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Resumé en Français

De nos jours, le développement de la technologie nécessite un stockage avancé de

l’énergie sous forme, par exemple, de batteries au lithium utilisées pour les appareils portables.

Généralement on utilise comme électrodes des matériaux lamellaires bien cristallisés (LiCoO2,

graphite). Mais la capacité reste limitée par les matériaux d’électrodes. Il est donc nécessaire de

rechercher de nouveaux matériaux en s’appuyant sur de nouveaux concepts dans le but

d’augmenter cette capacité.

En conséquence, je propose trois stratégies d’étude. Elles concernent respectivement :

i) des systèmes hybrides à structure lamellaire synthétisés par intercalation de monomères

organiques

ii) des hybrides constitués d’oxydes de métaux de transition enrobés par des polymères

conducteurs (particules ‘core-shell’)

iii) des matériaux nanocristallins

Dans le cadre de la première stratégie, une nouvelle série de matériaux d’électrodes à base de

poly(3,4-éthylènedioxythiophène) (PEDOT) et de V2O5 a été synthétisée par ‘réaction

d’intercalation et de polymérisation rédox simultanées’. La distance inter-feuillets de V2O5

augmente de 4,4 Å à 13,8 Å dans une première étape et atteint 19,0 Å dans un second stade

suivant la quantité de macromolécules intercalées. Les tests électrochimiques ont montré

qu’aucun changement de structure important se produit pendant l’intercalation des ions Li+,

contrairement à V2O5 non traité qui présente divers plateaux distincts.



On en conclut donc que la présence des macromolécules dans l’espace inter-feuillet

semble stabiliser la structure lamellaire de V2O5. Les électrodes hybrides délivrent jusqu’a 328

mAh/g entre 2 et 4,4 V vs. Li alors que V2O5 lui-même est limité à seulement à 241 mAh/g

pour la seconde décharge.

La deuxième stratégie porte sur des nanohybrides de type ‘core-shell’, c’est à dire

constitués de nanoparticules d’oxydes enrobées par des polymères conducteurs. Des

nanoparticules de maghémite ont été modifiées par polymérisation du pyrrole sur leur surface.

Les propriétés électrochimiques sont exaltées en raison de la présence du polymère, bien que

celui ci soit présent en faible quantité (3,5% en mole) et que sa capacité électrochimique

‘intrinsèque’ soit faible. Le principal résultat remarquable est le changement des propriétés

physiques induit par l’enrobage. La température de blocage superparamagnétique est

augmentée d’environ 8 K en raison de la diminution des interactions entre les particules. La

capacité électrochimique a été augmentée et atteint 270 mAh/g dans une gamme de potentiel de

1,3 à 4,3 V vs. Li+/Li.



La troisième voie de recherche explore des oxydes nanocristallins originaux. Deux

nouveaux matériaux d’électrode ont été mis en évidence :

- Le premier est l’oxyiodure de manganèse amorphe à base de potassium et de

lithium qui délivre ~ 340 mAh/g. Cela montre la réversibilité des couples

rédox Mn3+/4+ et Mn2+/3+. Ce résultat diffère de celui obsérvé pour les autre

oxydes de manganèse pour lesquels seule la réversibilité du couple rédox

Mn3+/4+ intervient.

- Le second est l’oxyde d’étain nanocristallin dopé par le fluor préparé par

thermolyse d’un xérosol dérivé d’un précurseur moléculaire original. Le

rapport atomique F/Sn a été estimé par analyse élémentaire. L’état d’oxydation

de l’étain et la conductivité ont été déterminés par spectroscopie Mössbauer et

par mesures électriques. Les études électrochimiques ont montré une capacité

réversible pouvant atteindre 800 mAh/g.

Pour expliquer le comportement électrochimique de ce genre du matériaux, un modèle

schématique est suggéré : il fait intervenir le greffage réversible des ions lithium sur la surface

des nanograins.
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General Introduction

The rapid development of modern electronic technology creates a strong demand

for portable power sources. For example, popular portable electronic devices such as

notebook computers, camcorders and cellular phones require small, but efficient and

reliable batteries. Lithium batteries are considered to be the best choice, as they provide

high output power and moderate lifetime. Generally, the lithium batteries are composed

of cathode, anode, electrolyte, separator and packaging unit. Especially, electrode

materials are of strong importance, because the capacity is mostly limited by the

electrode materials. Traditional electrode materials are based on the redox potential

difference of the electrode in the course of intercalation/deintercalation reactions. They

are generally well-crystalline host compounds either with layered structure such as

graphite, LiCoO2 and LiNiO2, or with tunnel structure like LiMn2O4. For the last

decade, much effort has been made to improve the performance of the electrode

materials. But, conventional synthetic methods are always restricted by the electrode

material itself, and it is therefore necessary to search for new materials based on new

concepts in order to increase the capacity. In this regard, we have studied three different

approaches as follows :

1) bi-dimensional (lamellar) transition metal oxides intercalated by conductive polymers

(intercalation strategy)

2) tri-dimensional transition metal oxide nanoparticles coated by conductive polymers

(core-shell strategy)

3) nanocrystalline materials
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The organic-inorganic hybrid materials are, currently, exploited by its possibility

of integrating different desirable properties of organic and inorganic components in a

unique material. Here we choose conductive polymers as an organic component and 3d-

transition metal oxides as an inorganic counterpart. The conductive polymers have high

electric conductivity but their processability and capacity are not sufficient for battery

application, and most of the 3d-transition metal oxides are beneficial lithium cathodes

with processability but have some shortcoming such as low conductivity and structural

instability during lithium insertion/extraction.

The last strategy deals with electrochemistry of nanocrystalline materials in

general. For a long time, only well crystalline materials have been considered as good

electrodes for lithium-ion cells. Nanocrystalline materials are, however, being re-

evaluated recently as ‘nanoscience’ advances. The electrochemistry of this kind of

materials is much different from that of traditional crystalline ones because of their

significant ‘surface effects’. The nanocrystalline materials are reported to have an

enhanced electrochemical activity when the first electrochemical step is insertion of Li

ions (discharge process). As illustrative examples, electrochemical behaviors of some

nanocrystalline materials such as γ-Fe2O3, fluorine-doped tin oxide and potassium

manganese oxyiodide, are presented and compared with their well-crystalline

homologues. XRD, XPS and X-ray absorption spectroscopy were used as probe tools to

differentiate the bulk (core) and local (surface) states. The “electrochemical grafting”

concept will be given as a plausible explanation.
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1-1. INTRODUCTION

Recent progress in ‘nano-chemistry’ gives birth to a new emerging area, so-

called ‘hybrid’ or ‘nanocomposite’, which is a challenge for combining properties of

two or more different species into a unique material [1-4]. Especially, in the field of

lithium battery application, conducting polymer/V2O5 hybrids have received a

considerable attention over the past

several years to integrate profitably

many desirable properties of the

vanadium oxide and of the

polymeric counterpart [5-12]. V2O5

is one of the most beneficial lithium

cathodes with processability and

high capacity, whereas conducting

polymers have advantages including

flexibility and conductivity. In

addition, from an academic point of

view, there are also many interesting

things to be investigated such as

oxidation state of the vanadium,

doping character of the polymer and the nature of interaction between the polymer and

the vanadium oxide. These hybrids are generally prepared by mixing V2O5 gel with

monomers of the corresponding conducting polymer such as polyaniline (PANI),

Figure 1-1. Chemical structure of some

selected conductive polymers : PEDOT

(poly(3,4-ethylenedioxythiophene)), PTH

(polythiophene), PPY (polypyrrole) and PANI

(polyaniline).
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polypyrrole (PPY) or polythiophene (PTH) [5-15]. For some selected conducting

polymers, their chemical structure is drawn in Figure 1-1.

Among them, PANI/V2O5 xerogel system is the most intensively studied one

[5,6,10-15]. The reaction between aniline and V2O5 xerogel proceeds via oxidative

intercalation and subsequent polymerization of the aniline monomer concomitant with

the reduction of V(V) to V(IV) in the xerogel host. Kanatzidis and collaborators found

that the growth of polymer goes on mainly within interlamellar space with the

consumption of molecular oxygen [15]. Aging in air causes both partial reoxidation of

the inorganic host, that is auto-recovery of V(V) from V(IV), and the post-

polymerization of the organic intercalate. In this context, it is not surprising that the

electrochemical performance of the PANI/V2O5 xerogel hybrid was found to be

improved by a mild oxygen treatment. Leroux et al. could augment the lithium capacity

of PANI0.40V2O5 from 0.85 F/mol to 1.35 F/mol at ~ 10 mA/g after oxygen treatment at

150 °C for 8h [5,6]. They assigned this increase to the regeneration of ~ 2.9 V sites of

the V2O5 host due to the recovery of V5+. Lira-Cantú et al. optimized the oxygen

treatment condition and reported that the thermal treatment under oxygen over 80 °C for

more than 5h may destroy the polymer chain [10-12]. Under optimized condition, 302

mAh/g (2.72 F/mol) at ~ C/48 could be achieved. This enhancement is attributed to the

evasion of the degradation of polymer chain, leading to the formation of new ~ 2.3 V-

sites probably related to the polymer.

On the contrary, hybrid systems based on PPY/V2O5 or PTH/V2O5 are

relatively less studied. The position of heteroatom makes distinction in chemistry and

physico-chemical properties between PANI on one side and PPY or PTH on other side
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[16]. The N atom of PANI is outside the ring and participates directly in the

polymerization process, whereas the heteroatom N or S for PPY or PTH, respectively, is

one of the ring component members and, instead, the alpha carbon takes part in the

polymer linkage. Concerning PPY/V2O5 hybrids, it was reported that only a partial

reoxidation was attained even after 72h O2 exposure at 150 °C, and moreover the

capacity decreased owing to the polymer degradation [6,7]. On the other hand, the

hybrids prepared under reflux conditions have fully oxidized vanadium, and show an

improved performance. To PPY0.40V2O5 prepared under reflux condition, about 1.8

Li/mol could be inserted at ~ 10 mA/g.

As for the PTH/V2O5 hybrids, the thiophene monomer is not easy to insert

directly into V2O5, because thiophene has a greater redox potential (~ 3.8 V vs. Li+/Li)

than that of V2O5 (~ 3.4 V vs. Li+/Li). G. R. Goward et al. made several types of the

PTH/V2O5 hybrids with bithiophene, terthiophene, 3-methyl thiophene and 2,5-methyl

thiophene, and examined their electrochemical properties [7]. Regarding 3-methyl

thiophene, the methylation in the 3-position facilitates α-α’ coupling and thereupon

more regular structure, whereas in the case of 2,5-dimethyl thiophene, α-β’ or/and β-β’

coupling deteriorates polymeric order, leading to a decrease in the electrochemical

capacity. The hybrids made from terthiophene and 3-methyl thiophene exhibit a better

capacity of ~ 0.95 Li/mol at 10 mA/g than those from bithiophene (~ 0.70 Li/mol) and

from 2,5-dimethyl thiophene (~ 0.58 Li/mol). The hybrids seem to be sensitive to both

polymer nature and overall order in the material. In this standpoint, poly(3,4-

ethylenedioxythiophene) (PEDOT) is expected to form a hybrid system with better

electrochemical properties, as its cap in 3 and 4 positions with ethylenedioxy group will
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lead to a more regular polymeric order [16,17].

We have currently succeeded in the preparation of a new series of

PEDOT/V2O5 [18-20]. To our knowledge, this is the first conducting polymer/V2O5

hybrid system synthesized starting with well-crystalline vanadium oxide. Furthermore,

the PEDOT is probably the conducting polymer of choice, as it has been reported to

exhibit excellent electrical conductivity up to 550 S/cm with air-stability superior to

PANI, PPY and PTH [16,17]. We observed that these hybrids showed enhanced

electrochemical capacities and that their lithium insertion behaviors were not similar to

those of crystalline V2O5 but to those of other hybrid systems based on V2O5 gel. Here I

will describe a systematic study of preparation, characterization and electrochemical

lithium insertion into the hybrids. A special discussion will be focused on the

relationship between electrochemical properties and structural formation including

arrangement of vanadium oxide layers and polymer chains.

1-2. EXPERIMENTAL SECTION

1-2-1. Materials

Vanadium pentoxide (99.9 %), lithium metal foil (99.9 %), LiClO4 (99.99 %),

polytetrafluoroethylene (PTFE, 99.99 %), propylene carbonate (PC, 99.9 %) and

dimethyl carbonate (DMC, 99%) from Aldrich were used without further purification.

3,4-ethylenedioxythiophene (EDOT, Bayer AG Germany) was distilled under vacuum

prior to use. Ethylene carbonate (EC, Prolabo 99%) and ketjenblack were used as
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received. All the experiments were conducted with deionized water.

1-2-2. Sample Preparation

The PEDOT/V2O5 hybrids were synthesized by insertion and subsequent

polymerization of EDOT into V2O5. A given amount of EDOT was dissolved in 25 ml

of distilled water, and this solution was mixed and refluxed with 2 g of vanadium

pentoxide for 12 h. The nominal molar ratio of EDOT to V2O5 was adjusted to 0.02

(VP1), 0.04 (VP2), 0.08 (VP3), 0.40 (VP4) or 0.60 (VP5). After completion of the

reaction, the solid was filtered off and washed repeatedly with water and acetone until

the initial light yellow color in the filtrate disappeared totally, and the resulting bluish

black powder was dried in air.

For comparison, Cl- doped PEDOT was also prepared as reported in Ref. 21. A

given amount of EDOT was added in FeCl3 aqueous solution at a molar ratio of FeCl3 :

EDOT = 2.5 : 1, and stirred during 24 hours.

1-2-3. Physico-Chemical Characterization

The incorporation of the polymer into the V2O5 was confirmed by powder X-

ray diffractometer (Phillips PW-1050) using Ni-filtered Cu-Kα radiation (λ = 1.5418 Å).

Fourier transform infrared (FTIR) spectra of powder samples diluted with KBr were

recorded with a Bruker FTIR spectrometer in transmission mode. The variation of

particle morphology upon the intercalation was monitored by a scanning electron
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micrograph (SEM, Philips XL-30) or by a transmission electron microscope (TEM,

JEOL 2000 FX) operating at an accelerating voltage of 200 kV. The molar fraction of

polymer per V2O5 was determined by thermal analysis with a Shimadzu TGA-50 system

from room temperature to 800 °C at a rate of 10 °C/min under oxygen. Electrical

conductivity was measured by a conventional four-probe method using conducting

silver paint for contacts. Elemental analysis was carried out using inductively coupled

plasma optical emission spectroscopy (ICP-OES, Perkin-Elmer 1000) and E-

Instruments-EA 1110 CHNS-O Analyser.

The EPR spectra were registered as the first derivative of the absorption signal

with an ERS-220/Q spectrometer (ex-GDR) within the temperature range between 85 K

and room temperature. The g-factors were established with respect to a Mn2+/ZnS

standard. The signal intensity was determined by double integration of the experimental

EPR spectrum. Recordings at different microwave power were used to distinguish the

EPR signals.

1-2-4. Electrochemistry

The electrochemical measurements were performed using button-type two-

electrode cells with aid of a computer-controlled PGS201T (Tacussel)

potentiostat/galvanostat system. The composite cathodes were made by intimately

mixing 70% (by mass) of the active material, 25 % of Ketjenblack and 5% of PTFE.

The surface area of electrodes and mass of active material were adjusted to ~ 1 cm2 and

~ 20 mg respectively for reproducibility. These electrodes were dried under vacuum at ~
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80 °C for more than 3 hours, and introduced into an Argon-filled glove box without any

exposure to air. The electrolyte was a 1M solution of LiClO4 in a 1:1 mixture (by

volume) of EC/DMC. Lithium foil was used as an anode. For discharge/charge

experiments, a constant current of 15 mA/g was applied between 2.0 and 4.2 V for V2O5

or between 2.0 and 4.4 V (vs. Li+/Li) for the hybrids. For cyclic voltammetry, the

voltage cycled with a sweep rate of 0.5 mV/s between 2.2 V and 3.8 V.

1-3. BASIC CHARACTERIZATION OF PEDOT/V2O5 HYBRIDS

1-3-1. Determination of Chemical Composition

As already well known in the field of intercalation chemistry, all the guest

reactant would not be always intercalated into the host. The determination of chemical

composition of the intercalation compounds is important for this reason. The chemical

composition of the PEDOT/V2O5 hybrid samples was estimated from ICP, CHNS and

thermal analysis.

Table 1-1. Results of ICP and CHNS elemental anaylsis.

Nominal

EDOT/V2O5 ratio

C/V atomic

ratio

S/V atomic

ratio

VP1 0.02 0.08 0.00606

VP2 0.04 0.129 0.0102
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VP3 0.08 0.202 0.0442

VP4 0.40 0.659 0.174

VP5 0.60 0.858 0.229

Figure 1-2 presents the thermogravimetry (TG) and differential scanning calorimetry

(DSC) curves of the VP3 sample as a representative. The TG curves can be divided into

three temperature domains of 25~130, 130~420 and 420~650 °C.
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Figure 1-2. Thermogravimetry (solid line) and differential scanning

calorimetry (dashed line) curves for VP3 sample as a representive.
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The first step up to 130 °C, is attributed to removal of water, confirmed by the

endothermic peak of the DSC curve. Next weight loss until 420 °C is due to the

combustion of the polymer component, which is well corresponding to the exothermic

DSC peak. The abrupt weight loss around 210 °C is assigned to the decomposition of

the ethylenedioxy groups of the polymer. A mass gain to 650 °C is ascribed to the

endothermic oxygen uptake, which occurs together with the conversion of V4+ into V5+

[6]. This result proposes that the insertion and polymerization of EDOT monomer is

accompanied by a ‘sacrificial’ reduction of the V2O5 layers. Based on results of

elemental and thermal analysis, the formula of the hybrids are evaluated and listed in

Table 1-2.

