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Abstract

Sodium ferrite, Na OP1.5Fe O , is studied as a novel active material for the negative electrodes of lithium-ion batteries. This2 2 3

material is prepared by decomposing a stoichiometric mixture of sodium carbonate and ferric oxide in air at 9008C for 24 h. The insertion
and extraction of lithium ions is examined by means of a constant-current cycling technique and cyclic voltammetry using a
LirNa OP1.5Fe O cell. X-ray diffraction is used to examine the stability of the structure of the sodium ferrite electrodes during lithium2 2 3

Žinsertion and extraction. The results show that the material has excellent cyclic performance and a high reversible capacity 360 mA h
y1.g in a 1 M LiClO qPC electrolyte solution. q 1998 Elsevier Science S.A. All rights reserved.4
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1. Introduction

Lithium intercalation compounds have been investi-
gated as alternative negative-plate materials to lithium
metal in rechargeable lithium batteries in order to over-
come safety concerns and the short cycle life of secondary
lithium metal batteries. Criteria for selecting such materials
include: high reversible specific capacity, low electrode
potential, small change in the chemical potential of the
lithium ion in the material, high diffusion coefficient of
lithium ions, compatibility with electrolyte and binders,
dimensional and mechanical stability, safety in use, easy
fabrication, etc. Carbon-based materials have been studied
extensively as negative electrodes for lithium-ion batteries
and rechargeable CrLiCoO lithium-ion batteries have2

been commercialized for some portable devices. Although
significant progress has been achieved in this area, the
carbon materials cannot satisfy all conditions. It is there-
fore necessary to find better materials for rechargeable
lithium-ion batteries. In recent years, there has emerged a
great interest in transition metal oxides which offer a low

) Corresponding author. Tel.: q86-531-296-2917; Fax: q86-531-856-
5167; E-mail: shua@jn-public.sd.cninfo.net

potential against pure lithium. The materials reported in-
w x w x w xclude: Fe O 1 , WO , MoO 2 , Nb O 3 , Li Ti O ,2 3 2 2 2 5 4 5 12

w x w x w xLi Mn O , Li Mn O 4 , TiO 5 , and CuCoS O 6 .4 5 12 12 4 9 2 3 8

They exhibit good rechargeability in PC-based electrolyte
solutions, but their capacities are not satisfactory.

In this work, sodium ferrite with high reversible capac-
ity has been prepared and a study has been made of its
behaviour for lithium insertion and extraction.

2. Experimental

Sodium ferrite was synthesized from sodium carbonate
Ž . Ž .AR, Shanghai and ferric oxide AR, Shanghai in air at
9008C for 24 h. The product had a brown colour and was
powdered by controlled grinding and sieving using a 280
mesh standard screen. Chemical analysis confirmed the
stoichiometry of the product to be Na Fe O . The X-ray2 3 5.5

diffraction pattern for this material is given in Fig. 1; this
is in agreement with that of Na OP1.5Fe O reported in2 2 3

w xliterature 7 .
Charge–discharge cycling tests and chronopotentiomet-

ric experiments on Na OP1.5Fe O electrodes were per-2 2 3

formed in a three-electrode glass cell. The working elec-
Ž .trode 1=1.5 cm was made by mixing Na OP1.5Fe O2 2 3

Ž .powder with polytetrafluoroethylene PTFE and acetylene
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Fig. 1. X-ray diffraction pattern of Na OP1.5Fe O .2 2 3

black in a mass ratio of 80:10:10, pressing the mixture on
a nickel screen, and then drying at 1208C in air for at least
6 h. The loading of active material was 20 mg cmy2 .
Lithium metal served as both the counter and the reference
electrodes. The cell was assembled in a dry glove box and
comprised a Na OP1.5Fe O electrode and two lithium2 2 3

w xelectrodes separated with Celgard 2400 8 . A tentative
lithium-ion battery consisted of one LiCoO electrode and2

two Na OP1.5Fe O electrode. The electrolytes using in2 2 3

this work were PC containing 1 M LiClO or LiAsF , and4 6
Ž .PCqDEC 50:50, by volume containing 1 M LiClO or4

