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Performance and characterization of lithium–manganese-oxide cathode
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Abstract

Ž .The synthesis, structure characterization and electrochemical performance of novel todorokite electrode materials tunnel size: 3=3
Ž 2qfor lithium batteries have been studied in this paper. It is shown by means of XRD that synthesized materials e.g., Mg -containing

. qsample have todorokite structure. It is also found that the reversibility of the Li insertion process into the todorokite materials decreased
after acid treatment due to removal of Mg2q from the tunnel and the breakdown of the tunnel structure during the following

Ž .intercalationrdeintercalation cycles. The electrochemical impedance spectra EIS for todorokite electrode materials are measured and
Ž . y7 y10simulated. It was measured that the apparent diffusion coefficient D of todorokite material is at a level between 10 and 10Liq

cm2rs by use of potential-step electrochemical spectroscopy. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In the development of cheaper and environmental be-
nign cathode materials for a new class of Li-ion batteries,
manganese oxides are attractive and competitive. Exten-

w xsive studies 1,2 have been done on numerous manganese
oxide compounds in the last decades for this purpose.
However, the performance of manganese oxides are not
satisfactory compared with that of commercial lithium–
cobalt oxides either with regard to cycle stability or practi-
cal capacity, thus deep insight and systematic understand-
ing of the relationships between structure and performance
Ž .especially the cyclic stability of manganese oxides mate-
rial are desirable, assuming that the era of wide commer-
cialisation of the material could come.

It is well known that many manganese oxides have
different characteristic tunnels in their structures.
However, the properties and structural changes of the
characteristic tunnels for manganese oxides during the
intercalationrdeintercalation processes have not been fully

w xunderstood 3 . For example, what are the effects of the
size of tunnel and the metal ions existing in the tunnel on
the performance of the oxides, how about the changes and
stability of tunnels during the intercalation process, etc.
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Thus the detailed study of the electrochemical properties
and cyclic stability of the manganese oxides with novel

w xlayer- and tunnel-structure will be significant 3,4 . In this
work, the investigation of the electrochemical behaviour of

Žmanganese oxides with large tunnel structure i.e., todor-
.okite structure, tunnel size: 3=3 and containing different

Ž 2q 2q 2q.cations i.e., Mg , Ni and Co in the tunnels have
been done. Some interesting results about this novel elec-
trode material will be reported in this paper.

2. Experimental

The synthesis of manganese oxides with large tunnel
w xstructure is based on literature methods 5 with some

modifications, i.e., the Naq-birnessite was first prepared
Ž .using the reaction between 0.5 M Mn NO and NaOH3 2

under the flow of oxygen bubbles into the solution. Then
the Naq-birnessite was exchanged with different chloride

Ž .salt solutions i.e., 1 M MgCl , CoCl etc. for more than2 2

24 h. The final step for synthesis of todorokite material
was based on the hydrothermal reaction of Mg2q-birnes-
site or Ni2q-birnessite, etc. in an autoclave reactor at about
1608C. The advantage of hydrothermal synthesis of inter-

w xcalation electrode materials is apparent 6 : firstly, it can be
Ž .synthesized at low temperature between 1008 and 2008C ;

it is quite convenient to change synthesis conditions such
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as pH, temperature and the cations in the solution, the
latter may act as the structure-directing species, or tem-
plate, to change the composition of compounds. In addi-
tion, the synthesized samples through hydrothermal pro-
cesses are crystalline materials, which can be used as
electrode materials directly, avoiding heat treatment of the
material at high temperature during the preparation pro-
cess. The elemental analysis of the samples indicated that
molecular formula for Mg2q-containing compounds is
Mg Na Mn O P 5.33H O. The main electro-0.847 0.092 6.31 12 2

chemical instruments used in this paper are a PARC 273
Ž . Ž .potentiostat USA or IM6 impedance analyser Germany .

The cell-assembling or treatment of Li metal were carried
out in Mbraun Model-100 inert-gas chamber. The counter

Ž .Fig. 1. X-ray diffraction XRD, Cu as target sources, scan rate: 88rmin
graphs of synthesized products containing different cations through hy-

Ž . 2q Ž . 2q Ž . 2qdrothermal processes. a Mg , b Ni , c Co .