Table 1-2. Nominal EDOT/V2O5 ratio and corresponding chemical composition for the

hybrid samples.

Nominal EDOT/V2O5 Output/Input ratio Chemical composition*

VP1 0.02 1 (C6H4O2S)0.02V2O4.9

VP2 0.04 0.75 (C6H4O2S)0.03V2O4.8

VP3 0.08 0.625 (C6H4O2S)0.05V2O4.7

VP4 0.40 0.45 (C6H4O2S)0.18V2O4.6

VP5 0.60 0.42 (C6H4O2S)0.25V2O4.6

* The surface-adsorbed water contents are ignored.

1-3-2. X-Ray Diffraction Study
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The change of crystal structure upon the incorporation of the polymer into

V2O5 was monitored by powder X-ray diffraction. Series of well-developed (00l)

peaks can be observed, and the d-spacing increases from 4.3 Å to 13.8 Å and further to

19.0 Å depending on the amount of the incorporated macromolecules (Figure 1-3). The

net interlayer expansion increases from 5.1 Å for VP1 to 10.3 Å for VP5 respectively,

assuming the V2O5 slab is composed of two vanadium oxide sheets like that of

vanadium oxide xerogel [22,23]. This would indicate that the expansion proceeds in two

steps, first forming monolayer of polymer and then double layers. It is noted that (hk0)

reflections of the hybrids correspond to those of the pristine V2O5 and that some of them,

such as (110) and (310), show

a diffuse peak shape, rising

rather rapidly and then

declining slowly toward high

angle side. This feature

suggests that the compounds

have a random layer stacking

structure, which consists of

equidistant and parallel (a-b)

layers, but randomly rotated

about the normal c-axis [24].

Such characteristics have been

already found for V2O5

compounds prepared by

Figure 1-3. Powder X-ray diffraction patterns of

pristine V2O5, VP1, VP2, VP3, VP4 and VP5.
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electrolysis or ozone-oxidation of VOSO4 or by the reaction of metallic vanadium and

hydrogen peroxide [25-29]. These V2O5 compounds have so-called ‘bidimensional’

structure, which is stabilized by interlayer water molecules. Such structural

characteristics

would be similar to

those of

PEDOT/V2O5

hybrids, except the

replacement of

water molecules by

hydrophobic

polymer chains. For

simplicity and

clarity, these kinds

of V2O5 will be

denoted as 2D-V2O5 below. Effects of these structural properties on electrochemical

behaviors will be discussed in the electrochemistry section (vide infra).

The details are summarized in Table 1-3 with the results of elemental analysis.

Table 1-3. Nominal EDOT/V2O5 ratio, corresponding chemical composition and d-

spacing for the the pristine V2O5 and hybrid samples.

Figure 1-4. Evolution of interlayer distance upon increasing

nominal molar ratio of EDOT to V2O5.
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Nominal EDOT/V2O5 Chemical composition d-spacing (Å)

V2O5 · V2O5 4.37 *

VP1 0.02 (C6H4O2S)0.02V2O4.9 13.8

VP2 0.04 (C6H4O2S)0.03V2O4.8 14.0

VP3 0.08 (C6H4O2S)0.05V2O4.7 14.0

VP4 0.40 (C6H4O2S)0.18V2O4.6 17.8

VP5 0.60 (C6H4O2S)0.25V2O4.6 19.0

* If two slabs of layer is taken as a block, the d-spacing would be ~ 8.7 Å (Ref. 22,23).

1-3-3. Infrared Spectroscopy

In order to examine the oxidation state of vanadium and doping state of the

polymer, Fourier transform infrared (FTIR) spectra were recorded. The spectra of the

hybrids shown in Figure 1-5 display the characteristic bands corresponding to both

PEDOT and V2O5. Vibrations around 1520, 1450 and 1380 cm–1 are assigned to the

stretching of C=C and C-C in the thiophene ring, and those at 1130 and 1090 cm–1 to the

stretching of ethylenedioxy group (Figure 1-5a) [30-36]. These peaks increase as the

amount of incorporated polymer augments, which proves the presence of the PEDOT in

these materials. The absence of peak at 1490 and 1190 cm-1 implies that the organics are

not in monomer form but in polymeric form. The peaks around 1260 and 1090 cm-1

indicate that the polymer is in doped state, leading to an increased conductivity [31,36].

The changes in position and shape of the vibrational peaks of the vanadium oxide

framework are also significant.
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Bands around 530 and 810 cm-1 are attributed to V-O-V stretching modes and those

around 1000 cm-1 to V=O stretching. Compared with well-crystalline V2O5, the V=O

peak shifts from 990 to 1000 cm-1 and the V-O-V vibrational peaks shift from 850 and

550 cm-1 to 810 and 530 cm-1, respectively, accounting for the greater number of V4+

centers in the hybrids. The mechanism of this remarkable all-solid-state intra-lamellar

polymerization is presumed to be coupled to the ability of vanadium centers to activate

oxygen which is the primary electron acceptor in this process. Therefore, vanadium

oxide plays a direct role in this redox event, which is consistent with its ability to

Figure 1-5. Infrared spectra for VP1, VP2, VP3, VP4 and VP5 in the

range of (a) 400~1800 cm-1 and (b) 900~1150 cm-1 (enlargement). The

samples were diluted with KBr and pressed into a pellet. Some important

peaks from polymer are marked with arrows.
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catalyze several oxidation reactions of organic molecules [37]. A deeper inspection

finds that the 985 cm-1 peak increases and the 1015 cm-1 peak decreases inversely as the

amount of incorporated polymer augments (Figure 1-5b), which suggests a strong

interaction (e.g. hydrogen bonding) between vanadyl group and the incorporated

polymer, like PPY/V2O5 xerogel hybrid [8].

1-3-4. Electron Microscopy

The influence of this modification on particle morphology was observed with

scanning and transmission electron microscopy. The SEM micrograph of VP3 together

with that of the pristine V2O5 is illustrated in Figure 1-6. It is apparent that the

PEDOT/V2O5 hybrid forms a continuous and relatively homogeneous matrix with a

clean lamellar surface, which evidences the incorporation of PEDOT into the V2O5 in

agreement with the results of XRD patterns. More importantly, the SEM micrographs

also suggest that there is no bulk deposition of polymer alone between the micro-

crystallites. A deeper observation of particle morphology was realized using

transmission electron microscopy. The pristine V2O5 consists of thick agglomerated

particles with irregular sizes of micrometer order (Figure 1-7a), whereas the particles of

hybrids are composed of well-developed (a-b) planes stacked along with c-axis (Figure

1-7b-d). The stacking length in c-direction is much shorter compared with a and b

directions for the hybrids, which would be considered as the enhancement of

‘bidimensionality’. The interlayer spacing of VP1 has been estimated by measuring the
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length from one dark line to the nearest one, which gives ~14 Å in good agreement with

XRD result.

Figure 1-7. Transmission electron

micrographs for (a) pristine V2O5,

(b) and (c) VP1, and (d) VP5.

Figure 1-6. SEM micrographs of (a) pristine

V2O5 and (b) VP3.
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1-3-5. Electrical Conductivity

The electrical transport behaviors of the hybrids could be understood by

considering the insertion of PEDOT into V2O5 powder as a hybrid system where two

different types of low-dimensional electronic conductors coexist at the molecular level

in a dimensionally constrained environment. Two types of charge carriers may be

present in these material, small polarons (electrons) associated with the d1 (V4+) centers

on the vanadium oxide lattice, and large polarons on the PEDOT backbone. The actual

nature of charge transport would depend on the relative mobility of these two different-

kind of carriers as demonstrated by the fact that the electronic conductivity of

PEDOT/V2O5 hybrids is up to 4 orders of magnitude higher than that of pristine V2O5.

In all samples, the conductivity increases with rising temperature as has been observed

in most intercalated compounds and conjugated polymers [15,38]. The conductivity

raises from 10-5 to 10-1 S cm-1 as the amount of incorporated polymer augments from

VP1 to VP5, although the exact mechanism may be more complex as due to the smaller

particle size contribution towards grain conductivity. In this case, however, the increase

in conductivity is probably due to a continued process of growth of the organic polymer

network. The detailed results are summarized in Table 1-4.

Table 1-4. Nominal EDOT/V2O5 ratio, chemical compositions, d-spacing and electrical

conductivity for the pristine V2O5 and hybrids.
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Nominal

EDOT/V2O5

ratio

Chemical

composition

d-spacing

(Å)

Conductivity

(S·cm-1)

V2O5 · V2O5 4.3 8.78 × 10-5

VP1 0.02 (C6H4O2S)0.02V2O4.9 13.8 2.92 × 10-3

VP2 0.04 (C6H4O2S)0.03V2O4.8 14.0 6.97 × 10-3

VP3 0.08 (C6H4O2S)0.05V2O4.7 14.0 3.84 × 10-2

VP4 0.40 (C6H4O2S)0.18V2O4.6 17.8 9.82 × 10-2

VP5 0.60 (C6H4O2S)0.25V2O4.6 19.0 1.01 × 10-1

1-4. ELECTROCHEMISTRY

Vanadium oxide host lattice has been considered as one of the best cathode

materials in secondary Li-batteries, mainly due to its layered structure immensely

suitable for Li-insertion [39-41]. For battery applications, the rate limiting step is

reported to be the reduction of V2O5 material during discharge accompanied by Li+

insertion [42]. One common strategy to achieve higher efficiency and lithium uptake is

to use high surface area materials, so that the distance over which Li+ must diffuse

through the host material is minimized [40,41]. In this case, an innegligible amount of

Li can be reversibly grafted on large surface materials. This strategy will be focused in

Chapter 3. Another approach that has not been completely explored yet, is to manipulate

the interlayer spacing in these layered materials by using various intercalants so as to
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enhance the rate of Li+ migration since generally intercalation leads to changes in the

interlayer spacing for layered materials [43,44]. Examples of such intercalants include

pyrrole and aniline, all of which are known to oxidatively polymerize when intercalated

into highly oxidizing materials such as V2O5 [6-8]. The electrochemical insertion of Li

in V2O5 material can be described by the following redox reaction.

xLi+ + xe- + V2O5 ↔ LixV2O5

For PEDOT/V2O5 hybrids, analogous electrochemical reactions would be applicable as

follows.

(Reduction of PEDOT)

[PEDOT+]xV2O5
x- + x Li+ + x e- ↔ Lix[PEDOT]xV2O5

x-

(Reduction of V2O5
x-)

Lix[PEDOT]xV2O5
x- + y Li+ + y e- ↔ Lix+y[PEDOT]xV2O5

–(x+y)

The open-circuit voltage (OCV) of the composites versus lithium metal anode is

found to vary depending on the PEDOT/V2O5 ratio and obviously all hybrids give

higher OCV values (3.77 to 3.61 V) than that observed (3.43 V) for pure V2O5 (Table 1-

5). This can be explained by two factors. One is that the electrochemical potential for

incorporated PEDOT (~ 3.8 V vs. Li+/Li) is higher than that of V2O5 (~ 3.4 V vs. Li+/Li),

and consequently all the hybrids exhibit higher OCV than pristine V2O5. The other
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factor is that the increased amount of incorporated polymer gives augmented number of

V4+ centers, as observed in the IR spectra, and thereby among the hybrid samples, the

monolayer-incorporated hybrids (VP1, VP2 and VP3) deliver higher OCV than the

doublelayer-incorporated ones (VP4 and VP5).

Table 1-5. Nominal EDOT/V2O5 ratio, corresponding chemical composition and open

circuit voltage vs. Li+/Li for the pristine V2O5 and hybrid samples.

Nominal EDOT/V2O5 Chemical composition Open circuit voltage (V)

V2O5 · V2O5 3.43

VP1 0.02 (C6H4O2S)0.02V2O4.9 3.74

VP2 0.04 (C6H4O2S)0.03V2O4.8 3.76

VP3 0.08 (C6H4O2S)0.05V2O4.7 3.77

VP4 0.40 (C6H4O2S)0.18V2O4.6 3.62

VP5 0.60 (C6H4O2S)0.25V2O4.6 3.61

1-4-1. Cyclic Voltammetry

Cyclic voltammograms in Figure 1-8 illustrate a drastic change of

electrochemical properties induced by the polymer insertion. During the first cathodic

scan, from the open-circuit voltage to 2.2 V, the crystalline V2O5 undergoes well-known

phase transformations and stabilization occurs after the third cycle (Figure 1-8a).
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The irreversible shift of the cathodic

peak from 2.65 V (first cathodic

scan) to 2.82 V (third and following

cathodic scans) means that the

structural change is irreversible,

which is well corresponding to the

literatures [45-48]. In contrast, for

the PEDOT/V2O5 hybrids, there is

no sign for any irreversible

structural change (Figure 1-8b and

c). Their diagrams show broad

cathodic peaks, which resemble

those of 2D-V2O5 compounds [25-

29]. The broad and diffuse peak

shape can, therefore, be correlated

with the disturbed layer stacking derived by the polymer incorporation, as previously

deduced from X-ray diffraction data. It is also worthwhile to compare these lithium

insertion features with those of V2O5 gel systems such as xerogel, aerogel and ambigel,

whose structure is similarly based on the ‘bi-dimensionality’. The xerogel shows three

intercalation peaks at 2.85, 2.55 and 2.33 V, and, regarding the V2O5 aerogel and

ambigel two reversible insertion peaks appear at 2.85 and 2.35 V, but for extraction

process, 2.95 V peak disappears and 3.3 V peak shifts to 3.5 V after first step [40,49-53].

Figure 1-8. Cyclic voltammograms of (a) pristine

V2O5, (b) VP1 and (c) VP5 at 0.5 mV/s between

2.2 and 3.8 V vs. Li+/Li.
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1-4-2. Discharge/Charge Properties

Figure 1-9 demonstrates potential vs. Li composition curves for the first two

cycles carried out at 15 mA/g in the voltage range of 2.0 ~ 4.2 V (vs. Li+/Li) for V2O5

and 2.0 ~ 4.4 V for the hybrids, corresponding to uptake of ~ 2 lithium per V2O5 unit.

The pristine V2O5 shows distinctive plateaus due to structural changes from α-V2O5 to

Figure 1-9. Potential vs. specific capacity curves for the first two cycles of (a)

pristine V2O5, (b) VP1, (c) VP2, (d) VP3, (e) VP4 and (f) VP5. The potential range

was set to 2.0 ~ 4.2 V vs. Li for V2O5, and to 2.0 ~ 4.4 V for the hybrids. The

current density was fixed to 15 mA/g.
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ε-LixV2O5, then further to δ-LixV2O5 [45], whereas the potential decreases more

smoothly down to ~ 2.7 V for the hybrid samples. Similar continuous decrease in

potential has been also observed for V2O5 xerogel [49-52], 2D-V2O5 [25-29] and

polymer/V2O5 xerogel hybrids [5-12], of which common structural feature is the

separation of vanadium oxide layers owing to the presence of interlayer molecules. It

would be, hence, a plausible explanation that the disturbed layer stacking derived by the

separation of layers would make structural disorders, e.g. reduced covalency of

bondings between some vanadium and oxygen atoms, which thereby creates empty sub-

bandgap V5+:3d0 energy states rather uniformly distributed between ~ 3.7 and ~ 2.7 V

[54,55].

The next lithium insertion into the pristine V2O5 occurs at ~ 2.3 V and is accompanied

by the irreversible structural changes to γ-LixV2O5 phase [45,48], leading to a

transformation of curve shape in second cycle, while the hybrids display a plateau at ~

2.5 V like V2O5 xerogel or 2D-V2O5. The fact that about 2.1 moles of lithium could be

inserted per V2O5 unit, similar to the case of 2D-V2O5 compounds, also advocates

above-mentioned assertion. VP1 and VP5 deliver 328 and 251 mAh/g, respectively, but

the pristine V2O5 produces 241 mAh/g on the second discharge. It is worth to mention

that the VP1 reveals a larger capacity in the first charge process than in the first

discharge. It would be accounted for the presence of V4+, which can be easily oxidized

by an electrochemical method, as already observed in the case of PPY/V2O5 and

PTH/V2O5 hybrids [7]. It is noted that VP1 shows the largest reversible capacity (~ 330

mAh/g) among the hybrids, while VP5 delivers the smallest one (~ 250 mAh/g). It is

probably due to the fact that the formula weight of VP1 (~185 g/mol) is smallest and
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that of VP5 (~217 g/mol) is largest.

A more accurate inspection

of insertion voltage is accomplished

by analysis of differential capacity

profiles of the first discharges

(Figure 1-10). The sharp peaks of

pristine V2O5 are typical traits of

the phase transformations, while on

the contrary the hybrids exhibit

broad peaks, which would sustain

our above argumentation on the

sub-bandgap states. VP1 shows

three peaks at 2.9, 2.5 and 2.3 V

analogous to PPY/V2O5 and

PANI/V2O5 hybrids [5-7,10,11]. In

the case of PANI/V2O5 hybrids, the 2.3 V peaks could be increased after appropriate

oxygen treatment, which was attributed to the polymer [10,11]. But in our case, the

hybrids also display 2.3 V peak although PEDOT has no redox capacity around 2.3 V.

We, therefore, suggest a possibility that the origin of the 2.3 V capacity might come

from the synergetic interaction between V2O5 layers and polymer chains, not from the

polymers alone. For VP5, the 2.9 V peak shifts down to 2.7 V, and 2.3 V peak is less

obvious, which also supports this thought. Consequently, the origin of 2.3 V peak has

needs to be treated with a special care for further studies.