Ž .LiAsF . The LiAsF battery grade, Aldrich was used6 6
Ž .without further treatment. The LiClO AR, Shanghai was4

dried at a temperature of 160 to 1808C and vacuum for 24
˚h prior to use. The solvents were dehydrated with a 4 A

molecular sieve for a week before being distilled.
The electrochemical behaviour of the electrodes was

examined by means of a constant-current charge–dis-
charge technique using an AMEL545 galvanostat–elec-
trometer, and a cyclic voltammetric method using a HDV-7
potentiostat with a DCD-1 signal generator. X-ray diffrac-

Ž .tion measurements DrMax-rA, CuK radiation werea

carried out ex situ on electrodes before and after cycling.

3. Results and discussion

Typical charge–discharge curves of a LirNa O P2

1.5Fe O cell with a 1 M LiClO qPC electrolyte are2 3 4

shown in Fig. 2. The current density is 0.25 mA cmy2 ,
and the voltage range is from 0.25 V for discharge to 2.5
V for charge. During the first discharge, the cell voltages
decrease rapidly to 1.2 V, and then more slowly to 0.25 V.
There are several plateaux on the first discharge curve,
while subsequent discharge curves become smooth. The
first and subsequent charge curves are smooth. The cycling
efficiency on the first cycle is 51%, but then becomes
approximately 100% on later cycles. The irreversible ca-
pacity of the cell is exhibited only during the first dis-

Fig. 2. First and second charge–discharge curves for Lir1 M LiClO q4

PCrNa OP1.5Fe O cell.2 2 3

charge. This irreversible capacity is caused by two factors.
The first relates to the reduction of solution species. It has
been reported that a few electrolyte solutions, including
PC, are reduced at potentials below 1.5 V vs. LirLiq at
non-active metal or carbon electrodes to form a surface

Ž . w xfilm called the ‘solid electrolyte interface’ SEI 9–12 .
The film completely isolates the active mass from the
solution before the electrode reaches the intercalation po-
tential, then the electrodes are stabilized. We conclude that
a similar reaction mechanism might be possible for the
Na OP1.5Fe O electrode because it is polarized to a low2 2 3

potential during the first discharge. The second factor
relates to lithium irreversibly remaining in the bulk of the
Na OP1.5Fe O electrode material after the initial dis-2 2 3

charge.
Typical cyclic voltammograms for the Na OP1.5Fe O2 2 3

electrode in 1 M LiClO qPC electrolyte are shown in4

Fig. 3. Five peaks at 1.60, 1.15, 0.90, 0.40 and 0.01 V vs.
LirLiq are present in the first cathodic scan. In the
reverse scan, only two anodic peaks at 0.15 and 1.50 V are
observed. Two minor cathodic peaks at 1.15 and 0.90 V
and no corresponding peaks in the following anodic curve
are probably associated with the reduction of the elec-

Fig. 3. Typical cyclic voltammograms for Lir1 M LiClO qPCrNa OP4 2

1.5Fe O cell. Scan rate: 0.2 mV sy1. Nscycle number.2 3
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Ž .Fig. 4. X-ray diffraction patterns for Na OP1.5Fe O electrodes: a2 2 3
Ž . Ž . Ž .before cycling; b after the first discharge; c after the first charge; d

after fifteenth charge.

trolyte on the surface of the negative electrode. This
explanation is supported by the generation of bubbles from
an excess electrolyte cell starting at 1.2 V and stopping at
0.8 V during the first negative-going scan. The peaks at
0.40 and 1.50 V correspond to the lithium intercalation and
de-intercalation processes in the Na OP1.5Fe O host.2 2 3

Ž .The other two peaks 0.01 and 0.15 V correspond to the
deposition and stripping of metallic lithium on the elec-
trode surface. After cycling, the three original cathodic

Ž .peaks at 1.60, 1.15 and 0.90 V fade away. On the fifth
cycle, one cathodic peak at potentials from 0.25 to 3.00 V
remains; this agrees with the second discharge curve of
Fig. 2. These results indicate that after cycling the side
reactions, including electrolyte decomposition to form a
surface film on the Na OP1.5Fe O electrode, are fin-2 2 3

ished. The subsequent electrode reactions are mainly the
reversible intercalation and deintercalation of lithium at the
electrode, therefore, steady state behaviour approaches.