Fig. 2. Cyclic voltammograms of Mg2q-todorokite electrode materials in
1 M LiClO qPCqDME; scan rate is 0.2 mVrs. The number shown in4

each curve represents cycle numbers.

and reference electrodes were pure Li foil electrodes. The
Želectrolyte solution was 1 M LiClO qPCqDME New-4

.cast Chemical Reagent, Beijing, China . Other experimen-
w xtal details have been described in a previous paper 7 . The

determination of apparent diffusion coefficients of Liq in
the todorokite materials is based on the method first

w xproposed by Thompson 8,9 , i.e., electrochemical voltage
Ž .spectroscopy EVS or potential-step electrochemical spec-

troscopy. The amplitude of potential step is 10 mVrh, and
current–decay curves are recorded simultaneously after the
potential step.

3. Results and discussions

3.1. Structural characterization of todorokite materials
with and without acid pretreatment

Ž .Fig. 1 a–c shows the XRD graphs of synthesized
2q Ž 2qproducts containing different M -birnessites MsMg ,

2q 2q.Co and Ni in the hydrothermal processes. It is
shown that similar todorokite structure of the materials can
be obtained with addition of Mg2q in the ion-exchange

Fig. 3. XRD graph of Mg2q-todorokite electrode materials after acid
treatment.
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Fig. 4. Cyclic voltammograms of acid-treated Mg2q-todorokite electrode
materials in 1 M LiClO qPCqDME; scan rate is 0.2 mVrs. The4

number shown in each curve represents cycle numbers.

Ž .process Fig. 1a , quite similar to that reported in the
w xliterature 10 . Here, the four peaks at 0.95, 0.47, 0.34 and

Ž . Ž . Ž . Ž .0.24 nm are indexed as 001 , 002 , 003 and 004
diffraction, respectively by assuming that todorokite mate-

w xrials has a pseudo-orthorhombic cell 5 . However, it should
be noted that if we hope to prepare a high-quality todor-
okite product we must get high-quality Naq-birnessite for
hydrothermal synthesis at first. It is found that the quality
of Naq-birnessite in our method is greatly dependent on
synthesis temperature, i.e., it is demonstrated that low

Ž .temperature ;08C is suitable for the synthesis of high-
quality Naq-birnessite. In addition, when the Mg2q ions
were replaced by Ni2q and Co2q in the first ion-exchange
processes, the synthesized products still have characteristic

Ž Ž . .peak i.e., 2us9.58, corresponding to 001 crystal face
for todorokite structure. It is also shown that there is some
distortion in the todorokite structure of the materials while

2q 2q Ž .with addition of Co and Ni Fig. 1b,c . Fig. 2 shows
cyclic voltammograms of Mg2q-todorokite at scan rate of
2 mVrs. It can be observed that a couple of current peaks
at 3.4 V and 2.6 V which correspond to the deintercala-

Fig. 5. A typical electrochemical impedance spectrum of Mg2q-todoro-
kite electrode materials when xs1 at open circuit potential. The dotted
spots represent experimental results, the solid line represents simulation

Ž .results for simulation details, see Table 1 .

Fig. 6. An equivalent circuit diagram for simulation of electrochemical
impedance spectra of the todorokite electrode materials.

tionrintercalation of Li ions of the todorokite materials. In
w xthe previous paper 6 , it was reported that todorokite

material has quite high discharge capacity at about 125
mA hrg after four cycles. Some samples which have
todorokite structure have shown good performance in cy-

Ž .cle-stability it will be reported elsewhere . More impor-
tant in this work, we have also investigated the structural
changes of Mg2q-todorokite after treatment with dilute
nitric acid solution. Fig. 3 shows the XRD graph of
Mg2q-todorokite after acid treatment. Fig. 4 shows cyclic
voltammograms of treated samples in 1 M LiClO qPCq4

DME. From the voltammograms, a large reduction peak
can be observed for Liq-intercalation potential in the first
potential cycle and then it decreased greatly in the follow-
ing cycles. However, the oxidation peak for deintercalation
of Liq-ions is small even in the first cycles, indicating the
difficulty of deintercalation of Liq-ions after intercalation.
However, both oxidation and reduction peaks for deinter-
calation and intercalation processes of Liq became much
smaller from the second potential cycle for acid-treated
samples. Based on the above results, it is proposed that the
main structure is still kept after the acid treatment; how-
ever, the performance of the treated sample is not good
and thus it is suggested that Mg2q in tunnel is dissolved
from the tunnel and results in the deterioration of the
electrochemical performance of the materials.