Figure 1-10. The first differential capacity

profiles of the first discharges of the pristine

V2O5 and hybrids.
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In order to clarify the role of

the polymer incorporation on

the electrochemical

performance for extended

cycling, the variation of

discharge capacities were

measured on VP1 and VP5 as

a representative for monolayer

and double-layer incorporated

system, respectively (Figure

1-11). VP1 maintains

capacities over 300 mAh/g for ten cycles. All the hybrids provide larger capacity and

better cyclability than the pristine V2O5. The improved performances are presumably

due to a higher electrical conductivity and to the separation between vanadium oxide

layers, leading to an enhanced bidimensionality.

1-5. EPR STUDY OF PEDOT/V2O5 HYBRIDS

EPR study of PEDOT/V2O5 hybrids throws further light on the redoxy

processes during EDOT insertion and polymerization between the V2O5 layers. Figures

1-12 compares the EPR spectra of PEDOT/V2O5 hybrids with that of pristine V2O5 and

PEDOT polymer doped with Cl-. The EPR spectrum of the pristine V2O5 shows a single

Figure 1-11. Evolution of discharge capacity with

the number of cycles for pristine V2O5, VP1 and VP5.

The data were obtained at a current density of 15

mA/g. The potential range was set to 2.0 ~ 4.2 V vs.

Li for V2O5, and to 2.0 ~ 4.4 V for VP1 and VP5.
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Lorentzian line with g=1.978

and line-width varying

between 13 and 15 mT (In this

regard, the exact chemical

formula of this V2O5 would be

V2O5-δ or V2+εO5).

On cooling, a weak fine

structure superimposed on the

Lorentzian line becomes more

pronounced. According to

numerous EPR studies on

amorphous and crystalline

V2O5 compositions, this signal

originates from impurity

vanadyl complexes, VO2+, which consists of a V4+ ion (d1 configuration) and close

oxide shell, O2- [56,57]. The fine structure of the EPR spectrum of VO2+ is due to the

interaction of the unpaired electron (attached to V4+, S=1/2) and the vanadium nucleus

(I=7/2). The lack of well-resolved fine structure of the EPR spectrum of pristine V2O5

can be related with non-isolated VO2+ complexes. This means that the impurity VO2+

complexes are located close one to another, thus giving rise to develop dipole-dipole

and exchange magnetic interactions between them.

The EPR spectrum of Cl- doped PEDOT consist of a broad Lorentzian line (g=2.03 and

line width ∆Hpp=55 mT) and two low-intensity signals at g=4.2 and g=2.00, as shown in

Figure 1-12. EPR spectra at 85K of V2O5, VP1 and

VP5.
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Figure 1-13. The origin of the

broad signal is not clear, but it

may be tentatively associated

with the conductive properties

of the PEDOT polymer,

maybe related to delocalized

polarons and/or bipolarons.

The low-intensity signal at

g=2.00 can be assigned to free

radicals (maybe related to

localized polarons), while the

signal at g=4.2 comes from

Fe3+ ions, most probably of

FeCl3 oxidizing agent.

During the EDOT insertion

into V2O5, an EPR signal from

VO2+ is detectable only. The

intensity of the signal

increases about 200 times as compared to that of unreacted V2O5. In addition, the signal

intensity correlates with the amount of the incorporated polymer: the relative intensity is

1.0 and 3.4 for VP1 and VP5 samples, respectively. Irrespective of the strong increase in

the signal intensity, a well-resolved fine structure is observed for the VP1 sample only

(Figure 1-12).

Figure 1-13. Temperature evolution of the EPR

spectrum of PEDOT doped with Cl-. Thick lines

correspond to the experimental spectrum, gray lines

gives the broad Lorentzian line and the difference

between experimental and broad Lorentzian line is

shown by thin black line.
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The fitting of the

experimental spectrum

enables to differentiate two

signals, the ratio between

them being dependent on

the recording temperature

(Figure 1-14). At 85 K,

there is a signal with

tetragonally symmetric g-

and hyperfine tensor

(g⊥=1.9913; g=1.9399 and

A⊥= 66 x 10-4; A=180 x 10-

4 cm-1), as well as a single

line with Lorentzian shape

and g=1.983 and ∆Hpp=23.3

mT. While increasing the

recording temperature, the

single Lorentzian accounts

mainly for the EPR profile of VP1. The two signals can be assigned to the isolated and

non-isolated VO2+ complexes, respectively. The observed g- and A-tensor of isolated

VO2+ in VP1 are close to that of VO2+ in [VO(H2O)5]
2+ (g⊥=1.980,1981; g=1.913 and

A⊥= 71, 72 x 10-4; A=180 x 10-4 cm-1), indicating an ionic character of the bond

between VO2+ and the equatorial ligands.

Figure 1-14. Temperature evolution of the EPR

spectrum of VP1. Thick lines correspond to the

experimental spectrum, gray fine-structured and thin

lines represent the isolated and non-isolated VO2+

complexes, respectively.
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By raising the content of the inserted

polymer, the EPR spectrum of VP5

displays a single Lorentzian line with

g=1.973 due to non-isolated VO2+

(Figure 1-12). The line width decreases

on cooling from 293 to 183K, passing

through minimum and then increases

again below 183K (Figure 1-15). A

similar temperature evolution of the

EPR line width is also observed for

non-isolated VO2+ complexes in VP1. However, the competition between dipole-dipole

and exchange interactions may account for the observed differences in the line width of

non-isolated VO2+ complexes. This clearly indicates differences in the distribution of

VO2+ complexes. It seems that incorporated polymers mainly control the distribution of

VO2+.

1-6. CONCLUSION

We have found a novel method of inserting PEDOT between the layers of V2O5

using a soft process of intercalation. The reaction takes place with the in-situ

polymerization of EDOT within the framework of crystalline V2O5 with different

nominal EDOT/V2O5 ratios. XRD expriments proves the interlayer distance of V2O5

expands upon the incorporation of polymer step-by-step, first forming monolayer and

Figure 1-15. Temperature evolution of the

EPR line width of non-isolated VO2+

complexes for pristine V2O5, VP1 and VP5.
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then double layers depending on the amount of incorporated polymer. The insertion

reaction results in a random layer stacking structure, leading to broadening of the energy

state distribution. IR spectra suggest the occurrence of V4+ centers upon the insertion

reaction and a strong interaction between vanadyl group and the incorporated polymer.

From the electron microscopy results, it has been found that the incorporation of

PEDOT increases bidimensionality of the V2O5 host by the layer separation. According

to electrochemical measurements, the hybrids showed reversible specific capacities up

to ~330 mAh/g at 15 mA/g between 2 ~ 4.4 V vs. Li+/Li. This improvement of

electrochemical performance compared with pristine V2O5 is attributed to higher electric

conductivity and enhanced bidimensionality. The origin of enhanced conductivity has

been also investigated by EPR spectroscopy, which gives evidence for the two types of

VO2+ complexes, that is, one is isolated and the other is non-isolated. The observed

increasing trend in the fraction of isolated and non-isolated VO2+ can be related with the

growing tendency of conductivity from VP1 to VP5 samples.
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2-1. INTRODUCTION

The birth of ‘nano-technology’ is one of the most fruitful scientific progresses in

the last half of the 20th century [1]. This contemporary advance endows mankind to

handle and interpret the structure of matters based on molecular or cluster level.

Exploration below a critical size found many curious phenomena such as quantum size

effects, superparamagnetism and so on. In recent years, considerable efforts have been

devoted to the development of methods for the preparation of hybrid particles consisting

of inorganic nano-cores covered with shells of organic polymers with functionality or

vice versa [2-3]. Especially, magnetic nanoparticular cores are of great interest because

of their unique applications such as information storage, magnetic refrigeration,

ferrofluids, high-gradient magnetic separation (HGMS), medical diagnosis and targeting

for drug delivery [4-8]. For example, the HGMS technique uses nano-sized magnetic

particles coupled to the target species for removal of by using a high-gradient magnetic

field device [4,5]. Generally, the iron oxide nanoparticles are used as magnetic core and

they are covered by in-situ polymerization of corresponding monomer. But, the

chemistry of nanoparticles is different from that of their well-crystalline analogues

owing to the large surface area. Here begins the necessity for investigating more

profoundly the ‘surface effects’ of the nanoparticles to make hybrids with appropriate

functionality.

First row transition metal oxides such as MnO2, TiO2 and V2O5, have been the

focus for lithium insertion electrodes [9-11]. We have selected maghemite (γ-Fe2O3) as a

starting compound because its synthetic methods for nanoparticles with regular size

distribution are well established, and because it displays excellent magnetic properties
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[12-15]. Furthermore, it could be considered to be one of the best cathode candidates for

Li-batteries by virtue of its environmental affinity and low price. In spite of such merits,

electrochemical behaviors of the maghemite have been relatively less studied due to its

low conductivity, the insufficient electrochemical potential and most importantly its

frustrating cyclability. In this study, we describe for the first time, to our knowledge, an

attempt to change electrochemical and magnetic properties of nano-sized maghemite by

surface modification.

2-2. EXPERIMENTAL SECTION

2-2-1. Materials

FeCl2·4H2O (99.9 %), FeCl3·6H2O (99.9 %), Fe(NO3)3·9H2O (99.9 %) were

purchased from Aldrich. Pyrrole (99.9 %, Aldrich), ethylene carbonate (EC, Prolabo

99.9 %), dimethyl carbonate (DMC, Aldrich, 99.9 %) and Ketjenblack were used as

received. Lithium perchlorate (LiClO4, 99.99 %, Aldrich) and polytetrafluoroethylene

(PTFE, 99.99 %, Aldrich) was dried at 120 °C in vacuum for 24 hours prior to use.

2-2-2. Sample Preparation

Synthesis of maghemite (γγγγ-Fe2O3) nanoparticles

The maghemite nanoparticles were prepared by the method of Massart et al
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[16,17]. First, magnetite (Fe3O4) was precipitated by alkalizing an aqueous iron chloride

solution containing Fe2+/Fe3+ = 0.5 with NH4OH, leading to a magnetic colloid

formation as following reaction equation.

In this reaction, the kind of base, addition kinetics, concentration, temperature, stirring,

precursors are all important parameters which determine the distribution of size and

phase of the product. For a typical run, 143 ml of 2.21 M FeCl3 aqueous solution

(containing 316 mmol FeCl3) and 170 ml 1.5 M HCl solution with 158 mmol FeCl2

were prepared separately, and mixed into a 5 L plastic vessel and diluted with 3.5 L of

distilled water. The solution was heated to 50 °C, and then 300 ml of 8.6 M NH4OH

solution was quickly added into it, followed by strong agitation for 15 min. This process

gives ~ 36 g of Fe3O4 normally.

The inverse spinel structure of magnetite ([Fe3+]tetra[Fe3+Fe2+]octaO4) is prone to oxidize,

so we transform it via full-oxydation step to maghemite which is more stable and of the

same structure but possess one third of octahedral vacancy sites ([Fe3+] tetra[Fe3+
5/3 1/3]

octaO4). After washing several times to remove chloride ions, the particles were treated

with nitric acid .
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This step permits to acidify the surface of nanoparticles by replacing the flocculating

counterions NH4+ for nitrate ions NO3- and by allowing the access of ferric ions in

solution by superficial oxidation. The final step consists of addition of the particles to a

ferric nitrate solution at boiling temperature.

The products was washed with water and acetone 4 times and dried at 40 °C. Typically,

the final product is ~ 30 g.

Preparation of Maghemite/PPY Hybrids

1.7 g of maghemite was dispersed in liquid pyrrole and excess pyrrole was

removed, leaving only the surface of maghemite powder wet. The remaining pyrrole

was about 1.3 g. This mixture was added to 200 ml of 0.15 M FeCl3 ethanol solution

under stirring. Polymerization lasted for 30 min, followed by filtration and washing

with ethanol repeated times. The separation between modified maghemite and

polypyrrole without maghemite was done as follows: The modified maghemite particles

were decanted down in the solution using a magnet and the polypyrrole, which is not

magnetic, was removed by repeated washing with ethanol and acetone. Bulk

polypyrrole (PPY) was also prepared, for comparison, with 1.3 g of pyrrole in the 200
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ml of 0.30 M FeCl3 ethanol solution for 4 hours. The products were dried and preserved

at 40 °C.

2-2-3. Sample Characterization

The crystal structure of samples was examined by a powder X-ray

diffractometer (Phillips PW-1050) using graphite-monochromated Cu-Kα radiation (λ =

1.5418 Å). Fourier transform infrared (FTIR) spectra were recorded with a Bruker

EQUINOX 55 spectrometer in reflection mode diluted with KBr. The variation of

particle morphology on the intercalation was monitored by a transmission electron

microscope (JEOL 2000 FX) operating at an accelerating voltage of 200 kV. The

fraction of volatile content (polymer and Cl) to maghemite (γ-Fe2O3) was determined by

thermal analysis with a Setaram TGA-DSC system. The PPY/maghemite sample was

heated from room temperature to 600 °C at a rate of 2 °C/min under oxygen.

2-2-4. Electrochemistry

Electrochemical experiments were performed based on the configuration of ‘Li

| 1M LiClO4 in EC/DMC (1:1 v/v) | composite electrode’. The composite electrodes

were made by intimately mixing 70% (by mass) of the active material, 25 % of

Ketjenblack and 5% of polytetrafluoroethylene (PTFE). The surface area of the

electrodes and mass of active material were adjusted to 1 cm2 and 20 mg respectively

for reproductivity. These electrodes were dried under vacuum at 80 °C for more than 3
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hours, and introduced into an Argon-filled glove box without any exposure to air. A

computer-controlled PGS201T (Tacussel) potentiostat/galvanostat system was used for

data collection. Charge/discharge experiments were carried out in a galvanostatic mode

at 8 mA/g in the voltage range of 1.3 ~ 4.3 V (vs. Li+/Li).�

2-2-5. Magnetism Measurement

Magnetization measurements were performed using a SQUID magnetometer

(Quantum Design MPMS-5S) at fields ranging from 0 to 5000 G and at temperature

ranging from 15 to 350 K. For zero-field-cooling (ZFC) magnetization, the sample was

cooled to 5 K with the magnetic field set to zero. After stabilization at this low

temperature for ~ 15 min, a weak magnetization of 50 G was applied. The

magnetization was measured while stepping the temperature up to 350 K. Then, the

samples was progressively re-cooled recording the magnetization for field-cooling (FC)

experiments. The blocking temperature (Tb) was estimated from the temperature at

which the ZFC magnetization curve shows a peak maximum (Tmax) using the following

equation:

Tmax = βTb

where β is a constant related to the size distribution of the particles [13-15]. �

�

2-2-6. X-ray Photoelectron and X-ray Absorption Spectroscopy�

�
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The XPS data were collected using a VG 220i-XL Escalab spectrometer with a

monochromatized Al Kα source (hν = 1486.6 eV) whose spot size is about 500 µm. The

pressure in the analysis chamber during measurements was maintained at around 10-8

Pa. The powder samples were put onto small indium foils.

The XAS experiments were performed using the EXAFS facility installed at the beam

line 7C at the Pohang Light Source in Pohang, Korea operated with electron storage

ring energy of 2.5 GeV and the electron current of about 340 mA. The X-rays are

monochromatized by a Si (111) double crystal for all the present XAS data. All the

present spectra were obtained at room temperature in a transmission mode using gas-

ionization detectors with a spacing of ~ 0.4 eV for the XANES region and ~ 1.5 eV for

the EXAFS one. The powder samples for XAS experiments were prepared in the form

of pellet, in which the finely ground samples were diluted with boron nitride in order to

obtain an optimum absorption jump (∆µ⋅t ≅ 1). All spectral data were calibrated by

measuring the spectra of Fe metal foil. The data analysis for the experimental spectra

was carried out by the standard procedure using computer program UWXAFS version

2.0 [18,19].

2-3. RESULTS AND DISCUSSION

2-3-1. Evaluation of Chemical Composition

As the amount of PPY attached to maghemite is unknown, the determination of

ratio of PPY to maghemite is important. The chemical composition of the PPY/Fe2O3

hybrid samples was estimated from thermogravimetry and electron probe micro-
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analysis (EPMA). Figure

2-1 shows the

thermogravimetry (TG)

curve of PPY/maghemite

hybrid. The TG curve can

be divided into four

temperature domains of

25~130, 130~480,

480~500 and 500~600 °C.

The first region, up to

130 °C, is attributed to removal of water on surface. Next weight loss until 480 °C is

assigned to the volatile components (PPY and Cl). A sudden decrease in mass at ca.

490 °C is due to the oxygen loss during the phase transformation to magnetite (Fe3O4).

The fraction of volatile content (polymer and Cl) to maghemite is evaluated to be 3.5

wt %. From EPMA experiments, the Cl/Fe atomic ratio was estimated to be ca. 0.22 %

for pristine maghemite and ca. 1.6 % for PPY/maghemite. The exact ratio of Cl/Fe is

difficult to know due to the inhomogeneity of the sample surface. The existence of Cl

on the surface of maghemite can be rationalized by the fact that it was synthesized from

iron chloride solution. Based on above findings, the composition of PPY/maghemite is

approximately estimated to be Py0.07Cl0.03Fe2O3, where Py abbreviates a pyrrole unit.

2-3-2. Powder XRD Analysis

The crystal structure of samples was examined by a powder X-ray diffractometer

Figure 2-1. Thermogravimetry curve for

PPY/maghemite hybrid.
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(Phillips PW-1050) using graphite-monochromated Cu-Kα radiation (λ = 1.5418 Å).

