (SEM)

revealed that the particle morphology was needle-like for the

high-crystalline b-FeOOH, while aggregated for the low-

crystalline one. From the measurement of the particle size

distribution, the average particle diameters of the high-, and

low-crystalline one were found to be 0.5 mm and 5.0 mm,

respectively.

3.3. Electrochemical properties of the b-FeOOH and

vanadium ferrite positive electrodes

3.3.1. b-FeOOH positive electrode

Fig. 2 shows the discharge and charge characteristics of

the high-, and low-crystalline b-FeOOH positive electrodes

in the first cycle. Both electrodes exhibited an initial dis-

charge capacity of around 230 mAh/g. The electrochemical

reaction mechanism for b-FeOOH is expressed as the fol-

lowing Fe2þ/Fe3þ redox couple:

FeOOH þ Liþ þ e�?LiFeOOH (1)

The theoretical discharge capacity of b-FeOOH based

on reaction (1) is 302 mAh/g. The discharge capacity of

230 mAh/g in this work indicates that the utilization of the

prepared active material was 75%. The main reason for

this low utilization is attributable to the substantial amount

of the impurities such as H2O, Cl, and S which occupy

around 10 wt.% or more of the total mass of the active

materials.

A close look at the discharge and charge curves of the

high-, and low-crystalline b-FeOOH positive electrodes in

Fig. 2 revealed that the former electrode showed an abrupt

drop in potential in the initial stage in the first discharge,

followed by a potential plateau at around 2.0 V that covered

most of the capacity, whereas the latter electrode exhibited a

gradual change in potential. On the other hand, each elec-

trode had a similar shape of the curves during the first charge

and the following cycles, suggesting that the high-, and low-

crystalline b-FeOOH was changed to a similar structure

during the first discharging process.

The structural change of these two samples after the initial

discharge and charge was investigated by XRD measure-

ment. Fig. 3(a) and (b) show XRD patterns of the discharged

high-, and low-crystalline b-FeOOH electrodes, respec-

tively, and Fig. 3(c) and (d) present those of the charged

electrodes. The two electrodes exhibited similar diffraction

patterns with new peaks at around 438 and 638 when

discharged to 1.6 V, and the intensity of these peaks dras-

tically decreased when charged to 4.3 V, resulting in a very

broad pattern. This fact indicates that the crystalline struc-

ture of b-FeOOH changed during the first discharge and

became amorphous after one cycle.

Fig. 4 shows the cycle performance of the high-, and

low-crystalline b-FeOOH positive electrodes, respectively.

Fig. 2. Discharge and charge characteristics of the (*) high-crystalline b-

FeOOH, (*) low-crystalline b-FeOOH positive electrodes in the first

cycle.

Fig. 3. XRD patterns of the (a, c) high-crystalline b-FeOOH positive

electrodes, and (b, d) low-crystalline b-FeOOH positive electrodes. The

electrodes were discharged to (a, b) 1.6 V, and charged to (c, d) 4.3 V in the

first cycle. A symbol (*) denotes the diffraction peak due to aluminum.

Small peaks at around 19 and 268 are due to PVdF and acetylene black,

respectively.

Fig. 4. Cycle performances of the (*) high-crystalline b-FeOOH

electrodes, and (*) low-crystalline b-FeOOH electrodes.
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The latter electrode exhibited better performance than the

former. Two factors are proposed here to interpret this

phenomenon; the crystalline structure and the particle mor-

phology of the two samples. The effect of the crystallinity,

however, seems to be relatively small, because a similar

amorphous structure was formed during the first discharge

for each electrode as mentioned above. Thus, the better

cycle performance of the low-crystalline b-FeOOH elec-

trode in the following cycles must result from the aggregated

particle morphology of the active material rather than

its lower crystallinity, because the aggregated particle is

advantageous to maintain better electronic contact between

primary particles.

3.3.2. Vanadium ferrite positive electrode

Fig. 5 represents the discharge and charge characteristics

of the vanadium ferrite positive electrode in the first and

second cycles. It gave an initial discharge capacity of

312 mAh/g. This remarkable high capacity can not be

interpreted by the simple redox reaction of Fe2þ/Fe3þ,

indicating that the reduction of vanadium contributed to

the enhanced discharge capacity. Furthermore, a potential

plateau appeared at around 1.8 V in the first discharge, and

diminished in the second cycle, suggesting that the crystal-

line structure of the vanadium ferrite changed during the

first cycle.

The structural change of the vanadium ferrite after the

initial discharge and charge was investigated by XRD

measurements. Fig. 6(a) and (b) show XRD patterns of

the electrode discharged to 2.0 V and 1.6 V, respectively,

and Fig. 6(c) presents that of the electrode charged to 4.3 V.

The characteristic two peaks at around 288 and 308 of the

active material (Fig. 1(c)) were still observed for the elec-

trode discharged to 2.0 V (Fig. 6(a)). On the other hand, the

intensity of these peaks drastically decreased at 1.6 V, and

new peaks appeared at around 438 and 638 (Fig. 6(b)). These

facts indicate that the electrochemical lithium intercalation

into the vanadium ferrite occurred with less structural

change at the potential range of 2.0 V and higher, while

its crystalline structure greatly changed during the potential

plateau at around 1.8 V. The new peaks diminished for

the electrode charged to 4.3 V (Fig. 6(c)), and a broad

diffraction pattern was obtained. This result indicates that

the vanadium ferrite became amorphous after cycling as in

the case of b-FeOOH.

Comparing Fig. 2 with Fig. 5, the discharge potential of

the vanadium ferrite electrode was found to be more positive

than that of the b-FeOOH electrodes. The reduction of

vanadium in the former electrode may contribute to the

shift of its discharge potential in the positive direction.

Fig. 7 presents the cycle performance of the vanadium

ferrite positive electrode. It maintained 82% of the initial

discharge capacity at the 10th cycle, which is much higher

than the value of 70% for the low-crystalline b-FeOOH

electrode.

Fig. 5. Discharge and charge characteristics of the vanadium ferrite

positive electrode in the (&) first and (&) second cycles.

Fig. 6. XRD patterns of the vanadium ferrite positive electrode discharged

to (a) 2.0 V and (b) 1.6 V, and charged to (c) 4.3 V in the first cycle. The

discharged electrode was covered with liquid paraffin to inhibit the

oxidation of the active material. Symbols (~) and (*) denote the

diffraction peaks due to liquid paraffin and aluminum, respectively. Small

peaks at around 19 and 268 are due to PVdF and acetylene black,

respectively.

Fig. 7. Cycle performance of the vanadium ferrite positive electrode.
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4. Conclusions

New iron-based oxides such as low-crystalline b-FeOOH

and vanadium ferrite were prepared by a simple hydrolysis

method. From the electrochemical measurements, it was

found that the low-crystalline b-FeOOH positive electrode

showed a discharge capacity of 230 mAh/g and better

cycle performance than the high-crystalline one, and that

the vanadium ferrite positive electrode also showed a high

discharge capacity over 300 mAh/g and superior cycle

performance. These oxides are considered to be promising

candidates as the positive active materials of next-generation

lithium secondary cells because of their easy synthesis

method, high discharge capacity, and abundance.
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