3.2. Electrochemical characterization of todorokite elec-
trode materials by means of electrochemical impedance

( )spectra EIS and EVS

In this work, the electrochemical properties of the novel
todorokite electrode materials have been characterised by

Table 1
Simulation results for electrochemical impedance spectra of todorokite
electrode materials at different intercalation ratios x

x E R R W CPE a D EL CT F r
1r2Ž . Ž . Ž . Ž . Ž .V V V rs mF %

0 3.36 14.2 5.32 16.4 15.3 0.852 2.17 0.1
1 2.845 14.5 8.12 16.2 11.2 0.765 2.31 0.1
2 2.734 14.5 11.17 31.6 9.4 0.669 2.49 0.2
3 2.61 14.9 11.37 53.8 7.7 0.685 2.46 0.2
2 2.94 14.6 9.02 60.7 11.5 0.677 2.48 0.2
1 3.284 14.4 9.11 14.9 18.9 0.631 2.58 0.2
0 3.586 13.9 7.79 12.8 21.9 0.631 2.58 0.2

E is stable open-circuit potential. E is error deviation in the simulation.r

The significance of other parameters listed are explained in the text.
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Fig. 7. The relationship between equilibrium open-circuit potential and
intercalation ratio x for todorokite electrode materials.

means of different electrochemical and spectroscopic
Ž .methods e.g., X-ray photoelectron spectroscopy . For ex-

ample, we have investigated the electrode kinetics of the
new electrode materials by using EIS and EVS. Fig. 5
shows a typical electrochemical impedance spectrum
Ž .Nyquist plot when the electrode material was discharged

Ž 2q .to xs1 Li MMn O , M is represented by Mg , etc. .x y z

It is found that there were few differences in characteristic
ŽEIS except in amplitude between different x values when

. Ž .0FxF3 . Apparently, the Nyquist plot Fig. 5 can be
simulated using normal equivalent circuit containing ele-

Ž . Žments such as R solution resistance , R charge-trans-L CT
. Ž .fer or reaction resistance , Z Warburg impedance andW

Ž . Ž .ya ŽCPE constant-phase element . Z sK jv K is theCPE

constant, a is correlated with fractual dimension parame-
Ž .ter, and as1r D y1 . Here, D is fractual dimensions.F F

The adapted equivalent circuit diagram is shown in Fig. 6.
The simulated values for the circuit elements at different
values of x are also tabulated in Table 1. From the table, it
is shown that R increased with the x, it suggests thatCT

intercalation of lithium ions into the material could cause
the decrease of the electronic conductivity of the material

Fig. 8. The relationship between d xrd E and x for todorokite electrode
materials.

ŽFig. 9. The relationship between log D D is apparent diffusionLiq Liq
. Ž .coefficients of the materials and x for charging circle and discharging

Ž .triangle processes, respectively.

due to the enlargement of lattice in the crystal materials
q Žafter the Li intercalation. In addition, the Z also DCPE F

.in the simulation decreased with the proceeding of the
intercalation process. This suggests that roughness of the
material increased after intercalationrdeintercalation cy-

Ž .cles. Since apparent diffusion coefficient D of theLiq
electrode material is an important kinetic parameter for
intercalation process. We have also used electrochemical
potential spectroscopy to investigate the quasi-equilibrium
intercalation process of lithium ions in todorokite material
and measure the corresponding parameters for the first
time. Figs. 7–9 shows that E;x, d xrd E;x and log
D ;x for Mg2q-todorokite electrode materials, respec-Liq
tively. From Fig. 7, it is shown that there are no two

Ž .plateaus in E;x curve when x is changed from 0 to 2 ,
implying a quite homogeneous Liq-intercalation process.

Ž .The shape of the d xrd E;x curve Fig. 8 looks like the
shape of an up–down ‘V’, also similar to that normal

w xintercalation system 11 . From Fig. 9, it is observed that
Ž .apparent diffusion coefficients D of the electrodeLiq

Žmaterials is dependent of the depth of discharge state i.e.,
q .intercalation concentration of Li in the electrodes, or x .

Ž .The apparent diffusion coefficient D of todorokiteLiq
material is at a level between 10y7 and 10y10 cm2rs. The
distribution of D with x is quite stable whether forLiq
charging or discharging processes except when x ap-

Ž .proaches the limit i.e., xs0 .

4. Conclusions

The synthesis, structural characterization and electro-
Žchemical performance of novel todorokite materials tun-

.nel size: 3=3 have been studied. It is found that the
reversibility of insertion process of Liq into the todorokite
materials containing Mg2q in the tunnels decreased after
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diluted nitric acid treatment which may be due to removal
of Mg2q from the tunnel and the breakdown of the tunnel
structure during intercalationrdeintercalation cycles. The
electrochemical impedance spectra for todorokite electrode
materials are measured and simulated. The measured ap-

Ž .parent diffusion coefficient D of todorokite materialLiq
is at a level between 10y7 and 10y10 cm2rs using EVS.
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