The X-ray powder diffraction patterns in Figure 2-2 proves that the PPY/maghemite

sample has the same crystal structure as maghemite. Peaks at 2θ = 18.4, 30.3, 35.7, 43.3,

53.8 and 57.3 degree are well indexed to (111), (220), (311), (400), (422) and (511)

reflections of a cubic system with the cell parameter a = 8.35 Å respectively [20]. Such

characteristics mean that our treatment with pyrrole kept the core structure of the

modified sample, that is to say, a surface modification.

2-3-3. Infrared Spectroscopy

The FTIR spectrum of PPY/maghemite in Figure 2-3 displays a combination of

characteristic patterns of both pristine maghemite and bulk PPY, suggesting the growth

Figure 2-2. X-ray diffraction patterns of PPY/maghemite compared with

pristine maghemite
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of polypyrrole onto the surface of maghemite nanoparticles. Peaks from PPY are

assigned with designations based on the effective conjugation coordinate (ECC) theory,

which predicts well how the intensities and position of the IR bands change to the extent

of delocalization along the polymer chain [21,22]. The A' band at 1560 cm-1 is due to

C-C & C=C stretching and the B' band at 1480 cm-1 is from C-N stretching of

polypyrrole. C. R. Martin et al. established a relationship that the A'/B' ratio is inversely

proportional to the conjugation length and doping level of polypyrrole [23,24].

Figure 2-3. FTIR spectra of maghemite, PPY/maghemite and bulk PPY in diffuse

reflection mode. Peaks from PPY are assigned based on the effective conjugation

coordinate (ECC) theory in Ref. 21 and 22. The samples were diluted with KBr.
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It is noted that the 1385 cm-1 band due to the adsorbed nitrate in the course of synthesis

decreases considerably for the PPY/maghemite sample compared with the pristine

maghemite, which signifies the removal of most of surface -NO3
- groups by the

polypyrrole coverage.

2-3-4. Transmission Electron Microscopy

The influence of this modification on particle morphology was monitored with

transmission electron microscope (JEOL 2000 FX) operating at an accelerating voltage

of 200 kV. The particles are almost spherical with relatively regular size of ca. 8 nm for

both samples, but the aggregation of grains is more significant for the pristine

maghemite (Figure 2-4a) than for the modified one (Figure 2-4b,c). Furthermore,

somewhat less dark regions around each particle can be found in the right figure, which

Figure 2-4. TEM micrographs of (a) pristine maghemite and (b-c)

PPY/maghemite
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evidences the presence of polymer cover. The origin of the particle segregation for

PPY/maghemite, is therefore probably due to the presence of polypyrrole on intergrain

surface. It is worthwhile to mention that the similar particle sizes of the two samples

indicate the extreme shortness of polypyrrole chain, confirming the interpretation of IR

analysis. To guess the quantity of polymers on the surface, a simple and rough

calculation was conducted as follows. Assuming a particle is spherical with a diameter

of 80 Å, the particle has a volume of 270 nm3 containing 460 unit cells of maghemite. A

unit cell contains Fe64/3O32, so a particle has 9800 Fe atoms. If the outermost shell has a

thickness of ca. 2 Å, it has 1400 Fe atoms. From the composition Py0.07Cl0.03Fe2O3, a

particle has 340 pyrrole units. Therefore, we believe that the polypyrrole does partially

cover the surface of maghemite. A schematic model is illustrated in Figure 2-5.

Figure 2-5. A schematic model of

PPY/maghemite.
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2-3-5. Magnetism

Measurement

To examine particle size

and surface modification effects,

magnetic properties were

measured by observing

magnetization depending on

applied field. Bulk maghemite

is a ferrimagnet, but the bulk

characteristics disappear below

a critical size as the particle size

decreases. Such particles are

called superparamagnetic [25].

As shown in Figure 2-6, the

magnetization vs. applied filed

curve at 290 K (upper figure)

exhibits no hysterisis, implying

the direction of magnetization

can easily flip with thermal

activation. Both remanence (Mr) and coercivity (Hc) are zero, consistent with the

superparamagnetic behavior and the nanoscale dimensions of the particles : The

particles are small enough that their anisotropy energy barrier is overcome by thermal

fluctuation, permitting the magnetization direction become reverse [25].

Figure 2-6. Magnetization vs. Applied field plots

at 290 K and 15 K for pristine maghemite or

PPY/maghemite hybrid.
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As the temperature goes down to 15 K, the magnetization increases and a hysterisis loop

appears. At this temperature, the magnetic moment remains frozen to the direction of

the former external field. The system is thus left with a net remanence magnetization

that decay very slowly compared to the time scale of the measurement (~ 30s). To make

the net magnetization be zero, a coercive magnetic field needs to be applied. Typical Hc

values for bulk γ-Fe2O3 range from

250 to 400 Oe [14,15,26], while our

nanoparticular sample has Hc = 130

Oe (48 Oe) and Mr = 13.2 emu/g (7.3

emu/g) at 15 K for pristine

maghemite (or PPY/maghemite

hybrid). The hybrid sample displays

smaller Hc and Mr values because

their particles are more separated

than the pristine ones [12,14].

For zero-field-cooling (ZFC)

magnetization, the sample was first

cooled to 15 K in a zero field and,

after stabilization, a weak magnetic

field of 50 G was applied. The

magnetization was measured while

stepping the temperature up to 350 K.

Then, the samples were progressively

Figure 2-7. Magnetization ZFC/FC curves

of pristine maghemite (upper) and

PPY/maghemite (bottom). The arrows

indicate the temperature maximum of the

ZFC curves. The applied field is 50 G.
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re-cooled recording the magnetization for field-cooling (FC) experiments. For the

pristine maghemite sample, the temperature maximum (Tmax) of the ZFC curve is 290 K

(Figure 2-7), which suggests that their average particle size is ca. 8 nm [12-14],

confirming the TEM observation. The blocking temperature (Tb) is obtained from the

equation Tmax = βTb, where β typically in the range of 1.5 ~ 2.0, accounts for size

distribution [12-15]. The magnetic nanoparticles are in a ferromagnetic state below Tb,

whereas exhibit superparamagnetic behaviors above Tb. The Tb values are, thereby,

assessed to be ca. 170 K and ca. 178 K for the pristine and modified samples,

respectively. Such increase in Tb value can be normally discovered in polymer-diluted

nanoparticle systems, depending on the concentration of the magnetic particles due to

the reduction of interparticle interactions [12,14]. In this case, however, with only the

small amount of polypyrrole, the blocking temperature is increased by ca. 8 K, which

results from diminution of the interparticle interactions.

2-3-6. Electrochemistry

Figure 2-8 illustrates potential vs. capacity curves for the first four discharges

carried out in a galvanostatic mode at 8 mA/g in the voltage range of 1.3 ~ 4.3 V (vs.

Li). The electrochemical Li insertion into the maghemite, who has a defective spinel

structure written as [Fe3+]8a[Fe3+
5/3 1/3]16dO4 in the spinel notation [27,28], starts with

the filling of the octahedral vacancies. Then, a distinctive plateau at 2.7 V appears due

to the structural transformation into a layered rocksalt-like structure along with the

lithium-insertion into 16c sites, including a major rearrangement of 8a tetrahedral Fe3+
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ions, also, to the 16c octahedral sites [28]. Finally, lithium ions enter to the rest 16c sites

with falling of the voltage until 1.3 V.

In contrast, the 2.7 V plateau is less obvious for the polypyrrole-modified sample and, in

addition, the potential decreases more smoothly. This would imply that electrochemical

properties could be drastically changed by the little surface modification. The

improvement by the surface modification is more evident for the cyclability. The

capacity of the pristine maghemite still diminishes during the first four cycles, but the

modified one is somewhat stabilized after the first cycle. It is also interesting to note

that our results on the

electrochemical lithium-insertion

for the maghemite differ somewhat

from those of previous literatures.

M. Pernet et al. reported that the

phase transformation started at 1.6

V and x ~ 0.4 in LixFe2O3 [28], but

this difference stems from kinetic

reasons in our opinion. Our

maghemite sample is nano-sized

with ca. 8 nm, but they used well

crystalline one with 0.8 µm in

length. Such difference is

presumably important for this

kinetically diffusion-limited

Figure 2-8. Variation of the voltage vs. Li for

the first four discharges of maghemite and

PPY/maghemite. The current density and

potential range were 8 mA/g and 1.3 ~ 4.3 V,

respectively.
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situation, that is, the rearrangement of Fe3+ ions from tetrahedral sites into octahedral

sites. Therefore, in the above-mentioned publication, the authors found no plateau

although the reaction proceeds via two phases, implying a significant over-potential [29].

This assertion is also supported by the fact that potassium-β-ferrite K1.33Fe11O17 with the

spinel block shows a 2.3 V plateau at 60 °C, whereas its potential slowly decreases to

1.5 V at 25 °C without any plateau [30]. Therefore, we would like to suggest that the

nanoparticles can be

advantageously used

for the purpose of

overcoming kinetic

problems in lithium

insertion electrodes in

the absence of catalytic

decomposition of

solvent.

In order to clarify the

role of the surface

modification of

maghemite

nanoparticles on the electrochemical performance for extended cycling, the variation of

discharge capacities measured at 8 and 25 mA/g for the first 7 and 10 cycles,

respectively, is presented in Figure 2-9. The magemite shows the first discharge

capacity of 179 mAh/g, but the capacity rapidly decreases to 100 mAh/g after 10 cycles

at 25 mA/g. In contrast, the PPY/magemite exhibits rather good cyclability to deliver

Figure 2-9. Variation of discharge capacities with cycle

for PPY/maghemite (squares) and maghemite (circles)

between 1.3 ~ 4.3 V. The capacities at 8 mA/g and 25 mA/g

are represented as filled and open marks, respectively.
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185 and 155 mAh/g at the first and 10th cycle respectively at the same current density.

This suggests that the surface modification with polypyrrole not only increases the

capacity but also enhances reversibility of maghemite nanoparticles.

2-3-7. X-ray Photoelectron and X-ray Absorption Spectroscopy

To examine the oxidation state of iron ion and the nature of interaction between

PPY and maghemite, a comparative study of XPS and XAS was performed. XPS survey

spectra of PPY/maghemite is presented in Figure 2-10. The presence of PPY is

evidenced by the nitrogen and carbon peaks. The atomic ratio of Fe, O, N, C, Cl is

measured to be 16.1 %, 55.7 %, 1.9 %, 22.8 % and 3.5 %, respectively. Assuming that

the N 1s signals are entirely from PPY, those results agree well with the EPMA and

thermogravimetry analysis. The amount of carbon is somewhat overestimated and that

of iron is underevaluated, but it can be rationalized when considering that the polymer

cover containing carbon is outer side than iron oxide and the sampling depth of XPS is

2 ~ 5 nm [31].

Figure 2-10. XPS survey spectrum of PPY/maghemite hybrid.
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Figure 2-11 illustrates C 1s core-line spectrum of PPY/maghemite hybrid. Three main

peaks are assigned to CC/CH (~ 285 eV), CN (~ 286.2 eV) and CO/C=O (~

289 eV) bonds [31,32]. The small peak around 289 eV suggests the interaction between

oxygen of maghemite and carbon of PPY. Considering the amount of oxygen is very

much, this small peak also implies that this interaction is weak and that the participating

oxygen is not much.

The O 1s core-line spectrum is displayed in Figure 2-12.

Figure 2-11. C 1s core-line spectrum for PPY/maghemite.

Figure 2-12. O 1s core-line spectrum for PPY/maghemite hybrid.
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The experimental peak is fitted by four reference peaks centered at 530.33, 531.7, 532.5

and 533.5 eV. The largest peak is, of course, attributed to the Fe-O bond, but the origin

of the other peaks is not clear. There are several possible interactions like N�O, C�O

and Cl�O. From the strength of electronegativity, peaks at 531.7, 532.5 and 533.5 eV

are assigned to C�O, Cl�O and N�O interactions, respectively. At this point, it

should be discussed on the bonding nature between PPY and maghemite. Among those

three interactions, C�O and N�O bonds may combine PPY and maghemite, but the

N�O bond is not so feasible. But, there is not so much possibility that the C�O

bonding forms covalently because we just add pyrrole monomer and and FeCl3 ethanol

solution as an oxidant. Therefore, we believe that the origin of interaction between PPY

and maghemite is the physisorption of carbon in PPY and oxygen in maghemite, which

would explain the weak interaction suggested by Figure 2-11.

Figure 2-13. Fe K-edge X-ray absorption spectra for the pristine maghemite

and PPY/maghemite hybrid compared with iron metal and α-Fe2O3 references.
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To investigate the oxidation state of iron ion after the surface modification with

polypyrrole, the Fe K-edge X-ray absorption measurements were carried out. As shown

in Figure 2-13, the PPY/maghemite exhibit the same main-edge position as the pristine

maghemite. However, the peak shapes are somewhat different, which supposes the

change of electronic band structure by the polypyrrole modification. This result well

corresponds to the electrochemical lithium insertion experiments.

2-4. CONCLUSION

The PPY/maghemite was prepared by the polymerization of pyrrole on the

surface of maghemite nanoparticles. IR and XRD experiments showed that it was a

surface modification keeping the core particles unchanged. From the chemical

composition analysis and TEM results, it was found that the polypyrrole partially covers

the maghemite particles. Electrochemical measurements showed that nanoparticles can

be advantageously used to overcome kinetic problems in lithium insertion, and that the

surface modification with polypyrrole not only increases the capacity but also enhances

reversibility of maghemite nanoparticles. Based on XPS and X-ray absorption

spectroscopy, the interaction between maghemite and PPY would be due to

physisorption of nitrogen in PPY to oxygen in maghemite, and the iron ions remain +3

oxidation state after the polypyrrole modification.
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3-1. INTRODUCTION

The rapid development of modern electronic technology creates a strong

demand for portable power sources. Lithium batteries are considered to be the best

choice, as they provide high output power and moderate lifetime. But, their capacity is

limited mostly by the electrode materials. In this respect, much effort has been made to

improve the performance of the electrode materials. Traditional electrode materials are

based on the redox potential difference of the electrode in the course of

intercalation/deintercalation reactions [1,2]. They are generally well-crystalline host

compounds either with layered structure such as graphite, LiCoO2 and LiNiO2, or with

tunnel structure like LiMn2O4. For a long time, only well crystalline materials have been

considered as good electrodes for lithium-ion cells, because their crystal regularity

insures the easy diffusion of Li ion in the iono-covalent lattices in the viewpoint of

“solid state ionics”. Nanocrystalline materials are, however, being re-evaluated recently

as ‘nanoscience’ advances. The electrochemistry of this kind of materials is much

different from that of traditional crystalline ones because of their significant ‘surface

effects’. Recently, it has been found that the nanocrystalline LiMn2O4 has an enhanced

electrochemical activity when the first electrochemical step is insertion of Li ions

(discharge process) [3-7]. Furthermore, Kim et al. reported that amorphous manganese

oxyiodide Li1.5Na0.5MnO2.85I0.12 showed excellent reversibility involving both the

Mn3+/4+ and Mn2+/3+ couples, unlike most other manganese oxide systems which

generally show reversibility only for the Mn3+/4+ couple [8-14]. In this chapter, a brief

overview on the aforementioned compounds — that is, LiMn2O4 and
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Li1.5Na0.5MnO2.85I0.12 — will be described first as a research background, followed by

our works on the electrochemical behaviors of alkali-metal-based manganese oxyiodide,

fluorine-doped tin oxide and γ-Fe2O3. Finally the “electrochemical grafting” concept

will be given as a plausible explanation.

3-1-1. Nanocrystalline LiMn2O4 as a Li-Insertion Electrode

Lithium manganese oxide spinel LixMn2O4 is one of promising cathodes for

rechargeable lithium batteries by virtue of its low cost, high electrochemical potential

and environmental affinity. It delivers 4 V vs. Li in the range 0 < x < 1 and 3 V in the

range 1 < x < 2 [15-17]. However, studies on its utilization have mainly focused on the

4V domain, because the capacity fades severely in the 3 V range due to the occurrence

of Jahn-Teller distortion when the average valence of Mn falls below +3.5. Lithium

insertion into LixMn2O4 electrodes (x > 1) is, therefore, accompanied by the formation

of a tetragonal phase [15,17].

The use of nanocrystalline material to overcome this shortcoming was first attempted by

Bruce’s group [3]. They prepared the LiMn2O4.1 from manganese acetate and lithium

carbonate at 200 °C in air; electrodes prepared either with or without carbon additive

cycled well between 3.7 and 2.0 V at C/2. But, they didn’t explain why the

nanocrystalline materials show such different characteristics from their well-crystalline

analogues. Recently, our group has reported a comparative study between spinel

LiMn2O4 prepared at low and high temperatures in order to examine the difference of

electrochemical properties depending on synthetic conditions [4]. The combinational



Chapter 3. Nanocrystalline Materials for Lithium Batteries
-----------------------------------------------------------------------------------------------------------

101

experiments of XPS with X-ray absorption found that a lowering of synthetic

temperature gave rise to an increase of structural disorder and of the average oxidation

state of manganese, which was more significant at the surface than in the bulk (Table 3-

1). Such a result suggest that the modification of surface property induced by a decrease

of particle size is closely related to the electrochemical performance. The

nanocrystalline LiMn2O4 prepared at 250 °C showed excellent cyclability in the 3 V

region whereas it shows smaller capacities in the 4V domain (Figure 3-1). This

phenomenon is reversal of that of well-crystalline homologue prepared at 700 °C.

Table 3-1. Relative proportion of MnIV+/MnIII+, average particle size, coordination

number (CN), and bond distance of LiMn2O4 prepared at 250 °C and 700 °C. (From Ref.