In order to examine the structural changes of electrodes
during the charge and discharge processes, the X-ray
diffraction patterns of the Na OP1.5Fe O electrodes be-2 2 3

fore and after cycling in PCq1 M LiClO are shown in4

Fig. 4. The charge–discharge current density is 0.25 mA
cmy2 , and the potential range is between 0.25 and 2.5 V

q Ž .vs. LirLi . As seen from Fig. 4 b , with the intercalation

of lithium ions into Na OP1.5Fe O , the diffraction peak2 2 3

at ds3.991 disappears and the relative intensities of the
peaks at ds4.457, 2.636 and 2.444 change. When lithium
ions are withdrawn from the electrode, the changed peaks

Ž .recover except for the ds3.991 peak, as seen in Fig. 4 c .
This shows that the structural changes during the charge
and discharge processes are recoverable. It is also observed

Ž .that the diffraction pattern Fig. 4 d for the sample after
the 15th charge is very similar to that for the original

Ž .charge Fig. 4 a . Thus, the structure of the material is
stable for lithium insertion and extraction.

Discharge–charge curves for LirNa OP1.5Fe O cells2 2 3

in different electrolytes at a current density of 0.25 mA
cmy2 and over a voltage region of 0.25 to 2.5 V are
presented in Fig. 5. The electrolytes used in this study are:

Ž .1 M LiClO qPC, 1 M LiClO q PCqDME , 1 M4 4
Ž .LiAsF qPC and 1 M LiAsF q PCqDME . As shown6 6

in Fig. 5, the performance of Na OP1.5Fe O electrodes2 2 3

in different electrolytes is very different. High specific
capacity and long cycling life are obtained in 1 M LiClO4

qPC. The reversible capacity is very low in 1 M LiClO4
Ž .q PCqDME . The strong influence of the electrolyte

solution upon the charge–discharge behaviour of the Na O2

P1.5Fe O electrodes is probably related to the electrolyte2 3

decomposition during the first discharge and differences in
the SEI on the electrodes in different electrolytes.

The charge and discharge curves of the tentative
lithium-ion battery Na O P 1.5Fe O r1 M LiClO q2 2 3 4

PCrLiCoO are shown in Fig. 6. The current density is2

0.25 mA cmy2 and the voltage range is 1.4 to 3.8 V. In
order to compare the negative and positive electrode, the
potentials of the two electrodes vs. lithium reference are

Fig. 5. Charge–discharge curves for LirNa OP1.5Fe O cells in various2 2 3
y2 Želectrolytes at a cycling current of 0.25 mA cm h s first cycling1

.efficiency .
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Fig. 6. Discharge–charge curves and potentials of electrodes for Na OP2
Ž .1.5Fe O r1 M LiClO qPCrLiCoO lithium-ion battery: a dis-2 3 4 2

Ž . Ž .charge–charge curves of battery; b potential of LiCoO electrode; c2

potential of Na OP1.5Fe O electrode.2 2 3

also shown in Fig. 6. The average voltage of the battery is
about 2.5 V. The change of cell voltage comes mainly
from the Na OP1.5Fe O electrode.2 2 3

4. Conclusions

The sodium ferrite Na OP1.5Fe O electrode has a2 2 3

reversible specific capacity of up to 360 mA h gy1 for
lithium insertion and exhibits good cycling performance in
PC containing 1 M LiClO . X-ray analyses of charged and4

discharged samples reveal that the structure of the sodium
ferrite is stable for lithium insertion and extraction. Thus,
sodium ferrite Na OP1.5Fe O can be considered as a2 2 3

negative material for lithium-ion batteries. The Na OP2

1.5Fe O electrode displays irreversible capacity only on2 3

the first cycle. It is concluded that this irreversible capacity
is probably due to electrolyte decomposition and to lithium
irreversibly remaining in the Na OP1.5Fe O electrodes.2 2 3
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