4)

Sintering temperature 250 °C 700 °C

CMn
III+ 41.0 % 55.5 %

CMn
IV+ 59.0 % 44.5 %

Average particle size ~ 5 nm ~ 100 nm

CN 5.6 6.0
(Mn-O)

R (Å) 1.90(4) 1.91(5)

CN 5.2 6.0
(Mn-Mn)

R (Å) 2.88(9) 2.89(5)
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For the purpose of examining the evolution of the chemical bonding nature of inserted

lithium, 7Li MAS NMR study was performed for both the spinel compounds before and

after the insertion of 0.2 mol Li+ per formula unit. While the insertion did not induce

any remarkable spectral change for the well-crystalline LiMn2O4, it led to a dramatic

suppression of the NMR signal for the nanocrystalline one, indicating that the Li+

insertion into the latter phase results in significant modifications of the chemical

environment of lithium (Figure 3-2). It can be thus argued that the lowering of synthetic

temperature modifies the surface properties and overall chemical environment of ions

(lithium ions, of course, but also probably manganese and oxygen ions), which in turn

changes the electrochemical properties, that is, the better cyclability in the 3V domain.

Figure 3-1. Galvanostatic discharge and charge curves for LiMn2O4 prepared at low

temperature (250 °C, top) and high temperature (700 °C, bottom). Left figures present

cycling for 4V domain and right ones do for 3V domain. (From Ref. 4)
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Figure 3-2. A comparison 7Li MAS NMR spectra of 7Li MAS NMR

spectra (i) before and (ii) after Li intercalation for (a) 250 °C

sample and (b) 700 °C one. The arrows indicate the additional

signals from the trace of salt and/or passivating film. (From Ref. 4)
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This assertion is supported by Goodenough group’s recent work. At the first stage, they

found that Li[LiyMn2-y]O4 spinel powders prepared by either a sol-gel or an aqueous

solution method, showed excellent cyclability in the 3V range (2.4-3.4 V) [5,6]. In their

further study, it was observed that even the well-crystalline spinel displayed improved

capacity retention after sufficiently lasted ball-milling process to mix active material and

carbon [7]. As an explanation, the ball-milling of well-crystalline spinel powders would

generate nanograins, intraparticular strain and increased manganese oxidation state,

resulting in an enhanced cyclability in the 3V domain. Such results can be also

understood in the same context of the electrochemical grafting.

3-1-2. Amorphous or Nanocrystalline Li-Na-Mn-O-I as a Li-Cathode

As already mentioned above, thermodynamically stable spinel phase is well-

known to suffer from capacity fading during repeated charge−discharge cycling. The

capacity loss of this cathode material is closely related to the structural transition from

cubic spinel to tetragonal one, leading to a structural breakdown and to a formation of

electronically isolated zones [15,18]. In fact, this sort of problems originating from the

phase transition are considered to be more or less inevitable for well-crystalline lithium

manganese oxides. Such a speculation gives an impetus to develop amorphous phases as

an alternative cathode material, since this type of compounds would be much more

tolerable for the repeated Li insertion−deinsertion processes. Consequently, numerous

amorphous or nanocrystalline manganese oxides have been developed by precipitation



Chapter 3. Nanocrystalline Materials for Lithium Batteries
-----------------------------------------------------------------------------------------------------------

105

or sol-gel route [19-21]. Among these

nanocrystalline materials, sodium-based

manganese oxyiodides possess a quite

large discharge capacity and excellent

cyclability.

While many research groups have studied

LiMn2O4, alkali metal manganese

oxyiodides have been investigated mainly

by Manthiram’s group. First, they

announced Li1.5Na0.5MnO2.85I0.12

prepared by reacting NaMnO4 with LiI in

acetonitrile and following heat-treatment at 250 °C. This material showed a large

reversible capacity of 260 mAh/g in the range 1.5 ~ 4.3 V vs. Li at a current density of

0.1 mA/cm2, as drawn in Figure 3-3 [8]. The enhanced performance was attributed to

the amorphous nature of the material, which led to reversibility in Mn2+/3+

electrochemical couple. This phenomemon is different from that of other well-

crystalline manganese oxides which show reversilibity only for Mn3+/Mn4+ couple.

However, the capacity was found to be decreased on increasing current density; the first

discharge capacity was ~ 140 mAh/g at a current density of 0.5 mA/cm2. Further

systematic investigation of the product discovered that ball-milling could improve the

electrochemical properties. In an optimized process, the 40 min. ball-milled sample

exhibited 275 mAh/g even at a higher current density of 0.5 mA/cm2 [10]. These

findings directed to research for analogous synthesis in aqueous solution for next step,

Figure 3-3. Discharge curves and

cyclability of Li1.5Na0.5MnO2.85I0.12

recorded at various current densities.

(From Ref. 8)
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because water is cheaper and more environmentally friendly than organic solvents.

Several papers reported the reaction of NaMnO4 with LiI (or NaI) in aqueous solution

and subsequent heat-treatment at 500 °C or 600 °C [9,11,14]. Firing at rather high

temperature led to evaporatation of the iodine contents and somewhat crystallized the

samples. XRD patterns proved the co-existence of LiMn2O4 and NaxMnO2 phases as

main components. It was also found that Na0.5MnO2 with tunnel structure formed on

firing at ≥ 600 °C and Na0.7MnO2 with layered structure was produced at ~ 500 °C. The

less-crystalline layered product showed better performance than the tunnel-structured

one, which would also imply the same mechanism of electrochemical grafting.

3-2. NEW POTASSIUM-BASED NANOCRYSTALLINE

MANGANESE OXYIODIDE CATHODE PREPARED IN AQUEOUS

SOLUTION

As stated above, the sodium-based manganese oxyiodides possess a quite large

discharge capacity and good cyclability. On the other hand, Whittingham et al. reported

that a potassium-based manganate with rhombohedral layered structure is more stable

for electrochemical lithiation−delithiation reaction compared to sodium- or lithium-

based ones [22,23]. Despite such contradiction, there is no systematic study on

potassium-based nanocrystalline manganese oxyiodide although it is worthwhile to

probe the effect of alkali metal on the electrochemical properties of these

nanocrystalline manganese oxyiodide. Here we would like to present the preparation of

a new potassium-based nanocrystalline manganese oxyiodide in aqueous solution and
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characterization of its physico-chemical properties in comparison with those of sodium-

based homologue. Generally, it is quite difficult to probe the local cation ordering of

amorphous/nanocrystalline compounds because of their X-ray amorphous character. We

attempted to determine the local geometric and electronic structures around manganese

before and after chemical lithiation using micro-Raman and Mn K-edge X-ray

absorption analysis. The chemical bonding characters of iodine species in these

nanocrystalline materials was also studied by I LI-edge X-ray absorption near-edge

structure (XANES) analysis.

3-2-1. Experimental

The nanocrystalline A−Li−Mn−O−I (A = K and Na) samples were prepared by

reacting the aqueous solution of KMnO4 or NaMnO4·H2O with 1.5 equiv LiI at room

temperature, similar to the previously reported Chimie Douce method [8-14]. The

mixed solution was maintained for 1 day under constant stirring. The resulting

precipitate was washed with water, and dried at 130 °C in vacuum. The chemical

lithiation reaction for these amorphous samples was carried out by reacting them with

1.6 M n-BuLi in hexane for 48 h. Prior to the physico-chemical characterization, the

lithiated-samples were washed thoroughly with hexane and ethanol, and dried in

vacuum.

The crystal structures of A−Li−Mn−O−I (A = K and Na) and their chemically

lithiated products were studied by X-ray diffraction (XRD) measurement using Ni-

filtered Cu Kα radiation with a graphite diffracted beam monochromator. The chemical
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compositions of these samples were determined by using atomic absorption (AA)

spectrometry, inductive coupled plasma (ICP) spectrometry, and electron probe for

micro-analysis (EPMA). The water contents were estimated by performing

thermogravimetric analysis (TGA) under O2 flow. The weight losses of ~3% and ~6%

up to ~150 °C are observed for the Na- and K-based nanocrystals, respectively,

indicating that these materials possess about 0.2−0.4 mole water per unit formula [22].

The electrochemical measurements were performed with the cell configuration of Li |

1M LiPF6 in EC:DEC (50:50 v/v) | composite cathode, which was assembled in a dry-

box. The composite cathode was prepared by mixing thoroughly the active

A−Li−Mn−O−I (A = K and Na) material (20 mg, 70 wt%) with 25 wt% of Ketjenblack

and 5 wt% of PTFE (polytetrafluoroethylene). Charge/discharge experiments were

carried out in a galvanostatic mode using a computer-controlled PGS201T (Tacussel)

system between 1.5 – 4.3 V at the constant current densities of 0.2 and 0.5 mA/cm2 (10

and 25 mA/g).

The micro-Raman spectra presented here were recorded on a Dilor-Omars

microspectrometer coupled with an optical microscope (spatial resolution of 1 µm2) and

an intensified 1024-channel photodiode array detector. The 514.5 nm line from an argon

ion laser Spectra Physics model 2016 was used as an excitation source. All the present

spectra were measured by backscattering from the freshly fractured surfaces of the pellet

or from the powdered sample. In order to prevent possible thermal damage of the

samples, the power of incident laser light was maintained at less than 1 mW. After

each measurement, the sample surface was thoroughly checked to remove the possibility

of spectral modification caused by surface degradation.
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The XAS experiments were performed for nanocrystalline A−Li−Mn−O−I (A =

K and Na) compounds and their lithiated derivatives by using the EXAFS facility

installed at the beam line 7C at the Photon Factory in Tsukuba, operated with electron

storage ring energy of 3.5 GeV and the electron current of about 300 – 360 mA. The X-

rays are monochromatized by a Si (111) double crystal for all the present XAS data. All

the present spectra were obtained at room temperature in a transmission mode using

gas-ionization detectors with a spacing of ~ 0.4 eV for the XANES region and ~ 1.5 eV

for the EXAFS one. The powder samples for XAS experiments were prepared in the

form of pellet, in which the finely ground samples were diluted with boron nitride in

order to obtain an optimum absorption jump (∆µ⋅t ≅ 1). All spectral data were calibrated

by measuring the spectra of Mn metal foil and KI. The data analysis for the

experimental spectra was carried out by the standard procedure using computer program

UWXAFS version 2.0 [24,25].

3-2-2. Powder XRD and Chemical Analysis

The powder XRD patterns of as-prepared A−Li−Mn−O−I (A = K and Na)

compounds are shown in Figure 3-4, together with those of their heated and lithiated

products. No distinct reflection can be observed for the nanocrystalline samples heated

at 130 °C in vacuum. After the heat-treatment at 600 °C, an amorphous phase is

changed into a mixed crystalline phase, that is, a mixture of rhombohedral layered

KxMnO2 [22,23] and cubic-spinel Li1+yMn2−yO4 for the potassium-based nanocrystal,

and a mixture of Na0.7MnO2 [8,11] and cubic-spinel Li1+yMn2−yO4 for the sodium-based
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nanocrystal.

In the case of

the lithiated derivatives,

there is no XRD peak

related to the crystalline

lithium manganate,

except several weak

reflections

corresponding to small

amount of lithium

hydroxide hydrate

formed by a reaction

with n-BuLi and water

in the samples. This

finding indicates that the

amorphous structure of

the present

nanocrystalline

manganese oxyiodides is

highly tolerable for Li

insertion reaction.

The chemical formulas of the nanocrystalline A−Li−Mn−O−I (A = K and Na)

compounds and their lithiated derivatives estimated from AA, ICP, and EPMA analyses

Figure 3-4. X-ray diffraction patterns of (a)

nanocrystalline K-Li-Mn-O-I compound and its

derivatives (b) after the heat-treatment at 600 °C, and (c)

after lithiation, together with (d-f) the corresponding data

of Na-homologues. In (b) and (e), the indexed reflections

are assigned on the basis of cubic spinel structure, and

the circle and square symbols represent the reflections

from KxMnO2·yH2O and Na0.7MnO2 phases, respectively.

And the asterisk symbols in (c) and (f) denote the peaks

originating from LiOH·H2O.
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are summarized in Table 3-2. The concentration of alkali metal ion is determined to be

smaller for the potassium-based nanocrystal than for the sodium-based one, whereas the

iodine content is larger for the former compared to the latter. As listed in Table 3-2,

the lithiation process results in the incorporation of about two moles of lithium ions per

unit formula commonly for both nanocrystalline materials. This reflects their greater

ability to accommodate lithium ions compared to the well-crystallized electrode

materials like LiMn2O4 spinel, even though a fraction of lithium ions are consumed up

for the reaction with the sample water, leading to the formation of lithium hydroxide.

Table 3-2. Chemical formulas of nanocrystalline manganese oxyiodides and their

lithiated derivatives

Sample as-prepared Lithiated

K−Li−Mn−O−I Li0.54K0.31MnO2.5−δI0.10 Li2.45K0.34MnO2.5−δI0.13

Na−Li−Mn−O−I Li0.52Na0.62MnO2.5−δI0.07 Li2.48Na0.79MnO2.5−δI0.08

3-2-3. Electrochemical Performance

The cycling characteristics of the nanocrystalline A−Li−Mn−O−I (A = K and Na)

compounds have been examined to probe the effect of alkali metal on the

electrochemical performance of the lithium manganese oxyiodides. Since both pristine

materials possess an open circuit potential of ~3.4 V (vs. Li/Li+), the electrochemical
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cycling starts with the first

charge process up to 4.3 V.

The discharge potential profiles

of the nanocrystalline

A−Li−Mn−O−I (A = K and Na)

compounds measured at a

constant current density of 0.2

mA/cm2 are plotted in Figure

3-5. For both compounds, a

small capacity of ~110 mAh/g

corresponding to the oxidation

of trivalent manganese ions is

commonly observed (not

shown in the figure), which is

much smaller than the capacity

of the following discharge

process. This underlines that

the electrochemical activity of

these manganese oxyiodides is

attributed mainly to the insertion of lithium ion from Li anode rather than to the re-

insertion of lithium ions which already exist in the as-prepared materials. Both

nanocrystals show nearly identical curve shape, which is very close to that of the

previously reported amorphous manganese dioxide [8-14,19,20], confirming the

Figure 3-5. Discharge potential profiles of the

nanocrystalline A−Li−Mn−O−I compounds with A

= (a) K and (b) Na. The electrochemical

measurements were carried out in the potential

range of 1.5−4.3 V with the applied current density

of 0.2 mA/cm2.
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amorphous character of the

present manganese oxyiodides.

The observed smooth decrease of

potential during discharge

process is a characteristic of

nanocrystalline electrode

materials such as SnO2, Fe2O3,

etc [26-28].

This can be explained by the fact

that the existence of surface

defects and/or surface dangling

bonds in nanocrystalline

materials gives rise to the

formation of many sub-bands

between valence and conduction

bands, leading to a smooth

change of Fermi-energy and

hence a slow potential change [4].

In comparison with the sodium-

based manganese oxyiodide, the

potassium-based one shows a greater discharge capacity for each cycle.

For a more accurate inspection of discharge behaviors, the differential capacity profiles

of the nanocrystalline A−Li−Mn−O−I (A = K and Na) compounds are presented in

Figure 3-6. Differential capacity profiles of the

nanocrystalline A−Li−Mn−O−I compounds with

A = (a) K and (b) Na. The electrochemical

measurements were carried out in the potential

range of 1.5−4.3 V with the applied current

density of 0.2 mA/cm2.
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Figure 3-6. As the cycle proceeds, no significant change in curve shape, except a slight

depression of the peak at ~ 2.7 V, can be observed for both compounds, which suggests

that the electrochemical discharge−charge process does not induce any marked

structural transition in these nanocrystalline materials. However, it is worthwhile to note

that the present nanocrystals commonly show a significant capacity fading, which is

fairly contrasted with the previous report on the sodium-based materials prepared in

acetonitrile solvent [8,10]. This may be attributed not to the structural transition but to

the presence of water leading to the formation of LiOH and HF via the reaction with Li

anode and electrolyte respectively. In this context, now we are trying to prepare

potassium-based nanocrystal in nonaqueous solvent and to examine the effect of ball

milling on its electrochemical property, with a view to improving the cyclability and

discharge capacity of this promising nanocrystalline material. On the other hand, we

have also measured the electrochemical performances of the present nanocrystalline

samples up to 20 cycles with a higher current density of 0.5 mA/cm2, in order to

examine the long-term cycling characteristics as well as to probe the effect of current

density.

As presented in Figure 3-7, the potassium-based phase shows the high initial discharge

capacity of 185 mAh/g with a notable capacity decrease to 120 mAh/g after the 20th

cycle, whereas the sodium-based one exhibits a better capacity retention from 178

mAh/g at the first cycle to 155 mAh/g at the 20th cycles. This is surely contrasted with

the results obtained with the lower current density of 0.2 mA/cm2. Such different long-

term cycle characteristics of these nanocrystals are suggested to originate from their

dissimilar water contents and/or from the contribution of other chemical species like
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Na/K or iodine to discharge capacity. However, it is quite difficult to conclude here

the origin of the observed

electrochemical behavior of the

present nanocrystals, since there

are so many factors to be

considered influencing the long-

term cycling performance. In

order to answer this question, now

we are performing the detailed

electrochemical measurements

with various experimental

conditions. In this context, here

we limit our further discussion to

why the potassium-based phase

shows a greater “initial” discharge

capacity than the sodium-based one. In fact, prior to the electrochemical

measurements, we expected that the potassium-based compound possesses inferior

initial discharge capacity to the sodium-based one, judging from the heavier atomic

weight of potassium compared to sodium. But this is not true for the nanocrystalline

materials presented here. In order to understand such unexpected finding, we have

examined the local structure around manganese in both nanocrystalline compounds by

performing micro-Raman and XANES/EXAFS tools complementarily.

Figure 3-7. Discharge capacities of the

nanocrystalline A−Li−Mn−O−I compounds with

A = K (squares) and Na (circles). The

electrochemical measurements were carried out

in the potential range of 1.5−4.3 V with the

applied current density of 0.5 mA/cm2.
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3-2-4. Local Structure

Inverstigation Using

Raman and X-ray

Absorption Spectroscopy

The Mn K-edge XANES

spectra of the pristine

nanocrystalline

A−Li−Mn−O−I (A = K and

Na) compounds and their

lithiated derivatives are

illustrated in Figure 3-8a, in

comparison with the

reference spectra of cubic

spinel LiMn2O4, tetragonal

spinel Li2Mn2O4, λ-MnO2,

nanocrystalline manganese

oxide [29] (This material

corresponds to the sample 2 in ref. 29 with composition of MnO1.89), and Mn2O3. The

position of the edge jump for the pristine manganese oxyiodides is a little bit higher than

that for LiMn+IVMn+IIIO4 but slightly lower than that for λ-Mn+IVO2, which indicates

that manganese ions in these materials have an average valence state of > +3.5.

Actually the sodium-based manganese oxyiodide has been reported to possess the

Figure 3-8. (a) Mn K-edge XANES spectra for the

nanocrystalline A−Li−Mn−O−I compounds with A =

(i) K and (ii) Na and (iv−v) their lithiated derivatives,

in comparison with the references (iii) cubic spinel

LiMn2O4, (vi) tetragonal spinel Li2Mn2O4, (vii) λ-

MnO2, (viii) nanocrystalline manganese oxide, and

(ix) Mn2O3. The magnified spectra for pre-edge

region are presented in (b).
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average Mn oxidation state of about +3.8 [8]. In case of the lithiated manganese

oxyiodides, the edge position is rather in accordance with that of tetragonal spinel

Li2Mn+III
2O4, confirming the reduction of manganese ions after the n-BuLi-treatment.

In the pre-edge region, all the spectra presented here show small pre-edge peaks

(denoted P and P’), which are assigned as the transitions from the core 1s level to

unoccupied 3d states. Even though they are not allowed by the electronic dipolar

selection rule, ∆l = ±1, the pre-edge peaks could be discerned either due to quadrupole-

allowed transitions and/or due to the mixing of 4p and 3d states. In this context, the

weak intensity of these features suggests that all the manganese ions in the samples

under investigation are stabilized in octahedral site with an inversion center. The

position and shape of these pre-edge peaks are well-known to be closely related to the

oxidation state of the absorbing ion and the local arrangement of back-scattering ions,

respectively. As can be seen clearly from Figure 3-8b, the relative energies of the pre-

edge peaks are wholly consistent with the order of the main-edge positions. It is also

evident that the spectral shape of pre-edge features in all the samples presented here can

be classified into two groups; two pre-edge peaks P and P’ are discernible for some

materials containing considerable amount of tetravalent manganese ions, whereas only

one feature P at lower energy can be observed for the others with trivalent manganese

ions. In fact, the latter characteristic pre-edge feature for trivalent manganese

compounds can be interpreted as a result of the splitting of t2g and eg energy levels

modified by Jahn-Teller deformation [30]. For the nanocrystalline manganese

oxyiodides under investigation, both the pristine materials exhibit nearly the same

spectral features in pre-edge region, whereas there are marked spectral differences
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between the corresponding lithiated derivatives. That is, the lithiation reaction gives rise

to a smaller change in the pre-edge features of the potassium-based nanocrystal

compared to the sodium-based one, which suggests that the Jahn-Teller deformation of

the MnO6 octahedra is smaller in the former. In the main-edge region, there are some

peaks (denoted A, B, and C), which are assigned as the dipole-allowed transitions from

the core 1s level to unoccupied 4p states. In contrast to the well-crystallized LiMn2O4

and λ-MnO2 [31], both the pristine nanocrystalline compounds do not show the fine

features A and B in this region, which is attributed to the absence of long-range crystal

order. This finding is well consistent with the recent XANES study for Na-based

nanocrystal [12]. On the contrary, a distinct peak A is clearly observed for both the

lithiated derivatives as well as for tetragonal spinel Li2Mn2O4, although its spectral

weight is weaker for the formers than for the latter. Since the strong peak A is an

indicator of trivalent manganese ion stabilized in the Jahn-Teller distorted octahedra

[32], the observed weak intensity of peak A indicates that the Jahn-Teller deformation

around manganese is less prominent for the nanocrystalline manganese oxyiodide than

for the well-crystallized tetragonal spinel, as reported recently [12]. Moreover, a closer

inspection on the present XANES spectra reveals that K-based nanocrystal exhibits

smaller intensity of peak A than Na-based one, which is well correlated with less

prominent change of pre-edge features after lithiation in the former. On the other hand,

an intense and sharp peak C appears commonly for all the nanocrystalline manganese

oxyiodides including the lithiated derivatives as well as for the spinel-structured

compounds. Considering the fact that the intensity of this peak is proportional to the

relative concentration of edge-shared MnO6 octahedra with respect to corner-shared one
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[33], it can be supposed that the crystal structure of nanocrystalline manganese

oxyiodides consists of edge-shared MnO6 octahedra like spinel-structured compounds.

In contrast, only a broader and less intense peak C can be discerned for another

nanocrystalline manganate without iodine and potassium species (sample (viii) in Figure

3-8), indicating this compound has the intergrowth structure of edge- and corner-shared

MnO6 octahedra. On the basis of this finding, it can be supposed that iodine and

potassium ions may act as stabilizers for edge-shared MnO6 network. It has been

known that there are some kinds of lithium manganate phases like spinel LiMn2O4,

layered LiMnO2, etc, whose crystal structures constitute with edge-shared MnO6

octahedra. However, on the basis of the present Mn K-edge XANES results, it is very

difficult to determine conclusively the local structure around manganese in the

nanocrystalline manganese oxyiodides. In order to solve this problem, we have applied

micro-Raman spectroscopy.

The Raman spectra of the nanocrystalline A−Li−Mn−O−I (A = K and Na)

compounds are represented in Figure 3-9, together with the reference spectra of

rhombohedral layered LiCoO2, cubic spinel LiMn2O4, monoclinic layered LiMnO2, and

tetragonal spinel Li2Mn2O4. As predicted by the factor group analysis, the

rhombohedral LiCoO2 compound exhibits two A1g and Eg phonon lines at 486 and 596

cm−1, whereas three Raman peaks corresponding to Raman-active 2Ag + Bg modes are

observed for the layered LiMnO2 oxide at 422, 481, and 603 cm−1 [34,35]. In the case of

spinel-structured compounds, larger number of Raman peaks appear due to their

complex crystal structure. As shown in Figure 3-9, the present cubic spinel LiMn2O4

sample shows four Raman peaks at 270, 340, 454, and 631 cm−1, which assigned as 2T2g,
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Eg, and A1g mode, respectively, whereas four characteristic phonon lines can be detected

for the tetragonal spinel phase in the frequency range 200−650 cm−1.

It is worthwhile to mention that the Raman spectrum of tetragonal spinel Li2Mn2O4 can

be clearly distinguished from that of

monoclinic layered LiMnO2, even

though both the lithium manganates

show almost the same XRD patterns

[36]. This is due to the fact that Raman

spectrum is strongly dependent on the

crystal symmetry rather than the

structure factor. In this regard, the

Raman spectroscopy enables us to easily

identify various lithium manganate

phases with closely related crystal

structures such as layered LiMnO2

(C2/m), tetragonal spinel Li2Mn2O4

(I41/amd), orthorhombic LiMnO2

(Pmnm), and etc [34]. In the case of the

nanocrystalline manganese oxyiodides,

two very broad features are discernible

around 490 and 630 cm−1. Considering

the fact that the nanocrystalline nature

and the mixed Mn oxidation state of the

Figure 3-9. Micro-Raman spectra for the

nanocrystalline A−Li−Mn−O−I

compounds with A = (a) K and (b) Na and

(e−f) their lithiated derivatives, in

comparison with the references (c)

rhombohedral layered LiCoO2, (d) cubic

spinel LiMn2O4, (g) monoclinic layered

LiMnO2, and (h) tetragonal spinel

Li2Mn2O4.
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present manganese oxyiodides are surely responsible for the very broad Raman feature,

the Raman spectra of these nanocrystals are somewhat similar to that of rhombohedral

LiCoO2, rather than that of spinel LiMn2O4. However, the considerable broadness of

features makes it very difficult to definitively determine the local structure of

nanocrystalline materials on the basis of the present Raman spectra. In this regard, we

have also examined the Raman spectra of lithiated manganese oxyiodides, since the

lithiation usually increases the signal to noise (S/N) ratio of Raman data by depressing

the electrical conductivity. As can be seen clearly from Figure 3-9, there is remarkable

spectral consistency between the nanocrystalline materials and the monoclinic layered

LiMnO2, highlighting that the lithiated derivatives possess the layered structure with

monoclinic distortion. Generally the reduction of Mn oxidation state induces a Jahn-

Teller distortion around manganese, giving rise to a structural transition from

rhombohedral layered to monoclinic layered, or from cubic spinel to tetragonal spinel.

Moreover, it is impossible to change from spinel structure to layered one during

lithiation process, since the spinel structure is thermodynamically more stable than the

layered one. In this regard, we can conclude that the manganese ion in nanocrystalline

manganese oxyiodide crystallizes locally in rhombohedral layered cation ordering not in

the spinel-type one, and the lithiation reaction results in a local structural change into

monoclinic layered structure.

The local structural variation of the nanocrystalline A−Li−Mn−O−I (A =

K and Na) compounds upon chemical lithiation process has been examined

quantitatively using Mn K-edge EXAFS spectroscopy. The k3-weighted Mn K-edge

EXAFS spectra for the nanocrystalline A−Li−Mn−O−I (A = K and Na) compounds and
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their lithiated derivatives are

represented in Figure 3-10a,

and the corresponding Fourier

transforms (FTs) in Figure 3-

10b. As can be seen from

Figure 3-10a, the overall

spectral features of the

EXAFS oscillation of the

pristine nanocrystalline

compounds are quite similar

to each other, indicating the

same local structure around

manganese in both

compounds.

On the other hand, the

lithiation process gives rise

to a spectral change in

EXAFS oscillation which is

less prominent for K-based

material than for Na-based

one, as observed in XANES

region. In the FT diagrams

(Figure 3-10b), the nanocrystalline manganese oxyiodides exhibit two intense FT peaks

Figure 3-10. (a) k3-weighted Mn K-edge EXAFS

spectra and (b) their Fourier transforms for the

nanocrystalline A−Li−Mn−O−I compounds with A =

(i) K and (ii) Na, and (iii−iv) their lithiated

derivatives. The range over which the Fourier

filtering has been made is shown by the arrows.
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at ~1.5 and ~2.5 Å, which are attributed to the (Mn–O) and (Mn–Mn) shells,

respectively. Upon lithiation reaction, the FT peaks become depressed especially for

(Mn–Mn) shell, which can be understood from the fact that the Jahn-Teller distortion

around Mn causes a damping of EXAFS signal. However, in contrast to the

previously reported results for the spinel phase [31,37], the splitting of FT peaks

corresponding to (Mn–Mn) shells induced by lithiation is not obvious for the present

nanocrystalline compounds, which is well correlated with the XANES results [12].

Between both lithiated nanocrystals, the splitting of (Mn–Mn) shells is more well-

resolved for Na-based material than for K-based one. These findings can be regarded

as further evidence for the excellent endurance of the amorphous character of these

nanocrystalline materials during Li insertion reaction, especially for the case of K-

based nanocrystal. It is also worthwhile to mention that the peaks at 4−6 Å originated

from the multiple scattering paths with focusing effect are nearly suppressed in the

present compounds, in contrast to the well-crystalline LiMnO2 and LiMn2O4 ones

[31,32]. This confirms the nanocrystalline nature of the present manganese oxyiodides.

In order to determine the structural parameters such as coordination number (CN),

bond distance (R), and Debye-Waller factor (σ2), these FT peaks were isolated by

inverse Fourier transform to a k space and then curve-fitted. In the light of micro-

Raman results, we have tried to reproduce the spectra of nanocrystalline manganese

oxyiodides and their lithiated derivatives on the basis of the crystal structures of

rhombohedral layered and monoclinic layered phases, respectively, in such a way that

we were able to get reasonable fitting results (We have also tried to reproduce the

experimental EXAFS data of lithiated derivatives on the basis of rhombohedral layered
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structure, but it gave poor fits and physically meaningless structural parameters). The

best fitting results and the obtained structural parameters are listed in Table 3-3. While

the manganese ion in the nanocrystalline A−Li−Mn−O−I (A = K and Na) compounds

is stabilized in a regular MnO6 octahedron with six neighboring oxygen ions at the

same distance, the manganese ion in the lithiated derivatives exists in a Jahn-Teller

distorted MnO6 octahedra, as supposed from micro-Raman study. Moreover, the

average (Mn−O) and (Mn−Mn) bond distances of the nanocrystalline materials are

found to be elongated by lithiation reaction, confirming the decrease of Mn oxidation

state after reaction with n-BuLi. In addition, the coordination numbers are

determined to be smaller for (Mn−Mn) shells than for (Mn−O) shells, which reflects

the nanocrystalline nature of the present samples leading to an incomplete coordination

of manganese by distant shells.

Table 3-3. Results of nonlinear least-squares curve-fitting analysis for the Mn K-edge

EXAFS spectra of nanocrystalline manganese oxyiodides and their lithiated derivatives

sample bond CN( a) R (Å) σ2 (10−3 × Å2)

K−Li−Mn−O−I (Mn−O) 6.0 1.90 4.89

(Mn−Mn) 4.2 2.86 6.22

Na−Li−Mn−O−I (Mn−O) 6.0 1.90 4.95

(Mn−Mn) 4.3 2.85 6.91

(Mn−Oeq) 4 1.90 3.21



Chapter 3. Nanocrystalline Materials for Lithium Batteries
-----------------------------------------------------------------------------------------------------------

125

lithiated (Mn−Oax) 2 2.33 10.60

K−Li−Mn−O−I (Mn−Mn) 1.4 2.87 2.82

(Mn−Mn) 2.8 3.02 9.99

(Mn−Oeq) 4 1.90 4.08

lithiated (Mn−Oax) 2 2.27 15.31

Na−Li−Mn−O−I (Mn−Mn) 1.4 2.83 5.73

(Mn−Mn) 2.8 3.02 15.11

(a) While the coordination numbers for (Mn−O) shells are fixed to the crystallographic

values, those for (Mn−Mn) shells are set as variables in the course of curve-fitting

analysis.

3-2-5. The Role of Iodine Explored by I LI-Edge XANES Analysis

As described in the Mn K-edge XANES section, another type of

nanocrystalline manganate without iodine and potassium species crystallizes with edge-

and corner-shared network of MnO6 octahedra, in contrast to the present manganese

oxyiodides. In this regard, it is very interesting to question what the role of iodine is.

In order to give an answer to this question, we have studied the chemical bonding

character of iodine species by performing I LI-edge XANES analysis. The I LI-edge

XANES spectra of the nanocrystalline manganese oxyiodides and their lithiated

derivatives are presented in Figure 3-11, in comparison with the reference spectra of KI,

I2, KIO3, and KIO4.



Chapter 3. Nanocrystalline Materials for Lithium Batteries
-----------------------------------------------------------------------------------------------------------

126

All the reference spectra except for

KI exhibit a characteristic white

line (WL) peak at around

5185−5195 eV, which is ascribed

to the transition from the 2s core

level to the unoccupied 5p state

[38]. Since the intensity of this WL

feature is dependent on the density

of the unoccupied 5p final state, the

most intense peak is discernible for

both KIO3 and KIO4 references

having completely empty I 5p

orbitals. On the contrary, this 2s

→ 5p transition is not possible for

KI due to the full occupancy of I 5p

orbital. In the case of pristine nanocrystalline materials, this WL peak shows almost

the same position and intensity as the reference KIO3, which indicates that the iodate

species is stabilized in nanocrystalline manganate oxyiodides, as reported very recently

[13]. There are two possibilities about the site of IO3
− cluster in these nanocrystalline

compounds; one is the interlayer site and the other is the grain boundary or the sample

surface. As shown in Figure 3-11, a notable depression of peak A upon lithiation can

be observed for both nanocrystalline materials, suggesting that most of iodate ion is

reduced to a negatively charged iodide ion. Considering the electrostatic repulsion

Figure 3-11. I LI-edge XANES spectra for the

nanocrystalline A−Li−Mn−O−I compounds

with A = (a) K and (b) Na and (g−h) their

lithiated derivatives, in comparison with the

references (c) KIO3, (d) KIO4, (e) I2, and (f) KI.
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between iodide and oxide anions, it is impossible for iodide ion to exist in the interlayer

octahedral site of rhombohedral layered lattice. However, the elemental analyses

reveal that there still remain lots of iodine species after lithiation, which implies that

most of iodine species in nanocrystalline manganese oxyiodide is located in the grain

boundary or on the surface. Since the iodate ion stabilized in the grain boundary

prevents an effective crystal growth of lithium manganese oxide grains, it would help to

maintain the nanocrystalline nature of this material before and after Li insertion.

Summarizing the present experimental findings, it is evident that manganese

ion in the present nanocrystalline compounds is stabilized in the rhombohedral layered-

type local structure, which is maintained by the presence of alkali metal pillar rather by

the existence of iodate cluster in interlayer space. In this context, a greater initial

discharge capacity of K-based nanocrystal compared to Na-based one is interpreted as a

result of the expanded interlayer spacing sustained by larger potassium ion, giving a

better ability to accommodate the lithium ion in the interlayer space.

3-3. A NEW SINGLE MOLECULAR PRECURSOR ROUTE TO

FLUORINE-DOPED NANOCRYSTALLINE TIN OXIDE ANODE

FOR LITHIUM BATTERIES

Tin oxide is a well-known host material for lithium insertion and extraction. Its

electrochemical behaviors in non-aqueous electrolytes have been studied in the view of

electrochromism [39]. Recently, it has been reported that several tin oxide-based

compounds can be used as an anode for lithium-ion batteries [40-45]. The common
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feature between them is that Li irreversibly decomposes the Sn oxides into metallic tin,

and then subsequent Li-Sn alloy is formed [41,42]. The second reaction is reversible,

leading to a high capacity of about 600 mAh/g. However, the reversible capacity varies

severely depending on the synthetic condition and sample state [42-45]. A plausible

explanation might be the enormous volume change during Li-Sn alloy formation,

inducing large local stress and inhomogeneity, deteriorating the mechanical stability of

the electrode [41,46]. In this respect, it is worthwhile to note that, generally,

nanocrystalline or/and more conductive (doped) tin oxide powders have larger

reversible capacity than well crystalline and undoped ones [42-45].

The way of enhancing the conductivity and electrochemical reversibility by doping Cl,

Sb, Mo or F into tin oxide is a well-established strategy [43,47-50]. Among these

dopants, the fluorine is known to be the most efficient doping agent for tin oxide to

achieve the highest electrical conductivity which is ~ 5 × 103 Ω-1cm-1 for an optimum

atomic F/Sn ratio of ~ 3 % [51]. Preparation of nanostructured SnO2 and its

electrochemical properties have already been reported [42], however, to our knowledge,

no investigation has been devoted to the synthesis and electrochemistry of similar F-

doped tin oxide, although the enhancement of the conductivity due to F-doping may

increase the reversible electrochemical capacity of this kind of materials. Furthermore,

until recently, the concept of a single molecular precursor of F-doped SnO2 prepared by

sol-gel route has rarely been investigated. Recently our group has reported, for the first

time, how to stabilize fluoroalcoxytin complexes, which are ideal precursors for

preparing highly conductive F-doped SnO2 nanocrystalline powders [52,53].

In this section, I would describe the preparation and electrochemical characteristics of
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nanocrystalline F-doped tin oxide powder, obtained from a mixed-valence fluorotin

alkoxide.

3-3-1. Experimental

The nanocrystalline F-doped SnO2 powder was prepared by the same method

as reported in Ref. 53. The simplified procedure is illustrated in Scheme 1. The

thermolysis of xerosol was carried out at first by drying the powder at 50°C, and then

calcined at 550°C in air for 15 min. For comparison, commercial SnO2 powder was

purchased from Aldrich Chemicals (99.9 %).

Scheme 1. The simplified synthetic procedure.

Elemental analysis was conducted in the Center of Chemical Analysis of the

CNRS (Vernaison, France). The crystallinity and structure of the samples were

monitored by powder X-ray diffractometer (Phillips PW1050) using Cu Kα radiation (λ

= 1.5418 Å). The sample resistivity was estimated by compacting under pressure (10
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tons) a given amount of powder (200 mg) between two stainless steel cylinders. The

resistance Rs of the as-pelletized materials (13 mm diameter, 0.42 mm thickness) was

measured with a Rhopoint M210 Milli-ohmeter. The measurements were performed

under pressure (0.5 ton) using the previous cylinders as contacts. The sample resistivity

ρs was deduced from Rs by the simple formula ρs = SRs/t where S and t are the surface

area and the thickness of the sample, respectively.

The room temperature Mössbauer resonance spectrum was obtained using a

Halder-type spectrometer equipped with a Ca119SnO3 source in the constant acceleration

mode. The spectrum thus acquired was fitted to the sum of Lorentzians by least square

refinements. All isomer shifts given refer to CaSnO3 at 293K.

Electrochemical measurements were performed using a computer-controlled

potentiostat/galvanostat (Tacussel, PGS 201T). A button-type cell was used with the

configuration of ‘Li | 1M LiClO4 in ethylene carbonate (EC) — dimethyl carbonate

(DMC) (50:50, v/v) | SnO2 composite electrode’. The composite electrodes were

prepared either by intimately mixing the active material with carbon black (25 wt. %)

and polytetrafluoroethylene (PTFE, 5 wt. %) or by mixing with carbon black (15 wt. %)

and ployvinylidenedifluoride (PVDF, 10 wt. %) and spreading on Cu foil. All

measurements and cell assembly were carried out in an argon-filled dry box. The

potential range was set between 0 ~ 2 V vs. Li+/Li and the current density was fixed at

20 mA/g in a galvanostatic mode.

3-3-2. Results and Discussion
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Figure 3-12 shows the X-ray diffraction patterns of the dried xerosol precursor,

the nanocrystalline F-doped SnO2 and undoped SnO2 powders. For the dried xerosol

precursor, no distinguishable peak appears indicating an amorphous state or/and absence

of long-range order. After heat-treatment at 550°C in air, as expected, XRD peaks

appear to be broader compared to the well-crystalline Aldrich sample. All the XRD

reflections are properly indexed with tetragonal symmetry and the cell parameters

obtained from the least-square fitting analysis are listed in Table 3-4. It is evident that

the cell parameters become smaller for the F-doped nanocrystalline sample. The size of

crystallites was estimated to be 7 nm using Scherrer's relation t=0.9λ/(Β cos θ) where λ

is the X-ray wavelength, θ is the Bragg angle and B is the angular full-width-half-

maximum of the chosen (hkl) reflection in radian. For the doped sample, the F/Sn ratio

of ~ 0.14, based on the

result of elemental analysis,

leads to a diminished

resistivity of ρs ~ 0.7 Ω·cm.

On the contrary, for the

undoped SnO2, the resistivity

is higher than 105 Ω cm. At

this point, it should be noted

that the above reported F/Sn

ratio of 0.14 is ~ 5 times

higher than the maximum

value which can be

Figure 3-12. The X-ray diffraction patterns of the

dried xerosol precursor, the nanocrystalline F-doped

and well-crystalline undoped (Aldrich) SnO2 powders.
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incorporated into the lattice [51]. It might be that some amorphous (as not detected by

XRD) secondary phases exist at the grain boundary such as Sn4+F4 [51].

Table 3-4. Elemental analysis, electrical resistivity, crystallite size and cell parameter

data of the Aldrich SnO2 and the nanocrystalline F-doped SnO2.

Undoped SnO2 F-doped SnO2

F/Sn ⋅ 0.14Elemental analysis

(mole ratio) C/Sn ⋅ < 0.04

Electrical resistivity ρs (Ω⋅cm) > 105 0.7

Crystallite size l (nm) > 200 ~ 7

a (Å) 4.73(8) 4.69(3)
Cell parameters

c (Å) 3.18(7) 3.17(6)

The oxidation state of tin in the nanocrystalline F-doped SnO2 was determined

by Mössbauer spectroscopy at room temperature. The 119Sn Mössbauer spectrum of the

F-doped nanocrystalline SnO2 and its Lorentzian fits are presented in Figure 3-13. These

spectra show the existence of Sn4+ state only, although this material was prepared by

heating a mixed valence precursor [53]. This finding is consistent with the observed low

resistivity (0.7 Ω·cm), which implies indeed that the F-doping into SnO2 may generate

mobile electrons in the conduction band, instead of trapped electrons leading to Sn2+

formation (Sn4+ + 2e- Sn2+ ).



Chapter 3. Nanocrystalline Materials for Lithium Batteries
-----------------------------------------------------------------------------------------------------------

133

Figure 3-14 shows the

first discharge curves for Li |

SnO2 cells. A distinctive plateau

at about 1.0 V can be observed

for the undoped SnO2 sample,

which is due to the initial

formation of Sn. In contrast, the

plateau is less obvious for the

doped nanocrystalline sample.

For the voltage region over 1.5

V, the F-doped SnO2 shows a

capacity of ~30 mAh/g, which is

~6 times larger than that of the

undoped sample (~5 mAh/g). A

similar phenomenon was also

observed in the case of

nanocrystalline SnO2 prepared by

hydrolysis of SnCl4 and heating

at various temperatures [42]. As

reported previously by our group, in general, a higher insertion voltage can be observed

at the same insertion level for a n-type semiconducting electrode with smaller particles;

moreover, the potential decreases more smoothly as the lithium-insertion progresses in

these kinds of electrodes composed of nanocrystalline materials such as LixSnO2,

Figure 3-13. The 119Sn Mössbauer spectrum of the

F-doped nanocrystalline SnO2 and its Lorentzian

fits.

Figure 3-14. The discharge curves of Li | SnO2

and Li | F-doped nanocrystalline SnO2 cells.
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LixTiO2, and LixWO3 [54-58]. It

suggests that a regular and

smooth change of Fermi-energy

in the electrode without

undergoing any significant

structural change, owing to the

existence of many sub-band gap

states between the valence and

conduction band, may be due to

surface defects and/or surface

dangling bonds [58]. It is worthy to note here that the first discharge capacity (~1800

mAh/g) of the doped sample is larger than the theoretical one (~1490 mAh/g), probably

due to the influence of carbon black (25 wt. %). The first two cycling curves of the cells

are shown in Fig. 4. The undoped sample shows the reversible capacity of ~600 mAh/g,

which corresponds well to the literature values [41-45]. For the F-doped nanocrystalline

SnO2, the reversible capacity is close to the expected maximum one (~800 mAh/g) [59].

Thus it seems that highly conductive nanoparticles may provide a way of forming the

Li-Sn alloy more effectively, as they reach the ratio of 22:5 (Li22Sn5) [59].

On the whole, it can be rationalized that a nanocrystalline and conductive matrix

facilitates the diffusion of Li and the dispersion of Sn atoms in the electrode and that the

formation of an alloy around the Sn atoms occurs more intactly. Even though further

systematic investigations should be done on the long term cycling behaviors and on the

microstructural change induced by dopage of F, the F-doped nanocrystalline SnO2

Figure 3-15. The first two cycle curves of Li/SnO2

and Li/F-doped nanocrystalline SnO2 cells.
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reported here is expected to be a promising anode material for Li-ion batteries.

3-4. NANO-SIZED MAGHEMITE AS A LITHIUM INSERTION ELECTRODE

The preparation and characterization of nanocrystalline nano-sized maghemite

(γ-Fe2O3) have been already described in the Chapter 2. In this section, I would briefly

spotlight different electrochemical behaviors of maghemite nanoparticles compared with

well-crystalline ones.

3-4-1. Experimental

The maghemite nanoparticles are precipitated by alkalizing an aqueous iron

chloride solution containing Fe2+/Fe3+ = 0.5 with NH4OH, followed by acidification and

oxidation using HNO3 and Fe(NO3)3, as described in Chapter 2. Electrochemical

experiments were performed based on the configuration of ‘Li | 1M LiClO4 in EC

(ethylene carbonate)/DMC (dimethyl carbonate) (1:1 v/v) | composite electrode’. The

composite electrodes were made by intimately mixing 70% (by mass) of the active

material, 25 % of Ketjenblack and 5% of polytetrafluoroethylene (PTFE). These

electrodes were dried under vacuum at 80 °C for 3 hours, and introduced into an Argon-

filled glove box without any exposure to air. Charge/discharge experiments were carried

out in a galvanostatic mode using a computer-controlled PGS201T (Tacussel) system

between 1.3 ~ 4.3 V vs. Li+/Li.
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3-4-2. Results and Discussion

Figure 3-16 illustrates potential vs. capacity curves for the first four discharges carried

out in a galvanostatic mode at 8 mA/g in the voltage range of 1.3 ~ 4.3 V (vs. Li). The

electrochemical Li insertion into the maghemite, who has a defective spinel structure

written as [Fe3+]8a[Fe3+
5/3 1/3]16dO4 in the spinel notation [60,61], starts with the filling

of the octahedral vacancies. Then, a distinctive plateau at 2.7 V appears due to the

structural transformation

into a layered rocksalt-like

structure along with the

lithium-insertion into 16c

sites, including a major

rearrangement of 8a

tetrahedral Fe3+ ions, also,

to the 16c octahedral sites

[61]. Finally, lithium ions

enter to the rest 16c sites

with falling of the voltage

until 1.3 V. It is interesting

to note that our results on the electrochemical lithium-insertion for the maghemite differ

somewhat from those of previous literatures. M. Pernet et al. reported that the phase

transformation started at 1.6 V and x ~ 0.4 in LixFe2O3 [61], but this difference stems

from kinetic reasons in our opinion. Our maghemite sample is nano-sized with ca. 8 nm,

Figure 3-16. Variation of the voltage vs. Li for the first

four discharges of maghemite. The current density and

potential range were 8 mA/g and 1.3 ~ 4.3 V,

respectively.
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but they used well crystalline one with 0.8 µm in length. Such difference is presumably

important for this kinetically diffusion-limited situation, that is, the rearrangement of

Fe3+ ions from tetrahedral sites into octahedral sites. Therefore, in the above-mentioned

publication, the authors found no plateau although the reaction proceeds via two phases,

implying a significant over-potential [1]. This assertion is also supported by the fact

that potassium-β-ferrite K1.33Fe11O17 with the spinel block shows a 2.3 V plateau at

60 °C, whereas its potential slowly decreases to 1.5 V at 25 °C without any plateau [62].

Therefore, we would like to suggest that the nanoparticles can be advantageously used

for the purpose of overcoming kinetic problems in lithium insertion electrodes.

Moreover, the corresponding electrodes will possess a high electrochemically active

surface area leading to enhancement of the capacity due to a reversible electrochemical

grafting of Li ions (described below).

3-5. ELECTROCHEMICAL GRAFTING MODEL

As mentioned so far, the surface effects of nanocrystalline electrodes exhibit

unique electrochemical behaviors distinguished from crystalline ones. It is worth to

mention some features of the nanocrystalline electrodes:

(i) They work better when the first electrochemical step is insertion of Li+.

(ii) At the first Li+ insertion step, a higher insertion voltage can be observed at the same

insertion level compared to well-crystalline homologues.

(iii) After the first Li+ insertion step, the following cycles are reversible enough.
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These trends agree well with our previous reports on n-type semiconducting electrodes

composed of nanoparticles such as LixSnO2, LixTiO2, and LixWO3 [54-58]. Based on

above phenomenological facts, here we suggest the “electrochemical grafting” model.

Figure 3-17 depicts a schematic band model for this electrochemical grafting process. In

this model, the

nanocrystalline materials

have many subband-gap

states between the

conduction band and

valence band owing to their

surface defects and/or

surface dangling bonds. For

example, the metal subband

represents deep subband gap

energy states arising from cation defects adjacent to an anion vacancy and somewhat

lower than the conduction band of metal. The first electrochemical Li+ insertion process

fills the subband-gap states, and consequently gives a more smooth discharge curve

compared to the well-crystalline homologue. It means a regular and smooth change of

Fermi-energy in the electrode without undergoing any significant structural change.

Therefore, the nanocrystalline materials can endure better for the structural phase

transition. Once the subband-gap states are filled, they are cured and following

electrochemical processes would be reversible. In this regard, we named this step the

electrochemical grafting. In such a way, nanocrystalline materials can be more efficient

Figure 3-17. A schematic band model for the

electrochemical grafting process.
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than their well-crystalline homologues. We would like to believe that this model can

deliver a useful insight to develop more effective electrodes.

3-6. CONCLUSION

The electrochemistry of various nanocrystalline materials was investigated

especially highlighted on their different behaviors compared with the corresponding

well-crystalline analogues. The electrochemistry of nanocrystalline materials differs

from that of traditional well-crystalline ones due to their significant surface effects. It is

proved that they can be profitably used as lithium insertion electrodes e.g. to overcome

phase transition problem for potassium manganese oxyiodide, to solve conductivity

problem by shortening diffusion length for γ-Fe2O3, and to facilitate alloy formation

with a judicious molecular precursor approach for F-doped SnO2. The above-presented

electrochemical grafting concept would be advantageously served for a qualitative

comprehension of such “nano-phenomena” occuring at the surface of the nanocrystalline

electrodes.
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ABSTRACT

For a long time, only well crystalline materials have been considered as

good electrodes for lithium-ion cells. Nanocrystalline materials are,

however, being re-evaluated recently as ‘nanoscience’ advances. The

electrochemistry of this kind of materials is much different from that of

traditional crystalline ones because of their significant ‘surface effects’.

The nanocrystalline materials are reported to have an enhanced

electrochemical activity when the first electrochemical step is insertion of

Li ions (discharge process). As illustrative examples, electrochemical

behaviors of some nanocrystalline materials such as LiMn2O4, γ-Fe2O3,

fluorine-doped tin oxide and potassium manganese oxyiodide, are

presented and compared with their well-crystalline homologues. XRD,

XPS, X-ray absorption and NMR spectroscopies were used as probe tools

to differentiate the bulk (core) and local (surface) states. The

“electrochemical grafting” concept will be given as a plausible

explanation.
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1. Introduction

The rapid development of modern electronic technology creates a strong

demand for portable power sources. Lithium batteries are considered to

be the best choice, as they provide high output power and moderate

lifetime. But, their capacity is limited mostly by the electrode materials.

In this respect, much effort has been made to improve the performance of

the electrode materials. Traditional electrode materials are based on the

redox potential difference of the electrode in the course of

intercalation/deintercalation reactions. They are generally well-crystalline

host compounds either with layered structure such as LiCoO2 and LiNiO2,

or with tunnel structure like LiMn2O4. As the ‘nanoscience’ advances

recently, however, it is found that the electrochemical behaviors of

nanoparticles are much different from those of crystalline ones because

they have significant ‘surface effects’. O’Regan et al. (1991) proposed

dye-sensitized solar cells based on nanostructured TiO2 particles surface-

tailored with photoreceptor dyes. Kim et al. (1997) reported that

amorphous manganese oxyiodide Li1.5Na0.5MnO2.85I0.12 showed excellent

reversibility involving both the Mn3+/4+ and Mn2+/3+ couples, unlike most

other manganese oxide systems, which generally show reversibility only

for the Mn3+/4+ couple. In this report we present a brief overview of our

works on the use of nanocrystalline materials as lithium insertion

electrodes. A special highlight will be made on the surface effects of the

nanocrystalline materials, which makes difference from the traditional

crystalline ones.

2. LiMn2O4

Lithium manganese oxide spinel LixMn2O4 is one of promising cathodes

for rechargeable lithium batteries by virtue of its low cost, high

electrochemical potential and environmental affinity. It delivers 4 V vs.

Li in the range 0 < x < 1 and 3 V in the range 1 < x < 2 (Tarascon et al.,

1991). However, studies on its utilization have mainly focused on the 4V

domain, because the capacity fades severely in the 3 V range due to the

occurrence of Jahn-Teller distortion when the average valence of Mn falls
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below +3.5. Lithium

insertion into LixMn2O4

electrodes (x > 1) is,

therefore, accompanied

by the formation of a

tetragonal phase

(Thackeray et al., 1983).

The use of

nanocrystalline material

to overcome this

shortcoming was first

attempted by Bruce’s

group (Huang et al.,

1994). They prepared the

LiMn2O4.1 from

manganese acetate and

lithium carbonate at

200 °C in air; electrodes

prepared either with or

without carbon additive cycled well between 3.7 and 2.0 V at C/2.

Recently, we have performed a comparative study between spinel

LiMn2O4 prepared at low and high temperatures in order to examine the

difference of electrochemical properties depending on synthetic

conditions (Treuil et al., 1999). The comparative experiments between

XPS and X-ray absorption found that a lowering of synthetic temperature

gives rise to an increase of structural disorder and of the average

oxidation state of manganese, which is more significant at the surface

than in the bulk (Table 1). Such results suggest that the modification of

surface property induced by a decrease of particle size is closely related

to the electrochemical performance. The nanocrystalline LiMn2O4

prepared at 250 °C shows excellent cyclability in the 3 V region whereas

it shows smaller capacities in the 4V domain (Figure 1). This

phenomenon is reversal of that of well crystalline homologue prepared at

700 °C.

Figure 1. Charge-discharge profiles for

LiMn2O4 prepared at 250 °C (a) in 4V

domain and (b) in 3V domain (Treuil et al.,

1999).
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Table 1.Relative proportion of MnIV+ / MnIII+ , average particle size,

coordination number (CN), and bond distance of LiMn2O4 prepared at

250 °C and 700 °C.

Sintering temperature 250 °C 700 °C
CMn

III+ 41.0 % 55.5 %
CMn

IV+ 59.0 % 44.5 %
Average particle size ~ 5 nm ~ 100 nm

(Mn-O) CN 5.6 6.0
R (Å) 1.90(4) 1.91(5)

(Mn-Mn) CN 5.2 6.0
R (Å) 2.88(9) 2.89(5)

For the purpose of

examining the evolution of

the chemical bonding nature

of inserted lithium, 7Li MAS

NMR studies have been

performed for both the

spinel compounds before

and after the insertion of 0.2

mol Li+. While the insertion

does not induce any

remarkable spectral change

for the well-crystalline

LiMn2O4, it leads to a

dramatic suppression of the

NMR signal for the

nanocrystalline one,

indicating that the Li+

insertion into the latter phase

results in significant

modifications of the

chemical environment of

lithium. On the basis of

present experimental

findings, it can be thus

Figure 2. A comparison of 7Li MAS

NMR spectra (i) before and (ii) after the

insertion of 0.2 mol Li+ for (a) the

250 °C sample and (b) the 700 °C

sample. (Treuil et al., 1999).
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argued that the lowering of synthetic temperature modifies the surface

properties and overall chemical environment of ions (lithium ions, of

course, but also probably manganese and oxygen ions), which in turn

changes the electrochemical properties, that is, the better cyclability in

the 3V domain. This phenomenon will be denoted as ‘electrochemical

grafting’ which will be discussed in detail below. Once the grafting

process occurs at the first Li+ insertion, the following processes would be

reversible enough. Indeed this process, which necessitates a high surface

area, will be more efficient for the nanocrystalline samples. Moreover,

the grafting and following intercalation processes being reversible, the

electrochemical properties in the 3 V region are therefore enhanced for

the nanocrystalline LiMn2O4. This assertion has been supported by

Goodenough's group who showed a simple ball-milling of well-

crystalline spinel powders generates nanograins and intraparticular strain,

and increase manganese oxidation state, which gives a enhanced

cyclability in the 3V domain (Kang et al., 2001). Such results can be also

understood in the same context of the electrochemical grafting.

3. Alkali-metal Manganese Oxyiodide

As mentioned above, the capacity fading problem originating from the

phase transition is regarded to be more or less inevitable for the well-

crystalline lithium manganese oxides. Such a speculation gives an

impetus to develop amorphous phases as alternative cathode materials,

since this type of compounds would not suffer from the irreversible phase

changes and endure better for the repeated Li insertion-deinsertion

processes. Amorphous manganese oxides are normally prepared by

reduction and precipitation of permangates such as NaMnO4 or KMnO4

(Xu et al., 1998). Currently, we have synthesized alkali metal-based

lithium manganese oxyiodide by reaction the aqueous solution of KMnO4

(or NaMnO4) with 1.5 equivalent LiI at room temperature (Hwang, 2001).

Chemical analysis gave the compositions of Li0.54K0.31MnO~2.5I0.10 (or

Li0.52Na0.62MnO~2.5I0.07). X-ray diffraction evidenced that their

amorphous character. Electrochemical measurements shows that the

potassium-based manganese oxyiodide sample has a great initial capacity
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of ~ 340 mAh/g between

1.5 ~ 4.3 V vs. Li at a

constant current density

of 0.2 mA/cm2. The local

crystal structure around

manganese in these

compounds has been

determined by

performing the

combinative micro-

Raman and X-ray

absorption spectroscopy.

From the Mn K-edge X-

ray absorption near-edge

structure and micro-

Ramn results, it becomes

certain that the

manganese ions are

stabilized in the

rhombohedral layered

lattice consisting of edge-

shared MnO6 octahedra,

and the crystal symmetry

is changed into the

monoclinic symmetry upon reaction with n-BuLi. The Mn K-edge

extended X-ray fine structure analysis reveal that the structural distortion

caused by lithiation process is less significant for nanocrystalline

compounds than for the spinel lithium manganate, and the crystal

structure of K-based nanocrystal is more tolerable for Li insertion than

the Na-based one. In this context, the great discharge capacity of

potassium-based nanocrystalline material is attributable for the pillaring

effect of larger potassium ions, providing an expanded interlayer space

available for Li insertion. In addition, the I LI-edge X-ray absorption near

edge structure results presented here make it clear that the iodine is

stabilized as iodate species on the grain boundary or surface of the

nanocrystalline manganese oxyiodide, which helps to maintain the

Figure 3. Discharge potential vs. capacity

profiles of the A-Li-Mn-O-I compounds

with A = (a) K or (b) Na (Hwang, 2001).
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nanocrystalline nature of the present materials before and after Li

insertion.

4. γγγγ-Fe2O3

Although many first row transition metal oxides such as MnO2, TiO2 and

V2O5, have been the focus for lithium insertion electrodes, iron oxides

have been relatively less studied due to its low conductivity, insufficient

electrochemical potential and most importantly its frustrating cyclability

(Thackeray et al.,

1982; Pernet et al.,

1993). But, the iron

oxides are still thought

to be one of the best

candidates by virtue of

its environmental

affinity and low price.

To improve its

performance, we have

prepared maghemite

(γ-Fe2O3)

nanoparticles because

shortening diffusion

length may solve its

conductivity problem.

The maghemite nanoparticles were prepared by conventional

precipitation method mixing FeCl2 and FeCl3 solution at a ratio Fe2+/Fe3+

= 0.5 (Massart, 1981). The surface area and size of the obtained particles

was ca. 8nm and 130 m2/g, respectively. Figure 4 illustrates potential vs.

capacity curves for the first four discharges carried out in a galvanostatic

mode at 8 mA/g in the voltage range of 1.3 ~ 4.0 V (vs. Li). The

electrochemical Li insertion into the maghemite, who has a defective

inverse spinel structure written as [Fe3+]8a[Fe3+
5/3 1/3]16dO4 in the spinel

notation, starts with the filling of the octahedral vacancies. Then, a

distinctive plateau at ~2.7 V appears due to the structural transformation

Figure 4. Variation of the voltage vs. Li for the

first four discharges of maghemite

nanoparticles. The current density and

potential range were 8 mA/g and 1.3 ~ 4.0 V,

respectively.
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into a layered rocksalt-like structure accompanied by the lithium-

insertion into 16c sites, including a major rearrangement of 8a tetrahedral

Fe3+ ions, also, to the 16c octahedral sites. Finally, lithium ions enter to

the rest 16c sites with falling of the voltage until 1.3 V. The capacity of

the maghemite diminishes slightly during the first four cycles but it is

acceptably reversible. It is very interesting to note that our results on the

electrochemical lithium-insertion for the maghemite differ rather from

those of previous literatures. Pernet et al. (1993) reported that the phase

transformation started at 1.6 V and x ~ 0.4 in LixFe2O3, but this

difference stems from kinetic reasons in our opinion. Our maghemite

sample is nano-sized with ca. 8 nm, but they used well crystalline one

with 0.8 � m in length. Such difference is presumably important for this

kinetically diffusion-limited situation, that is, the rearrangement of Fe3+

ions from tetrahedral sites into octahedral sites. Therefore, in the above-

mentioned publication, the authors found no plateau although the reaction

proceeds via two phases, implying a significant over-potential. This

assertion is also supported by the fact that potassium-β-ferrite

K1.33Fe11O17 with the spinel block shows a 2.3 V plateau at 60 °C,

whereas its potential slowly decreases to 1.5 V at 25 °C without any

plateau (Ito, 1998). Therefore, we would like to suggest that the

nanoparticles can be advantageously used for the purpose of overcoming

kinetic problems in lithium insertion electrodes.

5. Fluorine-doped tin oxide

Recently, it has been

reported that several

tin oxide-based

compounds can be

used as an anode for

lithium-ion batteries

(Idota, 1997). The

common feature is that Li irreversibly decomposes the Sn oxides into

metallic tin, and then subsequent Li-Sn alloy formation occurs. The

second reaction is reversible, leading to a high capacity of about 600

Figure 5. A schematic preparation procedure.

R = t-Butyl (Kwon et al., 2001).
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mAh/g (Courtney, 1997). However, the reversible capacity varies

severely depending on the synthetic condition and sample state.

Generally, nanocrystalline or/and more conductive (doped) tin oxide

powders have larger reversible capacity than well-crystalline and

undoped one. Currently, we have prepared nanocrystalline F-doped tin

oxide powders obtained by the sol-gel method from the mixed-valence

adduct

SnIISnIVF2(OR)4 as

shown in Figure 5

(Boegeat et al.,

2000; Kwon et al.,

2001). The

electrical resistivity

measured by

standard four probe

method was 0.7

Ω·cm, which is

much lower than

that of crystalline

and undoped

sample (Rs > 105

Ω·cm).

Figure 6 shows the first two cycling curves for nanocrystalline F-doped

SnO2 compared with well-crystalline undoped SnO2. A distinctive plateau

at ~1.0 V can be observed for the undoped SnO2 sample, which is due to

the initial formation of Sn. In contrast, the plateau is less obvious for the

F-doped nanocrystalline sample. For the voltage region over 1.5 V, the F-

doped SnO2 shows a capacity of ~30 mAh/g, which is ~6 times larger

than that of the undoped sample (~5 mAh/g). The undoped sample shows

the reversible capacity of ~600 mAh/g, which corresponds well to the

literature values. For the F-doped nanocrystalline SnO2, the reversible

capacity is close to the expected maximum one (~800 mAh/g). Thus it

seems that highly conductive nanoparticles may provide a favorable way

of forming the Li-Sn alloy more effectively.

Figure 6. The discharge/charge curves of Li/SnO2

and Li/F-doped nanocrystalline SnO2 cells.

(Kwon et al., 2001)
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6. Electrochemical grafting model

As mentioned so far, the surface effects of nanocrystalline electrodes

exhibit unique electrochemical behaviors distinguished from crystalline

ones. It is worth to mention some features of the nanocrystalline

electrodes:

(i) They work better when the first electrochemical step is insertion of Li+.

(ii) At the first Li+ insertion step, a higher insertion voltage can be

observed at the same insertion level compared to well-crystalline

homologues.

(iii) After the first Li+ insertion step, the following cycles are reversible

enough.

These trends agree well with our previous reports on n-type

semiconducting electrodes composed of nanoparticles such as LixSnO2,

LixTiO2, and LixWO3 (Campet et al., 1993).

Based on above

phenomenological

facts, here we suggest

the “electrochemical

grafting” model.

Figure 7 depicts a

schematic band model

for this

electrochemical

grafting process. In

this model, the

nanocrystalline

materials have many

subband-gap states between the conduction band and valence band owing

to their surface defects and/or surface dangling bonds. For example, the

metal subband represents deep subband gap energy states arising from

cation defects adjacent to an anion vacancy and somewhat lower than the

π* conduction band of metal. The first electrochemical Li+ insertion

process fills the subband-gap states, and consequently gives a more

smooth discharge curve compared to the well-crystalline homologue. It

means a regular and smooth change of Fermi-energy in the electrode

Figure 7. A schematic band model for the

electrochemical grafting process.
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without undergoing any significant structural change. Therefore, the

nanocrystalline materials can endure better for the structural phase

transition. Once the subband-gap states are filled, they are cured and

following electrochemical processes would be reversible. In this regard,

we named this step the electrochemical grafting. In such a way,

nanocrystalline materials can be more efficient than their well-crystalline

homologues. We would like to believe that this model can deliver a

useful insight to develop more effective electrodes.

7. Conclusion

The electochemistry of nanocrystalline materials differs from that of

traditional well-crystalline ones due to their significant surface effects.

We have shown that they can be profitably used as lithium insertion

electrodes e.g. to overcome phase transition problem for LiMn2O4 or

potassium manganese oxyiodide, to solve conductivity problem by

shortening diffusion length for γ-Fe2O3, and to facilitate alloy formation

with a judicious molecular precursor approach for F-doped SnO2. The

above-presented electrochemical grafting concept would be

advantageously served for a qualitative comprehension of such “nano-

phenomena” occuring at the surface of the nanocrystalline electrodes.
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General Conclusion

To develop novel electrode materials for Li batteries, three kinds of approaches

have been performed as follows :

i) lamellar organic-inorganic hybrid materials synthesized by intercalation of monomer

of conductive polymer (intercalation strategy)

ii) 3-dimensional transition metal oxide nanoparticles coated by conductive polymer

(core-shell strategy)

iii) nanocrystalline materials

First, for the intercalation strategy, we have developped a novel method of

inserting PEDOT between the layers of V2O5 using a soft process of intercalation. The

reaction takes place with the in-situ polymerization of EDOT within the framework of

V2O5 with different nominal EDOT/V2O5 ratios. The interlayer distance of V2O5

expands upon the incorporation of polymer step-by-step, first forming monolayer and

then double layers depending on the amount of incorporated polymer. IR spectra

suggest the occurrence of V4+ centers upon the insertion reaction and a strong

interaction between vanadyl group and the incorporated polymer. From the electron

microscopy and XRD results, it has been found that the incorporation of PEDOT

increases bidimensionality of the V2O5 host by the layer separation. According to

electrochemical measurements, the hybrids showed reversible specific capacities up to

~330 mAh/g at 15 mA/g between 2 ~ 4.4 V vs. Li+/Li. This improvement of
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electrochemical performance compared with pristine V2O5 is attributed to higher

electric conductivity and enhanced bidimensionality.

For the second approach, core-shell strategy, PPY/maghemite hybrid was

prepared by the polymerization of pyrrole on the surface of maghemite nanoparticles.

IR and XRD experiments showed that it was a surface modification keeping the core

particles unchanged. From the chemical composition analysis and TEM results, it was

found that the polypyrrole partially covers the maghemite particles. Electrochemical

measurements showed that the surface modification with polypyrrole not only increases

the capacity but also enhances reversibility of maghemite nanoparticles. The hybrid

delivers up tp ~ 270 mAh/g between 1.3 ~ 4.3 V vs. Li+/Li.

The last methodology deals with electrochemistry of various nanocrystalline

materials, which differs from that of traditional well-crystalline ones due to their

significant surface effects. It is proved that they can be profitably used as lithium

insertion electrodes e.g. to overcome phase transition problem for potassium manganese

oxyiodide, to solve conductivity problem by shortening diffusion length for γ-Fe2O3,

and to facilitate alloy formation with a judicious molecular precursor approach for F-

doped SnO2. The above-presented electrochemical grafting concept would be

advantageously served for a qualitative comprehension of such “nano-phenomena”

occuring at the surface of the nanocrystalline electrodes.

Therefore, these three new approaches suggest a way to design and develop

novel kinds of electrode materials.
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